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Lo ' - o _Abstract <

A solvent cxtracuon flow.injection analysis (SE-FIA) apparatus with two mcmbranc
phase scparatoxs arranged in series was used to sunultancously monitor bc)th the organic
%nd aqucous phases. Detector electronics were modified to yleld posmvc 31gnals from both“
flow cells. This instrument was used to ana]yze pheniramine maleate and phcnylcphrmc

. "hydrochlondc ina commcrma] nasal spray wnh a precision and accuracy of 1-2% and a .

- _ samphng frequency of 30 inj/h. Miniature ibn-exchange columns remove interferin g |
sp_ccilt;svo'n-linc. Band broadening was characterized using statistical moment ‘analysis, and
the phase separators and connecting tubing were the maJor conmbutors

. In strai ght tubg thcﬁtracuon rate increases rapldIy with decreasing scgmcnt,]en g[h

for short segmems and is approximately constant for longer segments. The scgmcnt ends
interact hydrodynamlcally to enhancc radial convection when the segment length is
- dccneascd below ~3 times thc tube diameter, which leads to a dramatic increase in extrabnob
. rate The mterfamal area was alsoa strong determinant of the extraction rate. In g:o_ﬂe_

.,

tubes, the. cxtracnon rates are much hlghcr than in st:raxght tubes due to the. gcncratlon of

o

‘ sccondary ﬂow w1th1n thc Segmcnts ' !

The mechamsm of extmctlon and band broadcmn g wnhm segmcmcd flow were studxed S

by monitoring the absorbance of each chloroform segment as it passed Lhrou gh an on tube
photomcter locatcd at various distances alon g the Teflon extraction tube Band broadcmng,
stucﬁcd by chctm g iodine i into a single chloroform segment, is mtcrmcdlatc in magmrude
between that prcdjc%smg a mixing chambcr model and that predicted by assuming only
dlffusxonal mixing bctwcen thc scgments and the wetting-film of chloroform on the tube
wall. Extracnon fmm aqueous into chloroform segments was studied by gcncratmg 1od1nc
~w1thm a single aqueous segment using the "iodine clock" reaction. Apphcauon of a

"successive reaction” model to the axial extraction from. the front of the aqueous segment




‘_ H ~ \ "
reveals that, in stralght tubcs solutc cxtracts‘at the same rate per unit arca across all of the

' mterfacc both that. at the scgmcnt ends and side. - o

s
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Chapter 1

Introduction

Chemical analyses hayc become an intcgrﬂ pan of almost all facets of Aour modem
society, from our‘hcalth care to industrial process control. In order to meet the demand of
the ever increasing number of samples, analytical laboratories have turned to automated
methods of analysis. The goals of automation are to speed up the analyses, to reduce the

'manpower costs and to improve the reproducibility. |

Since its introduction in the early 1970'3, flow injection analysis (FIA) has rapidly
gained acceptance as an automation technique, and has been the subject of numerous |
Booxs and reviews [1-13]. The popularity of this technique stems largely frbm ité
instrumental simplicity .and the ease by which classical chemical methods can be au'tomatefi
ﬁsing it. The analogy between a classical analytical procedure and the FIA method is |

‘shown 1n Figure 1-1. The steps pcrformed' in a manual chemical analysis (A) are: (i) A
mcasurcd qﬁantity of thé sample is im_roducéd into a reagent solution; (ii) Thé solution is \ .
mixed and the sample and ieagcnt are allowed to rt;,act for a fixed length of time; and (iii) A
portion of the solution is removed to a detector to determine the concentration of product

in solution. |

In the FIA instrument (B), reagent solution is pumped through narrow tubing (< 0.8
mmi.d)ata gonsmﬂ'tvrate using a pcristalﬁ;, cornxs.tan_t prcsslurc,ﬂl_ong stroke pis‘ton or.
reciprocating pump. A precise volume of sample is introduced into the reagent stréam % |
an injection valve in the form of a discrete plug, a. A:s ﬂmc sample is carried along through -
the tubing by the reagent, it develops a parabolic distribution (b,c) as a result of the ’

viScdus drﬁg of the solution ‘alon g tfxc walls of the tubing. This parabolic proﬁle is relaxed
by diffusion of sample from the sample band (high concchuan’on) to the surrounding -
reagent sulution (19w concentration), aﬁ_d of reagent m the opposite direction. In this

manner the sample and reagent are mixed by diffusional rela)‘cation of the laminar flow.

9
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Alternauvely, this mxxmg can be pcrformed by injecting the sample into a solvent carrier '
~—Stream whl\ch then merges with a reagent stream [1]. In either case a product is formed
‘" within the flowing stream which is momtored by a ﬂow-through detector as a sharp peak
For example Fxgure 1-2 shows the response for i mJecuons of ﬁvc caffeine samples of
linearly i mcreasm g concentration into a simple FIA manifold, such as shown in Flgure
1-1. The area or height of the peaks can be dlrect]y related to the concentraIJon in the -
ongmal sample solution. The detector is typically a uv/ws spectrometer although
elecu'ochenucal,atormc absorption and emission, chemiluminescence and ﬂuonmetric ‘
detectors are seeing j c:‘-eased‘use [6]. /
| For a discrete alyzer such as FIA the asuxement criteria of the speed of analysis
are the dead time and the samplmg frequendy [14). The dead time is defined as the time
‘ mterval after i injection of the sample, during which no signal is observed at the detector _
- and in FIA results solely from the pumping speed. By adjusting this speed, the dead ume |
can be adjusted to give the required mixing, as well as suffiment time for the reacnon 10
proceec/i toa detectable level However since this timing can be controlled with a hlgh
degree of precision, it is not necessary to wait for the reacnon to proceed to complenon
before makin g measurements, and so the dead times associated wnh FIA are typlcally only'
31030 s. The second measure of the analysis speed, the samplzng frequency, isa
function of the broadening which the s\ample plug experiences due to the injection, the -
tubmg and the detector. Thus if the i Injector and detector volumes are srnall a‘nd the dead ‘,
time of the detector is of the order mentioned above, sampling fnequencxes of > 120
| samples/h are attained. @
FIA has been used in a wide variety of apphcanons [1,6], including agnculrural
.ochemical, chmcal [11,12], environmental, food mdnstnal [13] and pharmaceunca]
ana]yses -meg to the.complexny of samples in these areas, itis often neccssary to
‘ mcorporatc a separanon step in the automated analysis. To date, gas diffusion,

dxsnllanon hvdnde generation, ion exchange adsorption, precxpnauon chromatography,

i
-
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di'aiysis' and liqmd~hqu1d cxtracnon have all been uscd as separatton methods i in FIA [15]

e However smce its s1multaneous tntnoducuon by Karlberg and Thelander [16] and

Bergamm etal [17] in 1978 solvcnt ext:ractlon/ﬂow mjectton analysis (SE FIA) has
.becorne the most common FIA separatton techmquc [15 18] A schcmanc dtagram of a
simple SE-FIA mamfold is shown in Figure 1- 3 As in the regular FIA Instrument,

sample 1s 1n3ected into a flowmg reagent stream using a valve L Subsequent mtroducuon _f o

i of an unrmsc:tble fluid to the aqueous reagent stream downstream of the m_]ector produces |
a segmented two phase ﬂow S0 called because it is com};nsed of dtscrete alternattn g ‘
~ segments of the two tmtrusc1ble solvents The sample plug is dtstrtbuted over many of the,
aqueous segments and as it ﬂows through the Extraction Tube samp]e will extract from
these segments into the adjacent orgamc phase segments The two phase ﬂow then enters '
‘a phase separator, PS which separates a portion of one phase from the segmented flow :
stream and duects it to the flow- through detector. As in normal FIA, this’ detector can be
of many dtfferent types, but in all. cases the srgnal 1sa smgle sharp pcak for each i m_]ectton.. |
The effect of experimental parameters on the height [19] and area [20] of this peak have - |
been studied for SE- FIA |
In the enlarged section of the Extractton Tube shown i n Ptgure 1-3, it can be seen that ‘. i |
'one solvent segment is excluded fnom the tubm g surfacc whtle the other solvent freely .
- wets the tubing inner wall. If the tube is made of Teﬂon as is the case in all work
discussed herem the organic phase preferenttally wets the tube walls [21- 23] The B
excluded segment thus forms a slu g or bolus which is completely surrounded by the other
'solvent giving rise to the alternate terms of slug [24] and bolus flow [25] for the ﬂow
"through the Extractlon Tube Viscous drag along the walls of the tubing will mduce a
,cu'cﬁlatory ﬂow wrthtn the segments. tn the gcneral shape ofa torotd [22,24-28]. If the
Extracnon Tube is wrapped 1n a coil, as it norma]ly 1s, then a "secondary radtal -
cm:ulauon in addition to the toroidal cmculanon would develop w1thm the segments

- [24, 26-28] The rate at which material extracts within the Extractton Tube will govern the.
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dead time of SE-FIA. Since extraction is a mass transfer process, factors affcéﬁng the
interfacial area and the convection within the segments will control the dead time. Such
factors arc the length @f the segments, the diamctcr of theRube, linear velocity of the liquid
[24,29], coiling of the tubing [24] and the presence of surface active compounds [30].
Typically the dead time of SE-FIA mSMCnm is 15-60 s. §

- The device in which the two immiscible solvents meet tv'o> form the scgrncﬁtcd flow is
known as the segmentor. The simj:lcst segmentor is a three-way T cc;ﬁncctor, such as
shown in the expanded portion of Figure 1-3. The size of segment produced by such a
segmentor results from the balancing of hydrodynamic and interfacial forces [31]. A
growing "droé" of one phase, the organic in Figure 1-3, is dislodged to produce a
’ scgmem when the hydrodynamic force exerted on it as a result of the aqueous flow is
equal to the interfacial fo.rcc holding it in place. Kawase [32] observed that the geometry
of the confluence point affects the segment length: A W shaped segmentor, with the
- segmented flow exiting the central channel, formed shorter segments than T and Y
‘ccgnﬁguranons of the same channel diameter. Similar results were observed by Apffcl etal
[33] The shortest segment length p0551b1e is approxuna{ely equal to the tube dxamcter
[33]. In early SE/FIA instruments, a modiﬁed A-8 Technicon connector was used as an
adjustable segmentor [16,18,23,34]. However the segments produced by this scgmcmbr
am.typivcally >5.mm in 0.8 mm i.d. tubing, and so this segmentor is seeing decreasing
usagé as the technique foilows a .movcmem towards miniaturization. | ,

- Several types of phase separators have been used in SE-FIA. ‘The carliest designs
depended on Qaviw [17,35,36] or gravity plus a phase g;xid'e [18,23,37]. These phase
separators however had large dead volumes, which resulted in large amounts of baqd |
broadening and consequently lower sampling frequencies. Currently, membrane phase
separators [50,33,38-40] are most popular. These are based on the selective permeability
ofa mcmbf:_me toward§ the phase which wets the mémbrane material, .I_:or instancé, a

- Teflon membrane is preferentially wet by-solvcnts such as pentanol, chloroform, mcmyl-



-

isobutyl ketone, tolucnc and cyclohexane and so a Teflon membrane phase scparator can
be used to separate these solvents from water [41]. addmon to havmg a smaller i inner ~
volume than grawty based separators, membrane phase scparators are more reliable for |
separating the phases when high flow rates are used, do not require density dlffcrcnccs
between the solvents and can produce almost quantitative separation cfﬁcicncics if
microporous membranes (pore size < lum) are used. ™Mual membrane phase scparators
with both a hydrophobic (Teflon) and a hydrophlhc (paper) membrane have been used to
51mu1tancously generate “lean streams of both thg organic and aqucous phase [42,43].
Howcvcr dcsplte great effort to characterize and minimize the band broadening of the
membrane phase separator [44], this device is still one of the major factors contributing to
, the band broadening and , therefore, lirni. .ang the samphng frequency of SE-FIA ,which is
typically 20-60 mJecnons/h _

Thc applications and various manifold designs of instruments using segmented flow
extraction have recently been reviewed [15,18,45]. The simple manifold demgn for
SE-FIA shown in Fxgur)e 1—4a has been used for analysis of pharmaceuticals
[16,20,34,42,46-49], qanua] products [50-52], surfactants [32, 36 ,53-55] and metals
[17,35,7R.56- 64] This technique has also been used for measurements of dlstnbunon
constants [65] and the ac:d dlssocmnon constants of sparmgly soluble cor ounds [43], as
well as an mvcsngatlon of "phase transfer catalyms" [66]

S In an altcrnauvc de51gn of the scgmcmed flow extractor, gcncral]y n:fem:d to as
“continuous liquid-liquid extraction" and shown in Figure 1-4b, the sample is fed into the
mstrumcnt as a-constant stream rathcr than via injection. This procedure has been used to
automate cxtracnon steps prior to off-line ana]y51s by mfrarcd spectroscopy [67] and gas
and hlgh pcrfonnancc Ilqmd chromatography [23 68 ,69]. Gencrally, if multiple
extractions are being performed [23,69-71], continuous liquid-liquid extraction is used
rather than SE-FIA because passagc through multiple phase separators would results in

unacccptably large band broadcmng and consequcntly low | scnsmvny
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' Alternately if on-line detection is used and the sample feed is the effluent from a liquid

chromatograph, then this system acts as a postcolumn reaction detector [33,72-83]. Due
to the loW band broadening in the segmented flow, this type of postcolumn detector is
preferred over opcn-tubuiaf of packed bed nc_actors when the reaction times are greater
than 15-20 s [79]. In fact, analytically useful results have been obtained for reactions

) requiring up to 23 min residence times [83].

A second form of the continucus liquid-liquid extraction technique, shown in Fi gure
1-4c, involves an injection loop filled wnl‘: the phase 'separatcd from the segmented flow.
This injector is then connected to an atomié spectroscopy-FIA [84-90] or gas
chromatograph [91,92]. This procedure is favored in atomic spectroscopic SE-FIA .

. methods because of incompadbilitics.bctwccn the flow through the membrane of the phase
separator and the ncbulization rates of the spectrometers. |

Preconcentration usmg the Instruments described above can only bc accomphshed by

»\ varying the aqueous- to—orgamc phase ratio in the segmcnted flow, which generally cannot
be increased above five if reproducible results are to be obtained [93]. Rcccntly,
enrichment factors of approxxmatcly 20 were obtained using a conunuous closed loop
“solvent extraction system (CLSES) [57,94], which is shown in Flgur¢ 1-4d. In this
method, the’organic phase and the aqueous sample solution flow through the extraction
coil, achieve equilibrium and theh pass tllrough a phase separator which separates a
portion of the organic phase and the spent aqueous phase is discarded, just asin the
previously discusscd instrument. The difference is that this sépafatcd 6rganic phasé i‘s‘
directed back to the segmentor w({cm 1t merges with fresh sample solution. This
recxrculauon results in the extraction of more sample by a given volume of organic phase
than is possxblc in a single pass cxtracnon technique, such as in a to ¢ in Figure 1-4. After
sample loading, the 10op is opened (both valves V in Figure 1-4d turn 90° clockwise) and

the concer.trated organic solution of sample flows through a detector.

>
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In the pmgrcsswn from the typical SE-FIA to the closed loop design, the manifold

has become steadily more complcx Two simplified SE-FIA mamfolds wh1ch have been
4rcportc3 are shown in Fxgurc 1-4c and 1-4f. In the first of these instruments the need for
the scgmcntor and phasc separator was chrmnatcd by use of an on- tubc fluorimetric
dctcctor [95). Aqueous sample was injected into an organic stream contammg reagent.
ﬁ)c resultant product extracted into the orgamc phasc in which it was fluorescent. In the

—’second i Instrument, shown in Fxgurc 1-4f [96], the aqueous and orgamc phases pass
through opposnc sides of the mcmbranc ina phasc separator. This extraction cell acts
much as does a dlalysxs cell, and eliminates the. need for the segmentor and extraction coi]
of a SE-FIA instrument. ;owever due%s the small contact area and short contact time
between the two phases, the extraction efficiencies wcrc only in the range of 8-18% fo;
compounds which are quanmanvcly extracted at equilibrium.

Whllc the manifold de31gns shown in Figure 1-4 appear quite defcrent each has the
primary goal of automating a chemical analysis - j.e. to make the analyses faster, to reduce
the manpower costs and to improve the rcprodumbﬂxty In all of the manifolds, cxcept
that in Flgurc 1-4f, the extraction kinetics dctcmuncs the dead tune and in the
unsegmented extractmn FIA instrument (Fig.1-4f) the extractmn kinetics will still be

* important, in that it dJctates the sensitivity of the tcchmquc The band broadcmng will also
be an important determinant of the speed of gach of these instruments. For the discrete .
analysis instruments, the band broadening limits the sampling frequency, as has been
discussed earlier for FIA. For the continuous extraction, however, the band broadenin g is
still of importance in the speed of analysis because it controls the response time of the
mstmmcnt [14] %

Thus, the speed of ana]ysis of SE-FIA, m all its forrns is a function of the band

- broadening occurring wnhm the instrumental components and of the kinetics of extraction

within the segmented flow. The focus of this work is to study these two factors, in order
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to characterize their influence on the spéed.of analysis. A secondary goal is to simplify the
SE-FIA instrument. . |

In Chaptcr 2 of this work, an SE- FIA apparatus which can monitor both the organic —
and aqueous phascs using a smglc photomctnc detector is discussed. After solvcnt
extraction via segmented ﬂow @ porous membrane separates a portion of the chloroform
phase and directs it to the sample flow cell of the photometer. A paper membrane located
farther downstream in the segmented flow ‘scﬁaratcs a portion of the aqueous phase and
dlrccts it to the thc reference flow cell. The detector electronics are ﬁlodiﬁed to allow
reassignment of the sample/réfcrcnce dcsignatioh of the flow cells, so that positive signals
can be obtained frqm both. To demonstrate the utility of this instrument it is applied 1o the
analysis of the two active ingredients of a commercial nasal spray, phcnylcphnnc
hydrochloride and pheniramine maleate. At pH 13 pheniramine is quanntatwely extracted
into thc chloroform phase and phenylephrine remains m the aqueous phase. Intclfcnng
species - thimerosal, maleate and benzalkonium chloride - prescnt in the nasal spray are
removed from the injected sample usin g miniature in- n-line i 1on exchange columns.
Injections are made at a rate of 30 samples/h, with a precision aﬁfi accuxacy of
quantification of 1-2% based on both pcak height and area.

Chapter 3 dcscnbes the characterization of the band broadening occurring within the

'comﬁonents of the extraction/FIA instrument introduced above. Variance determined
using statistical moment zina]y'sis iS used io describe the broadening of the sample plug as
it passes through the instrument. The phase scparators and the combination of the
injector, detector and connecting tubmg are the primary devices ngmg rise to the peak
width. _

In Chaptcr 4, the effect of instrumental parameters on the rate of cxtracuon in: SE/FIA
is studlcd. In straight tubes, the extraction rate is dcpcndent on the length of the segment
relative to ti.2 tube diameter, on the linear velocity of flow apd on the ratio of interfacial

area-o volums. The results obtained are mtc:prctcd in hght of hydrodynamic srudxcs of
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the "toroidal” flow within each of the ccgmcnts as it flows through straight tubing, which
indié:atc that the convection within long segments is laminar-like, whereas that in Short
segments is more turbulcnt in nature. Coiling of the Extracuon tubing results in much
higher extraction rates than In comparable straight: t:bcs This cnhanccmcnt is due to the
generation of secondary flow within the segments and is grcatcr for long segments than
short. |

In Chapter 5, studies of the extraction from a single aqueous segmcnt and the
subsequent band broadcnmg occurring in chloroform/water segmcnted ﬂow are presented.
The absorbance of each ch]oroform segment is measured as it passes through an on- rubc
Photometer located at vanous distances along the Teﬂon extraction tube. Band
broadening, which is studied by injcc’ting‘iodinc into a single chloroform segment, results
from combined effects of the segment acting as a mixing chamber and also slow mixing
between the bulk chloroform and the quasi-static wetting film of chloroform on the walls
Of the tube. Extraction from aqueous into organic segments is studied by generating
lodine within a sin glc agueous segment using the bisulfite/iodate clock reaction.
Application of a “successive reaction” model to the axial extraction through the front
interface of the aqueous segment reveals that, in Stmi_ght extraction tubes, solute extracts at
the same rate across all of its interface, both at the segment ends and ide... >

Finally in Chapter 6, a number of areas of future study in solvent e)% action/flow
injecnon analysis are dlSCLlSSCd First]y, the use of an on-tube detector greatly rlduces the
- overall band broadening of the instrument. Use of a simple low pass ﬁltcr should\ allow
the on- tubc photomcter to produce an analytically uscful signal on a chart recorder.
Sccondly, a number of studies still remain with rcgard o the kinetics of extraction.
Param0unt of these are furthcr work on thc effect of surface active compounds on d(e
cxuacuon rate and a study of the factors whxch would affect thc extraction from the film-
fonmng phase into the dlspcrscd phase, j.¢. from orgamc mto aqueous phasc in Teflon

(g

tubmg



- Chapter 2

Solbvent Extraction / FIA A‘nalysis of a ‘Commercia~l Nasal Spray

2.1 Introduction

Simultaneous monitoring of both the aqueous and organic phases in solvent extraction/
flow i;jécﬁon analysis has been used to analyze diphenhydramine and 8-chloro-
theophylline in Dramamine tablets [42] and for the determination of acidity constanfs [43]). .
In both of these applications two dctcctors were used, one to monitor the absorbance of
the aqueous phasc and the other for the organic phasc The use of two detectors i increases
the cost of such an instrument. It would therefore be advantageous if only-a single
detector were needed to monitor the two sample streams.

In this chapter, an extraction-FIA system is presented in which both the orgém'c and
aqueous phases are monitored using a single photomemc detector. A poruon of the
organic phasc is ﬁmt separated from the segmented flow by a porous Teflon membrane
and passes through the sample flow cell of the detector. ' Farther downstream a portion of
the aqueous ph&s:: is scparatcd from the scgrhented flow by a paper membrane and
dlrected to the reference ﬂow cell. The detector electronics are modified to obtain
. analytxcally useful signals from both flow cells of the photometric detector.

The i Instrument is used for the assay of phenylephrine hydrochlondc and phcmrarmne
maleate, the active cornponcnts of a commercial nasal spray. Under alkaline condmons
pheniramine quanmanvcly extracts into chloroform as the neutral free- base whﬂc
phenylephnne remains uncxtmctﬂ)im\mcihenolatc form. To avoid both spectral and
chemical mtcrfen:nccs from minor compGnénts of the nasal spray, miniature on-line i ion

exchange columns am( included in the instrument manifold. : .

v
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2.2 Experim_ental
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2.2.1 Chemicals and Solvents

Pheniramine Maleate was U.S.P. grade and was used as received from the  ©

| manufacturer: Its chemical assay was 99.77%. Its structure is:

-

.ON

o

' +
,CHCH,CH,NH(CH,),

% HOOC-CH=CH-COG -

Phérivlcphn'ne Hydrochloride was U.S.P. grade and was used as received from the

manufacturer. Its chemical assay was 98.45%. Its structure is:

1 hirhcmsa] (Sodium ethylmcr_cm-ithiésaljcylate) (rea

Missouri. Its structure is:

"HOCHCH,NH,CH; - C1”

OH

;

_J

-

gent grade) was used as received \

from Sigrﬁa, St. Louis, Missouri. Its structure is: {
OONa _
Benzalkonium chloride (reagent grade) was used as received from Sigma, St. Louis,

16
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Caffeine e was ana]yuca] reagent gradc and was used as rcccxvcd from the Aldrich

Chcrmca] Company (M11waukce W1sconsm) Its structure is:

Double Distilled Water was prepared by distilling the laboratory distilled water from
alkaline pcnnangana?e in an all-glass still. The first 20% of the distillate was discarded
and the middle fraction was collected. This watcr_‘was used to prepare all aqueous
solutions referred to in this work. . .

Chioroform was reagent grade (Caledon Laboratories Ltd.) and was distilled and
extracted with distilled water shortly before use to remove uv-absorbing impurities and the
ethanol additive respccnvcly

- Methano] was reagent grade (Caledon Laboratoncs Ltd.) and was used as I'ﬁCClVGd.
her h Is including sodlum hydrogen phosphate, citric acid, bonc acid, sodium
hydroxide, sodium borate and potassmm chloride were all analyucal reagent grade.
ng;_[_b_ufqu between pH 2.6 and 7.6 were prcparcd by combining the appropriate
volumes.of 0.2 M Na,HPO, and 0. l M citric acid to give a final volume of 500 mL pH
| 8.0 and 9.1 buffers were prepared from 0.1 M H3BO; and 0.1 M NaOH; pH 9.5 and
10.1 buffer were made frc\)m 0.025M N32B4O7‘ and 0.1 M NaOH; pH 11.3 bugfcr was

prepared from 0.05 M Na,HPO, and 0.1 M NaOH:; buffers with PH >12 were prepared

17



from 0.2 M KCI and O 2 M NaOH [97] The ionic strcngth of thcsc buffcrs was not
| constant and varied from 0. 044 10 0.49. ’ '

gfgmmgrgal bgffgrs (Flshcr Sc:cnnﬁc Co ) of pH =4, 00 + 0. 01,pH =7.00+ 0. 01
' and pH=10.00+ O 01 and were used for calxbranon of the pH meter.

Ambcrlvst 15 strong acid cation cxchangc resin (Rohrn and Haas Co.), with an

cxchange .capacity of 4.6 mcq/g, was ground i m a clean, dry mortar and pestle, and sieved
to obtain the 60-80, 80-100 ]00 140, 140 200, 200-325 and >325 Mesh fractions. The
fines ‘were rcmovcd from thc resin by mpcated suspension and dccantahon in three bed
volumes of distilled water until the supcrnatant was clear. Approxunately 1 gram of resin
was thcn placed ina boro51hcatc glass column and washed with 1 M HCl unti the cfﬂuem
~ was colorless (~10 mL) “The resin was convertcd into the sodxum form by washmg with
1 M NaOH until the effluent had the same PH as the mﬂuenL This was followed bya
water wash to constant pH Fmally the resin was washed with 50 mL of cthanol
followed by a water wash and then dried in aconvccuon oven at 45° C for 18 hours The
e .

dry resin was stored in a ti ghtly closcd bottle

. 'r::',
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Ambcrlvst A-26 amon exchange mﬂm (Rohm and Haas Co ) thh an cxchangc

capacity of 4.2 meq/g, was treated in a similar manner to the cauon exchange resin. The

o

18

resin was dry ground and the various fracnons were collected. Thc matcna] was de-fined |

by repeated suspension/decantation washcd w1th IM N aOH and convcrted to the chloride
form using 1 MHCL. Finally, the resm was washed succcssxvely with distilled water
ethanol and then water again, and dried in a convection oven at 45°C for 18 l& e

-~

dry resin was stored in a tightly closed bottle.

s A

Qrboxvmcthvl ccllu]osc (Fibrous form, medium mesh, Sigma), with an'ion cxchange '

capacny of 0.6 meq/g, was used as received.



2.2.2 Apparatus._
2.2.2.1 Nasal~Spray Apparatus
A schcmanc diagram of the exlyﬁcuon/FlA instrurnent used to analyze a commercnal

nasal spray is shown in Figure 2-1. Its design was based on an instrument prevxously
~

described [42] with the main differences being the sequennal arrangement of the phase

o separators and the use of only one detector. The chlomform to be pumped isheldin a

1700 mL glass bottle, while the water, aqueous reagem and methanol are held in 2 liter -

polyethylene bottles. “These bottles are placed mside aluminum cylinders’ which are

pressurized with mtmgen to produce solvent flow. All tubm gis made of Teflon with

O 3 mm i.d. tubing being used whenever it is desirable to rmrurmze sample band

: broademng or to prov1de increased resistance to flow. W1der 0.8 mm id tubmg is-used

in the rest of the system , ‘

The solven’t flow can be tumed on or off using valves V; (part no: CAV20'3'1,
Laboratory Data Contr‘ol (LDC), Riviera Beach, FL). Valve vV, (pan no. R6031 Vo
LDC) is a six-port rotary valve Wthh allows selection of any of anumber of solunons

comamed in 400 mL glass bonles within the rnulu neagem cylinder [42] In expenrnents

in Wthh the pH was varied, the muln—reagent cylmder contamed six buffer solunons antl

dasnlled water while for the nasal spray- analy51s it contained only d.lS[lllCd water and 0.1

M HCl The sample is mjected mto a carrier stream of distilled water via a 10 uL sllder

1n_1ecnon valve Va, (part no. CSVA-10, LDC) Valve V4 is actiated by an air solenmd

\ valve (part no. SOL—3 24 VDC LDC) controlled by an elecmcal timer w}uch allows

vanauon of fill and i mJecuon times.

'I'he sample stream ﬂows through a miniature anion exchange column , Cy, baséd on a

design prevxously descnbed [98] and shown in Flgure 2- 2 The 10 mm long bed of lOO-

-140 Mesh Amberlyst A-26 macroponous anion exchange resin is packed w1th1n a 50 mm

long piece of 1.5 mm i.d. Teflon tubing, zad hel< in place by a sinter glass outlet frit.

19.
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This frit is made from a 1.5 mm diameter core drilled through a sinter glass plate (nominal '

pore size 50 pm). The extra lcngth of the column, beyond the bed and fnt ‘was-necessary
to accommodate the two end ﬁtttngs The dead volume of the column was reduced by
mserttng tight fitting Teflon Jubing (1.58 mm o.d. and 0.3 mmi. d. ) into each end.
The sample stream then merges with thc Teagent stream, 0.2 M NaOH, at tee-fitting T,
and flows through a miniature cation exchange column, CC, con51snng of a 10 mm long
bed of 100-140 Mesh Amberlyst 15 macroporous canon exchange resin and constructed
as shown in Figure 2-2. The combmed aqueous stream joins the chloroform stream at the
segmentor,v tee-ﬁtting T2, and the resulting segrnented flow stream pabs'ses through the
extraction coil, E, in which the solvent extracnon occurs between the aqueous and the
orgamc phases and equilibrium is achieved. Vanous lengths ofO 8 mm i.d. Teflon tubrna
were used as the extraction coil depending on the experiment. After exiting coil E the
stream enters the first membrane phase separator, M, where a portion of the organic
- phase is separated_ | |
The porous membrane phase separator is sxmrlar to one prev1ously described [20].
Frgure 2-3 shows an expanded view of the membrane phase separator. The membrane is A
compnsed of two layers of 4 mil, 10-20 Hm pore size Teflon membrane (Zitex, No.
) “ E249- 122, Chemplast Inc., Wayne, NJ ) and is sandwiched between two Kel-F body
pieces. The main body pieces are pressed together w1th four screws and two stainless
R steel end plates. The volurne of the membrane chamber is about 0 05 mL The three
threaded holes accept standard polypropylene pieces (part no. TEF 107 LDC) and ﬂared
~ Teflon tubing.
The portion of the chloroform phase which passes through this membrane flows’
‘ thrbt’:gh the 8 UL sample flow cell of the uv-vis absorbance detector (SF770 Spectroflow,
Schoeffel lnstmr'nent Coxp.). The remainder of the chloroform, and all of the aqueous
phase, p‘ass through a delay coil, D, to the seeond phase separator, M,. This phase

separator is similar to M, except that it ¢ontains a hydrophilic membrane consisting of two

< -
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Fi ggre 2-2 Schcmanc dlagram of miniature ion cxchange column A are two connectors
: (includin g two stainless steel washcrs) The resin parnc]es B, are held in
place by a porous silica outlct frit, C, within a 1.5 mm i.d. Teflon tube
(shown in nght hand thatch) Two Teflon tubes (O 3mmid,), D, are
inserted from both ends to n:duce the dcad volume. Flow through the
column would be from ngbt to lch Length of the resin bed is 10 mm and |
the overall column 50 mm. The width of the column is exaggerated 21/2 .

times to dlsplay thc column features.
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to waste

detector

from extraction tiL-e

Figure 2-3 A three-dimensional viéw of the! mcmBraﬁ_ebhasc separator design used in
' this work. The membrane is sand»’viched between two Kel-F ' locvks thus
partiﬁoning the outlet to the detector from the internal .scparatic\m“ chamber.
| The two‘b‘l~o<‘:kls are pressed together with four screws and two metal end
N plétes. The radial and circular grooves in the left hand membrane support

direct the filtrate to the outlet hole. (Figurc drawn by Jamal Sweileh).



pieces of Whatman No.5 ﬁlter paper ‘rather than the hydrophobic. Teflon membrane.
This paper membrane separates a portion of the aqueous phase and passes it through the 8
UL reference flow cell of the detector. .
The delay coil, D, is 0.8 mm i.d. Teﬂon tubing of a sufficient length to allow the
attainment of baseline absorbance between the signals from the two flow cells of the
detector as can be seen in Figure 2-4. The signals from the two channels are integrated -
using a digital integrator, I, (Model 3390A, Hewlett Packard) to obtain peak areas and
heights. The chloroform exiting the sample flow cell, the aqueous solution exiting the -
reference flow cell, and the combined CHClyaqueous stream leaving the second phase
separator all pass through Acidflex pump tubes (Technicon Corp.) in a Minipuls variable
speed peristaltic pump, P, (Gilson Instruments Ville-le- Belle France) which is used to
provide accurate flow control [20]. Acidflex tubes used were: organic filtrate, red-red;
aqueous filtrate, white-white; two phase flow, puxple purple
At the time of start-up the need to wet each membrane w1th the appropnate solvent

requires the inclusion of some additional plumbing. The system is 1mt1ally flushed with
‘methanol from the ' rinse’ ' cylinder. TFhen the three- -port valve V3 (part no. CAV3031
LDC) and the four-port valve Vg (part no. CAV4031 LDC) are swnched to their start-up
posmons and the chloroform and dlStlHCd water sm:ams are turned on. The chloroform
| ,ﬂow passcs through the extraction coil E and wets the Teflon membrane in phase
'separator M, but is dlverted to waste by .valve Vg lifore reachmg phase separator Ma.
The water stream from the multi-reagent cylinder bypasses the extraction and delay coils
“and is directed by V6 into Ma where it wets the paper mcmbrane Next the reagent flow is
: uunated by opemng the approprtatc valve Vl The reagent establishes the segmented ﬂow
in the extraction coil. After the segmented flow has reached valve Vi, sthchmg of valves
- V3and Vg restores t]\e Instrument to its normal operating mode The three- -port valve Vs
is mcluded in the systcm to allow the ﬂuslun(g of air bubbles which may form in the

solvcnt hngs ‘when the i mstrument 1s idie.

1}

-~ al

24



25

T T— T s
’ ,
Phenirami,ne
1.0 ' -
Lo
O -
C .
© .
Lo Phenylephring
8 0.5 _ =
e ,
<
0+ -
N | ] : |
0 ‘ 1 o 2
"Time (min)

Figure 2-4 Instrumental response for a nasal spray injection at time zero. Baseline shift

is due to swiiching of the flow cell designation.

w3 v
| \ S



26
The shut-down procedurc at the end of the day consists of a 10 minute flush with 0.1
M HCI from the mulu-rcagcm cylinder to regencrate the anion exchange column, followed

by a 5 minute methanol rinse of the full instrument.
2.2.2.2 Single Phase FIA System

During the construcuon of the nasa] spray assay instrument it was oftcn necessary to
study mdxwdua] components of the system. To simplify these studies a sin gle phase

apparatus was constructed from that shown in Fxgurc 2-1 by disconnectin g the anion

exchange column, C,, from the injector, Vy, and the sample flow cell of the detector, S,
from the organic phase scparétor, My. The injector was then connected directly to the
- flow cell of the detector by a short piece of Teflon tubing. The peristaltic pump was used

to contml the flow.
‘2.2.3 -Detector Modification

The phbtom'ctcr (Schocffel SF770) was modified to allow elcctronic switching of the |
sample/reference designation of its two flow cells. This was done by placmg a double—
pole doublc throw relay (pan no. RA3057205 1, Elec-Trol) across the two control lines -
from the chopper to the synchronous dcmodulator as is shown in Figure 2.5. These lines
were used to define the 51gna1 coming from the photomulthhcr tubc as commg from either B
- the sample orrcfcrcncc flow cell. The setting of the relay, either for normal or reversed
flow cell designation, was controlled wnh an electronic timer. For the nasal spray
analysis, the timer switched the flow cell designation every 60 scconds Tfn's sWitching
can be identified by the base line shift ?n Figure 2-4 which occurs as a rcsult of small

dlffcrcnccs in alignment of the two flow cclls : o o

This base line shift would be mistaken as a portion of a peak by the intcgrator To
avoid this problem the i mtcgrator is disabled (mtcgrauon functlon 9, HP 3390A) just prior
"to the Shlft and rc—cnablcd afterwards (function -9). In addition all pcaks are dcsignatcd |
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Figure 2-5 Modification to detector electronics to allow switching of the sample/
reference flow cell dcsignaﬁon;‘ A. Schematic diagram of choppér ,
modulation dual-beam spectrometer. Dotted lines indicate optical paths and

solid lines indicate the 4clcctric‘al circuit. The waveforms associated with thé

bdoub.le-throw relay inserted into the control lines from the chopper! Relay is
~ shown in the normal configuration, j.¢. leaves the flow cell designation at its

criginal value.
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‘solvent’ peaks (functlon 3) so that the integration is not terminated prematurcly on the tall ‘

of the skewed peaks.
2.2.4 Calibration Curves

In order to demonstrate their linearity calibration curves for phenylephrine and
pheniramine were measured using the-appératus shown in Figure 2-1. Standards
contained the two compounds of interest in varying concentrations and vs'er_e matrix
matched with me nasva.l spray samples. The matrix consisted of 0. 15M NaCl, 0.002%

.thimerosal, and 1: SOOO benzalkonium chloride. The concentranon of the components of
1ntenest in the standard solutions ranged from 4.9 x 10-3 Mto 2.82 x 10 2 M for ’

A phenylephrine and from 1.11 x 103 M 10 6.44 x 10°3 M for pheniramine. Peak ateas and
heights were measured for phenylephrine in the aqueous phase and for phemrarmne 1n the

organic phase for 10 rephcate injections.

Instrument parameters for the calibration study were: mtrogen pressure, 62 psig; total

chloroform flow, Fo, 2 4 mL/rrun total aqueous ﬂow Fa, 2.5 mL/min; chloroform flow
through membrane Fm o 1.6 mL/rmn aqueous ﬂow through membr§ne Fm a 1.4
_ ml_./rmn wavelength 258.3 nm; absorbance range 1.0; detector cycle 60 s in the normal
. flow cell designation followed by 60 s in reverse designation, sta~ed at mJecnon

extracuon coil length 200 cm; delay coil lengih 700 e volum.: 1nJected 10 uL

N

,2.2.5 ‘Nasal Spray Assay - ’ Y

9

Nasal spray samples sverc injected into the instrument with no pﬁor neatrnent
Important instrument parameters for the. assay that differed from those used in the
‘calibration were follows Fo, 2.8 mL/rmn Fa, 2.8 mL/min; Fpy, ¢, 2.1 mL/min; Fm,a,
14 mL/rmn A warm-up time of about 30 rmnutes is used after solvent flow is

cstabhshed

kN
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When assaying nasal spray samples a calibration curve was not usually run. Instead,

two standards were run, with concentrations of pheniramine and phenylephrine that
"bracketed" the label claim values (i,e. 20% above and 20% below). The concentrations
of pheniramine maleate and phenylephrine HCl in these standards were corrected using the
assay values supplied by the manufaénu'cr. Also all standards contained the same
concentrations o,f/be\ onium chloride ﬁnd thjmcrosal as an:vpmscnt in the nasal spray,
and were ?;{adc 1sotomc using NaCl. Peak areas and peak heights were measured for Six

1nJcct10ns of each standard solution and sample. . //\ ’
2.3 Results and Discussion

The rﬁodiﬁcan'ons to the Eiccmonics of a dual beam photometric detector will first be -
discussed. Then, thé iﬁstrumcm shown in Figure 2-1 will be discussed as it was used to
characterize the extraction behavior of phenylep / e hydmch]on'dc and pheniramine

rnalg:atcin terms of pH and other instrumental p:ereters and to determine these two

compounds in a commercial nasal spray.
2.3.1 Detector Modification -

Several épproachcs have been used to make dual measumm;znts with one detector in
single phase FIA [99,100]. All of the methods have in common the incérporatién of a
tirncbdclay between the two mcasurcmcr\ by the detector and differ only in the manner in -
thch thc two sample streams are presented to the detector In one method [99] the
sample is passed successively through the sample and reference flow cells of the - |
photomcter producmg positive and negative peaks. However, the Schoeffel SF770 used
herein, like many modcrn HPLC photometric detcctors unhzcs an automatic gain control
to mamtam the effective power of the light source at a constant level over thc entire
spcctral rangc [101] In such an 1nstrumcm the dc signal from the n:fcrcncc channel is

compared with a fixed voltage and any change in this signal activates the automatic gain



» .
control which altcts the photomuluphcr tube (PMT) sensitivity in the proper direction to
restore the rcfcrenoc signal to its ongmal level. Thus, if an absorbmg spcc1cs passes

1 through the reference flow cell, the absorpuon will bc met by an increase in thc PMT gain
resulting in a truncated negative peak Thts is 111ustratcd in Figure 2-6. These pcaks were -
obtained by making i mjcctlons of caffcmc Into the sample and thc rcfercncc flow cells
usmg the single phase FIA system (Sec. 2. 2.2.2). Important mstrumcnt parameters are:

‘aqueous carrier, distilled water; flow rate, 2.0 mL/min; samplc 30, 60, 90, 120 and 150
ppm caffeme dissolved in distilled watcr injection volume, 10 pL; wavelength, 264 nm
and absorbance range, 2.0 AU. It can be seen that for the sample cell peak height increases
in proportion to caffeine conccntranon ‘while in thc reference cell absorbance j increases, in
a neganvc sense, for the 30 and 60 ppm mjccuons ‘but has become nearly 1ndcpendent of
concentratipn by about 90 ppm. |

In order to obtain signals from both of the, ﬂow cells which would be analytically

h uscful the clcctromcs of the dctector had to be modified to allow electronic switchin gof
the samplc/refcmncc designation of the flow cells. Ina choppcd dual-beam
specu'ophotomctcr such as is shown in Figure 2-5, the incident light passing thmugh the
sample and reference channels is mechanically modulated by a chopper and focused on a
single photomu]tlphcr tube. The rcsultmg output from the PMT is a pulsating electrical
signal." Convcrsion of this signal into absorbancc or transmittance information requires
thc identification of each pulse as comin g from either the samplc or refcrcncc flow cell
Demodulation of these pulscs 1s accomplished using two cloclcm g signals from the

. chopper dnvc Intcrchangmg these clocking signals reverses the portions of the chopper
cycle identified with the sample and reference flow cell, resulting in a reversal of their

- designation, w1thout othormsc affecting the detector pcrformancc This interchange is

.accomplished by insert g a timer controlled double-pole doublc throw relay across the
- two choppert control lm s. Each throw of this switch roqum:s lcss than 1.5 s, so that itis

essentially i mstantanco
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Figure 2-6 Detector resporise to caffeine injections into thé*simélc and_hcfcm‘ncc flow
cells in a single phase FIA instrument. Numbers on the peaks indicate the

caffeine conc_cntmtiohs, in parts per million, injected into the instrument.
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As an aside, it may be noted that ifa spcctmphotomctcr without automanc gain contro]

- were uscd, analytically useful signals would be obtamcd from both ﬂow cells. However,
conventional integrators cannot momtor negative peaks. Thus it would be necessary to
include a timer controlled inverter, such as is shown in Figure 2- 7,1in thc detector output
#ine to produce positive peaks from both flow cells.

With the double-pole double-throw relay addition, thvc only additional mqttiremcnt

‘ tmposcd by the SF770 dctcctor in order that it may rcplacc two separate dctectors is thc
need to producc a time differential bctwccn the organic f.nd aqueous signals. This time

| delay between the signals was produced by arranging the phase scparators in series w1th a

long lcngth of tubmg (Delay coil, D) bctwccn them (Figure 2-1).
2.3.2 Extraction coil length

The areas of peaks obtained in the chloroform phase upon tnjcctjon of 2.2 x 103 M -
,équeous pheniramine maleate into thc instrument shown_ in Figure 2-1 was étudied asa
function’of the extraction coil length. The reagent was pH 9.0 boric acid buffer. As can
be seen-in the next scction; at this pH the free-base species of pheniramine should be - ‘.
quantitatively extracted at equilibrium. |

Instrument parameters for the study were as follows: watvclcngth, 257 nm; sampling
frequency, one injcction per minutc' N}_ pressure, 40 psig; F, ~ 2.0 mL/min; Fa~1.8

V'mL‘/mm and Fo m~1 0 mL/min. Since flow rates decreased somewhat with i mcneasmg
extraction coil length peak areas were corrected to Fy = 2.00 mL/min using the
relationship [20,46]: B

o -
: A

Kn o o
0=F 2.1

where A, is the peak Attrca in the organic phase, K is a constant, n is the number of moles

injected and Fy, is the total organic flow rate.
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The plot of comrected peak area in the organic phase versus extraction coil length is

shown in Figure 2-8 for lengths between 5 and 330 cm of 0.8 mm i.d. Teflon tubing.
Equilibrium is achxcvcd by approximately 120 cm. An extraction coil length of 200 cm. -

was used for subsequent studies and for the nasal spray assay.

2.3.3 _Extraction. pH

Since pheniramine is a weak base, the fraction of this c@mbourid extracted into
" chloroform depends on the pH of the aqueous phase as well as on the distribution .

coefficients of its two conjugate species, BH+ and B. The relevant equilibria are:
Ks % | DR
BH* + X - =t——0p (BH*X"), (2.2) B

BH* + H0 === B + H30* o (23)

B =—— @ e

R

Species without a subscnpt are in thc aqueous phasc whllc those with the subscript "o

< are in the organic phase. The cqulhbnum constant for the extracnon of phcmrammc as the
chloride ion pair into chloroform has been measured as 10-0.1 [102]. Thus, given the

| relative low electrolyte w;lcénuadon of the buffcrsuscd‘m this work, 'only the neutral -

- free-basc species , B, is si gniﬁcaml& extracted, with a distribution coefficient pfevious]y-
i’cportcd as 1038 [102]. The pK, of BH* has been rcpoﬁcd asg. 3’,[102]

A Smdy of the d%pendcncc of phcmrarmnc peak area in rhloroform on the q of the

C aqueous phase was performed with the solvent extraction / flov ‘njection analysxs system

shown in Flgurc 2-1 using the multi-magcnt pressure 'cylindcr agents used were citric
a01d/Na2HPO4 buffers of PH values 3.86 to 7.56, and boric acid buffers of 8. 54 and
10.1. Instrumental parameters for the study were F0 ~1.9 mL/rmn Fa~17 mL/rmn

‘ S - o &
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Figure 2-8 Peak area in the organic phase versus the extraction coil length for
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v v ‘
‘ Eml-(l 1 mL/mm and extraction coil lcngth 200 cm . Replicate injections of a
5. 8 x 10 3 M aqueous phcmrammc maleate solution produced peaks in the organic phase,

- ¥
g thc mtcgrdtcd areas of w}uch are plotted versus the aqucous reagent pH in curve A of

Figure 2-9. It is evident from this plot that a rcagcnt pH of 8\or greater results in the
quanntanve extraction of phéniramine into chloroform. :

The sigmoidal dependence of the peak area in the oréanic phaso, Ay, on pH has been
shown [20,46] to follow the cx'pression,:

fbneBoKDK
“F aH'*FaKa'*FoKDKa

- (2.5)
where fis a fcsponsc factor which relates me absorbance from the detector to a count rate

on the integrator, b is the pathlength of the spcctromctcr flow cell, nis the numbcr of

&

‘moles injected, ep ,, is Lhc molar absorpuvny of the neutral form of the samplc species in

the organic phasc KD is the distribution coefficient, Ka is the acidity constant, ay is the
hydrogen ion actmty in ﬂ}e aqueous pha;e and FO and F, are the total flow rates in the
organic and aqueous phase$ resp“c“:obdxv'é'ly If Kp is large, as 1t is for pheniramine, eouation
2.5 predicts that A, will be zero at vcry fow pH will reach a platcau value of fbnEB oFo
at high PH, and wﬂl havc a value of foneg o/Fo + Fa) at pH pKa - Iog KD on Lhc :

| rising portion of lhc 51gm01dal curve.

- A study of the effect of rcagcnt pH on the cxtracnbn of phcnylcphrme hydrochlonde :

‘w/

. by chlorofoxm was pcrformed in a manner sumlar to that used for the phemramme study.

f T
Thls compound was found to remain quanntachly uncxtractcd by chloroform at all

'~ rcagcnt pH values, as is shown by curve. B 18 Fxgure 2 9. ThlS con'csponds wnh ,
' pmwous studles Wthh found Lhat both dJstnbunon and ion pa1r extraction (X Cl )
constant were Iess than 10- -2 [102] | ; ' -
| . ‘On the basxs of these studles a rcagcnt pH of gn:atcr than 8 could be uscd in the nasal
_spray assay Howcver bctwecn pH 8 and 12 the phcnylcphnnc uv spcctmm undcrgoes a’ |
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' phc ol*phcnolatc shift (pK‘.;l of acidic phenolic group is 10.2 [102] To avoid
B ? ‘(

comphcauons as a result of this spectral shift, the absorbances in subsequent studies wcrc

- meas at thc isosbestic point for phcnylcphrmc (258.3 nm). However due to the 5 nm

- band 'dth of the photomctcr it was subsequently found that a strongly alkahnc reagent
(~O 1 M NhOH) also had to be used to avoid spcctral shifts.

|

2.3.1@ Interferences

|
| \

‘:Maleate from the pheniramine salt, thimerosal, whxch 1s present in thc nasal spray as a
prescrvanve and benzalkomum which is a dxsmfectant, were found to interfere with the
. ana]ysxs of phcnylcphnne and phcnuarmne Malcate and thlmcrosal in the nasal spray
foxmulauon absorb at 258. -3 Am. At oonccmranons found i in the nasal spray this results in
. a spectra] interference in the phenylcphnne analysxs of about 14% Nommally such a
| spectral interference would be eliminated by selecting the analysis wavelength such that
. the mtcrfercnt had only a neghglble absorbance. In this manner tartrazine interference in A
the ana]ysxs of 8- chlorotheophylme in Dramamme tablets was redgccd toonly 0.2% [ 42]
~ In the present case, however, there i is only one detector and one wavelength Wthh is
| dictated by the spectra of the two components to be-analyzed. It would be difﬁcult to have
. toselecta single wavelength that would accommodate the interferents as wcll.. The other
intex_'ferent, bcnzalkonium chloride, is a cationic surfactant which, when injected into the
instrument, qéuscd the normally excluded aqueous phase to break through. the borous
~ Teflon rbembrane in the organic phaisc separator. Therefore this  compound must be -
removed from the injected sample plug before it cntcrs the two-phase region of the
instrument. |
| Miniature i ion exchan ge columns have bccn uscd to remove interferences in smglc
| 'phasc FIA . For cxamplc ion cxch;-x ge has been used for thc removal of anions which
mtcrfcre in the ana1y51s of calcmm by atomic absorption spectroscopy [103] and toremove

metal ca_uons which interfere in thc chcmﬂ»ummcsc_cncc dctcction of hydrazine by oxidation



~_

- with hypochlorite [104]. A scggmﬁpn protocol using ion exchange columns for the
((.

removal of the interferents mr:}hc nasal spray can be dévciopcd based on the acid
dissociation characteristics of ~t_hcl;l:lompoy.u:nds, which are shown in Table 2-1. At a neutra]
PH, as in the nasal spray. forinulaﬁon, ma]eg?e and thimerosal are in an anionic form, and
so can be n:mqvod from thc'bthcr three components using an anion exchange colqmn
(Figure 2-1). Of the three :mmaininggcomponents, only benzalkonium is cationic in the
s;ron gl; ‘alkal;an reagent solutioﬁ used for the extraction. Therefore use of a cation
cxéhan ge éoiumn (Eigu}e 2-1) will remc;vc this last interferent, leaving phenylephrine
anion and phenMn¢ neutral species to enter the segmentor.

To provide the PH conditions required by each column to remove the interfcﬁng
species, two aqueoys streams were uscd.v The sample was injectcd into a distilled water
stream from the multi-reagent cylinder, in which it flowed through columh C,. Attee-
fitting 'i‘l this flow stream merged with 0.2 M NaOH from the reagent Cylinder. The

resultant strong alkaline solution flowed through column Ce-
- e

";’.3.4.1” Catior] Column

: S ,

The column design was panerr?é@%f%?&r that reported in the literature for the
dctcimihation of frcc metals [98]. However since the ion éxchangc column in thi$ work
was nbt backflushed, it was possiblé to omit the inlet frit from the column construction.
This delcﬁon decreased the colubmn dead volume, reduced the pressure dfop across the
column andl made resin replacement much more convenient. Twao cation cxchangc
materials were tested - Amberlyst 15 macroporous polystyrene-divinylbenzene stron g acid
cation resin and carboxymcthyl cellulose, a weak acid cauon exchanger. The second
exchanger was tested because it was anumpated that the neutral phcmrammc species might
adsorb onto the polystymnc-dmnylbenzcnc Ambcrlyst 15 exchanger.

~ The cation exchange columns were studied usmg the single phase FIA systcm
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“described in Section 2.2.2.2. Important instrument settings were: resin bed length, Smm
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Table 2-] Acid Dissociation Behavior of Components of Nasal Spray

ionic form in:

compound pKa distilled water 0.1 M NaOH
phenylephrine cation 9.0,10.22 caﬁonic . anionic

(diprotic) . : {
pheniramine cation 9.34 n cationic neutral
maleic acid (diprotic) 1.8,6.1 anio‘m'_c) ; .- -
thimerosal 3.7 }an’iom';:' -
benzalkonium - - cationic cationic

a. Determined in reference 102.

b. Estimated using the Hafhmcn equation:
- ! ) -
o o /
e \

where pK,*® and p équa] 4.20 and 1.00 respectively for the benzoié acid parent

Q

compound and o for the ethylmercuric thioether is estimated by that . o1 the ortho, :

- substituent -SH, ~0.5 [108].

i &



in thc 1.5 mmi. d. column corrcsponds t05.61 mg of Ambcrlyst 15 Mesh >325) and 3.1
mg of the carboxymcthy] cellulose; injection volume, 10 uL; samphng frcqucncy, one
injection per mmutc -wavclcngth 257 nm; magcnt, pH 12.0 buffcr (NaOH/KCl' 1=0.06);
mtrogcn pressure, 40 psxg, flow rate, 1.2 mI_/mm connecting tubmg, 51 cm of 0.8 mm
1 d. Teflon. Thc samp]e soluuons were 5 4x10-3 M pheniramine maleaxc and l 5000
bcnzalkomum chloride in distilled watcr :-3 o Sl 5
Bcnzalkomurn was quantltatlvely rctamed b)l the. Amber]yst 15 resm but only 30% _
was retained by the carboxymethyl cellulose resin. In addmon there was no cwdcncc of
adsorptlon of pheniramine on the Amber]yst resin, since peaks obtamcd with and wnhout

. thc column were equal. Therefore, polysrymnc dwmylbcnzenc resins were used in the

Test of the work discussed herein.
For 5 mm long resin beds of the 100-140 Mesh and >325 Mesh Ambcrlyst 15 cation.
exchan ger, 92 injections of formulation levels of benzalkonium chloride could be made
without the column being ovcrloaded. Dpé to its lower pﬁ:ssurc drop, the 100-140 Mesh
resin was used in all future work. In the nasal spray analysis a larger column, with a 10
mm long resin bed, was used touensurc a column lifetime of at least 2 weeks. Varying the

2 flow rate between 1 and 3 ml/min did not affect the column performance signiﬁéandy.

o

5 2.3.4.2 Anion column

The desigh of the miniature anion cxchangé column, C,, was based on the results of-

" the studiés above. A 10 mm resin bed of 100-140 Mesh Amberlyst macroporohs strongly

basic, quaternary amine anion cxchange resin was used in these studies. The emphasis m
thxs work was to ensure that the maleate would be removed from the i mjccnon plug of”
nasa] spray. Thimerosal is also rcmovcd by this column. Howcvcr since it is
responsible for only a small fraction of the spectral interference, cfforts were conécntrét&d
>on thc removal of the pnmary spectral interferent, maleats. The nasal spray formulation
was isotonic [{ 05] (tonic strcngth cqulva]cnt to that of nasal passages, 0.9 g/100 mL
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[106] and of neutral pH (cxpcnmcntally de ed) Vanauon of the i mjectmn solu&on K

o

between pH 2.6 and 6.9 did not alter the quanutautg rcmovﬁf 3.4 x 10-3 M nilfic acid
N ~@ : ‘ . N
Therefore thc maleate is rcmovcd'quanntanvcly %cthcr n 1S presg-i 0- ergli-

anion. Incn:asmg the NaCl. oonccntrauon of 5.6 X 10'3 M_ phcmram;nc ‘malcazc sOl % /

from Otw O 9 /100 mL reduced the number of i injections which could be made wnh

_quantitative malcatc removal Howcvcr for the nasal spray formulation >30 i injections

could still be run with no cvxdcncc of the column capacity bcmg&kcccdcd This was . .
sufficient for a full analysxs set of §tandards and samples to be run before rcgcncrauon of

i N

L
the column was required. I

Amon cxchangc column regeneration was tested usin g the single phase FIA apparatus

A typical chart tracing for maleate regeneration is shown i in Flgurc 2-10. Thc resin was © . l - o

_cqulhbratcd wnh the maleates solution unul complete breakthrough of Lhc amon was

achxevcd, ~6 minutes. Distilled watcr was next used to nnsc the column.and t.hcn the

'malcatc was eluted with HCL. The hydrochlonc acid supphcd the compcnng ion, Cl' and:
}also protonatcd both maleate and thuncrosal to their neutral acid forms (scc Tablc 2 l) |

-which were unmtamcd. Malcatc was complctcly rcmovcd from the column wnhln two

minutes for all acid conocntranons tcsted Thimerosal (not shown) required ]ongcr »

loadmg periods due to its lowcr conocmmuon in the loadmg solunon and was elutcd more -

' slowly Thcrcforc as mmutc ﬂush with 0 1 MHCI was used to ncgcncrate the column in |

.the nasal Spray apparatus, followcd by a 2 minute rinse with distilled water. As

mentioned above, thls re gcnerauon was performed aftcr about 30 injections.

Important msu'umental parameters for the regeneration experiments were: muogen
pressure, 40 psig; flow rate from mulu-magcm cylinder, 1.4 mL/min; maleic a_cid loading
solution, 7.7 x 10-3 M maleic acid‘,’disotonic (o 9 g NaCl/100 mL) and adju‘stcd topH7.0 |

* using NaOH; thimerosal loadm g soluuon 51x105M tlumerosal isotonic and adjusted

N .

.to pH 6.5); rcgcncrauon solution, O 1t00.5 M HCI and wavclength 260 nm. N

‘1/ :
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235 Cali-b@_'ation Curves

Thc mcnts of using peak height [19] and area [20] for quanuﬁcauon in solvcnt
cxtmcuon/FIA have been discussed elsewhere. Both of thcsc measures should be directly
proportional to the sample concentration. Figure 2- 11 shows the cahbramn cyrves for
phcnylephnnc hydrochlondc for area (curve A) and height (B) For both peak area'and
hc;ght the curves are linear, with mlatwc standard dcwauons of 2.0 and 0.7 %
respectively, for the slopes. The y-intercepts and their 95% confidence limits, in arbltrary
integrator units, were 2017 + 8190 for peak are~ and 106 + 4]0 for peak height.
Pheniramine maleate also yielded linear calibration curves over the concentrations studied,
as-is shown in Figure 2-12. The relative standard deviau’oné of the slopes of the
calibration curves were 1.1% for peak area (Curve A) and 1.9% for peak Hcight .(Cifrv‘e

B). Both plots had y-intercepts equal to zero within their 95% confidence limits; 246 +

4088 for area and -301 + 1253 for heizht. r)
-2.3.6 Nasal Spray Assay - - l | | e

Results of the éssay; of three lots of commercial nasal spray, using the prpccdufe
desc.  ~inthe Expen'rhenta] section, are shown in Table 2;2 All of thc assay vvz.llucs are
well vathe. - tolerance limits. of thc label claims [107] for phcnylcphnnc hydrochlonde
and pheniram = maleate. The agreement betwcen thc assay values obtamcd usm g pcak
area and peak - ight was vcry good, bcmg within 1% in all cases. Thc prccxslon of the
analysis meth-. bascd on thc standard dcwauons shown in Table 2 2 for the 51x mphcate
injcctions i~ ~ stter than 2% for phcnylephnne HCI and phcmrammc malcatc using cxthcr

peakarc  .eight for quanuﬁcanon '

%
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Figure 2- 1 Cahbratxon curves for phenylephnne hyd:ochlondc in the aqueous phase

g;”Curve A is based on peak area, for which the standard deviations for each

point range from 1010 1.6 %. Curve B is the calibration plot based on peak

height, for which the error bars are the standard deviations (0.8t02.9 %,

,;77\ ' relative).
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Table2-2  Determination of Active Ingredients ix_ia Commcrcia.] Nasal Spréy based on
the use of Peak Area and Peak Height '

Phenylephrine HCI.€ (w/w%)  Pheniramine Maleateb:C (w/w%)

Sample Area Height © Area - Height
Lot A 047740007 047240002  0.198 +0.001 0.197 + 0.001
CLotB 048320005 0.481£0008 .- 0.198+0.002 0.199 + 0.004
Lot C 0.481 +0.007 0.474 + 0.002 0'.914 0.00  0.200 + 0.001
L ' \ .

‘a. Label claim for phenyiephrinc HCl is 0.50% (w/w).
b. Label claim for pheniramine maleate is 0.20% (w/w). - |

c. *are the standard déviations based on six replicates.



2.4_ Conclusi'dn_s '
In this chaptcr a SE FIA Instrument for momtormg both phases of thc scgmcmed ﬂow

with only a single pholomctcr was developed. Two mcmbranc phase scparators arranged

in series with a delay coil scparatmg them, were uscd to direct the single phascs from the
e

scgmcntcd flow to the dctcctor Usc of thc smglc detector greatly rcduccs thﬂ:ost of this ~

instrument over prewous instruments which required two photometers to momtor the two

phases [42 42]! In addition, the detector modifications for sw1tch1ng the sample/refcrence ’

" designation of the flow cells f the detector i 1s_qu1te strajght-forward, making i_t an
attractive approach for other analytical ‘thhniqucs, such as valence chromatography,
| thre both positive and negative peaks are obtained. o | |
Thc Ansfrument was applied to the analysis of the active ingredients of a commerc1a1

nasal spray, phcnylephnne hydrochlonde and pheniramine maleate. Precision and

- accuracy were 172% using either peak height or area for quantiﬁcau'on. Sampling ~

frequency was 30 injections/h. Miniature on-line ion exchange columns were found to be

an attractive means for the elimination of ionic interferents in SE-FIA.
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L Instrumental Band Broadening in a Solvent Extraction/FIA Instrument ;‘”f o

3.1 Introduction
o : .

Onc of the most important characteristics of an FIA method is its samplih%frv:qucncy.

This sampling frequency is dictated by the width of the elution pcaké which results from

the band broadening properues of each instrumental component of the apparatus Thus, in

order to maximize the sainphng frequcncy of an FIA method, it is necessary to minimize

the individual instrumental contributions to thc overall peak w1dth [109). i ‘
In this chaptcr the band broadcmng characteristics of the SE-FIA instrument descnbcd

in Chaptcr 21s studxcd in order to identify which componcnts most requn'e further

refinement if the analysis speed is to be improved. The components which must b(:v ‘

considered are the injector, the connecting tubing, miniature ion exchange column: . the

g . extraction coil, the delay coil, the phase separators and thc detector.

b
w

i

7 3.2 Background and _Dafa ‘Aﬁalysjs

The band broadening contributions of the various components of a flow i mJectlon
instrument can be considered to operate 1ndcpcndcmly [109]. That is, each band
‘broademn g process is unaffected by all other such processes.? Under these conditions
thc variance contributions of thc md1v1dua1 mstrument components can be added lmearly
_For mstancc in a single phasc FIA mstrumcm Lhc OVCrall mstrumental band broademn g
~ expressed in variance, is [109]:

2 2 2. 2 o
"OFIA™ Oinjection* Cflow* Odetectar  ~~ ~ + B.1)

~T  An example of bapd broadcning processes which arc nql,indepcndem are the non-uniform flow pattern
‘terms, Heddy and H ,, of the rate equation for chromaiography columns. *

\s »
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. where om is the vananee assomated w1th the ful] ﬂow-mjecnon system and Omjecuon’

2 2
: cﬂow and om are the vanances assocxated with the i mJector the flow. and the detector.

\./

A peak represents the dlstnbunon of concentmnon with nme and is, therefore a
probablhty den51ty curve A probabthty densxty curve can be charactenzed by a series of
stansncal momems [1 10—1 13] The ordmary moments are deﬁned by:

, : f . -
Lo o

My = ———
o .'f.c(t)_dt
. ;O‘_ .

where mk 1s the k‘h ondmaxy stausncal moment and c(t) is the concentration at ume t

(3.2)

‘ General]y, only the zeroth and ﬁrst on:hnary stausueal moments are used to charactenze a
B probablhty den51ty curve (L.Q a peak) o
The zeroth moment mo glves the arca under the curve. However it 1s self—

'normahzed and so equals one: The ﬁrst statistical moment, ml, deﬁnes the center of

gravny, or the ‘mean, of the dJstnbuuon Greater information about the peak shape 1s

lL"‘

obtamed from hlgher statistical moments 1Mhese moments are measured about the center
: 3

" of grav1ty, my; of the peak Such moments are referred to as central statistical moments

:and are mathemaucally deﬁned as:

0 SR
my = . (3.3)
[ ewar S
S 0_,';"
L In general only the second, th1rd and fourth cenual stausmca] moments are used to describe
A, ﬂ%? shape ofapeak. -
2

The second ‘central statrstlcal moment mz, 1s the variance, G , of the .

&

4

dtstnbunon about the mean. Unhke more lradmona] methods of measunng peak variance
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such as width-at- half hclght and the tangpnt method, the sccond ccntm.l statistical moment '
makes no prior assumpuons about the pcak shape. ’I’hus tlus proccdure 1s a more

accurate estimate of the variance when thc pcaks’%c asymmctnc, such as they typically are

in FIA. By way of illustration, Table 3-1 shows a cfmparison of peak'variances -

- determined by various calculation methods for peaks simulated using an cxponcntr'ally
modified Gaussian distribution with a v/o =T70 and 2 [114]. Fer the symmetric Gaussian ‘
peak (/0 = 0), all of these procedures accurately mcasnrc the peak variance. For the

h tailed peak (/o = 2), thc methods in which measuremcms are made lower on the peak,

‘ -whcre the asymmeﬂ'y 1s more pronounced, are more accurate estimators of the variance.
However, moment analysis provides the correct peak variance since this proccdur‘e uses
z;.H of the peak for the determination. . |
‘ However, while stansncal moment analy51s can give the ’most accurate cstlmatc of
peak variance, the prcmslon of the method will be strongly dcpendem on factors such as )'

/nors/"[l 12 115,116], baseline dnft orerror [112,117], prematune termmanon of data CTo

collection [116,118,119] and too few data pomts [116). This sensmvny resu‘}ts frorn the ) -

fact that moment caqulanon Incorporates a dxffercnce raised to a>powcr Thls powcr
relation makes the higher statistical moments progressxvcly mgre sensmvelo n01se'/sucgh

that, generally, moments greater than the fourth are not uscd and those abovc rhc sccond -

must be used with great care. T . ; N

The third central statlstncal moment, m3, provrdes mformauon on the honzomal

asymmetry (i.e. with respect to nme) and the fourth central statlstlml moment m4,

isa measure of the vertical asyrnmetry of the probablhry d1$mbunon curve .
Thc skewness and €XCess are two momcnt related quantities whxch are uscful
mcasures of the asymmctry of a peak since they dxrcct]y rcﬂect devmuons fmm a

-Gaussian proﬁle The skewness S is dcﬁned from the thmd central moment as:

)

@
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:[jgb ¢ 3 1 COmpanson of Vananccs calculated for Synthenc Pcaks using Varzous

)
.

‘Measurement Techmqucsa

i ca]c"ulation methodd .f:'sv‘ni;;ctric;x] peak® _“asymmetrical peakd
) Inﬂccuon (two sigrma) 10 0.44
Width at halfhc1ght o s 10 AO.46-
Tangent , o | 1 0 0.47
Height/grearado : q Y 1.0 - 0.56
Foursigma . 10 0.64
* Five sigma ( 1.0 0.79
“ Asymény based ,‘ | 10 0.98
 Second statistical moment '9-“‘ 1.0 1.0

R B
,@) & ! AL
Y%

a. Based on results of Bldllngmeycr B A Warrcn F. V., Jr. Anal Chem. 1984,

56 1583A-1596A.

b.. For dcscnpnon of thcsc ca]culauon methods see reference 1 14

c. Symmctnca] peak i is mmu]ated usmg a Gaussian distribution (i.e. exponentially -

modified Gaussian wnh o = 0). !

d. Asymmetrical peak is sunulated using an cxponcnnally modified Gaussian wnh 7]

= 2.0. SN
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S=— (3.4)
For a Gaussmn probability distribution, S will cqual zero. A positive value of the
skewness mdrcatcs a tailing peak, and the magnitude of the skewness m@m the degree
of tailing. For instance, the skewness of an exponential drsmbutlo_n (Poisson dlstrrbution
with zero degrees of freedom) is 2 [113]. -~ |
The excess, E, 1s a measure of the flatting of a peak and is defined from the fourth

-

central statistical moment as:

E=— -3 ' 3.5)

-The excess is an expressron of the vertical asymmetry of a probability d.lSIIlbUthIl relative
to that of a Gaussian drstnbunon with the same variance. For a Gaussian drstnbunon E
equals 0. If the excess is positive, the curve is more "peaked” than-a Gaussian pcak of the
same variance. For instance, for an exponential pcak tlre excess is6[113]. |

The stansnca] moments defined by equations 3. 2 and 3.3 are calculatcd using dlgmzzd
signal, where c(t) is thc concentration (i.e. detector srgnal) at time t dtis approxlmated
using the time mtcryal between successive points (At = 0.05 s) and thc mtcgrals are

_ evaluated numerically using Sirnpsorl's rule [120] with integration limits set manually. .
The baseline is dctcrrnined’ using linear regrcs;ion of the data points outside the intégxati'on

limits, in order to avoid efrors due to drift [112,1 17]. The peaks are défined by more than

100 points to ensure maximal precision in the momcr}ts calc&latcd [116].

3 'Ihe 172 xmpson 's rule mlcgmtxon is performed usmg ‘the word INTEGRATE.DATA mcorporaled

| within the ASYST Scnenuﬁc Systcm (Macrmllan Softwanc Co., Ncw York)
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3.3.1 Chemicals and Solvents

54

Pheniramine maleate was used as received from Sigma Chernical Co. of St. Louis, = .

Missouri and phenylephrine hydrochloride was used as received from Endo Laboraton’és._ . o

of Garden City, NY.

Double distilled water, Chloroform and Methanol were as dcscnbcd in Chaptcr 2.

Other chemicals, including sodium hydroxide and hydrochloric ac1d were analynca]
_reagent grade.

The sample and can'ier solutions used in the band broadening cxpcn’rhcms are listed

with the appropnatc apparatu( fibed in the next section.

A

3.3.2 Apparatus

]

The contributions of the individual instrument components of the nasal spray analysis
Instrument (Figure 2-1) to the overall observed variance of the peaks were measured using
conﬁgurauons of the instrument designed to isolate the individual band broadening
contributions. The flow rates cmp]oycd in these studies were thc same as those used in

. the nasal spray assay described in Chapter 2. Expenmental anangcments for measuring
~ the variances, shown in Figure 3-1, were as follows _

o1p? (variance due to injector, detector and associated tubing): Aqueous.
The apparatus shown in Flgurc 3-1a was constructed from the nasal spray assay
instrument (Figure 2-1) by disconnecting’ valve V4 from C, and also dlsconncctmg the

‘dctcctor from phase separator Mo. The tube from V4 was then connected dmectly to the
dctcctor and aqueous solutions of 2.5 x 10-3 M phcnylcphnnc HCl and 5.6 x 104 M
phcnuarmne maleate were mjcctcd into the aqueous flow stream. Thc peak variance .

observed was defined as ojp? (aq).
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Figure 3- Anstrumental anangements for mcasunng thc band broademng due to: a)

v

mJector detector and conncctmg tubmg (GIDZ) b) tce ﬁtung (omz) €) cation

~ exchange column (CCCZ) Thc rcagcn{ ﬁnd mulu-rcagcnt cyhndcrs contain
aqueous carrier solutmns undcr N2 pressure. Vj is a two-way valve V2 isa
- Six- port rotary valvc V4 isa shdcr chctxon valve; Tl is a tee fitting; Pyisa

: pulse damper Pisa pcnstalnc pump and Ca and CC are miniature ‘anion and

-~ -cation cxchangc columns rcspcctlvcly See Sccnons 2 22.1 and 3.3. 2for 1

: dctalls
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Figure 3-1 b Instrumental anaplgemcms for mcasurmg band broadcmng due to: d) anion
cxchan ge column (oCaz) e) aqueous phase scparator (opsz(aq)) and t}dclay

c011 (odz) Ma is the aqueous phasc scparator and E 1s rhc cxrracnon coxI
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Organic. The instrument conﬁgur:«itgiL e was identical to that used for the |
'dctcnmnanon of GIDZ (aq) (Figure 3-1a), ) ‘t that flow came from the chloroform
cylmdcr and 5.6 x 104 M phcmrammc malca‘tc in chloroform was chctcd into the organic
* flow stream. The peak variance observed was defined as op? (org),
" ‘o-mz- + Ogee? The apparaius shown in Figure 3-1b was constructed from the :nasa]
| spray apparétus (Figure 2-1) using the folloWg procedure: The tube from C; was

'dis‘c'onnected ﬁ'om T and the tube from the detector was disconnected from M,. T and
 the detector tubing ivc'rc conncétcd together. C, was moved from downstream of the
injector to upsm:am in ordcrv t(; remove its band broadening contribution but maintain its
' baék pressure. Aqueous flow from the feagcnt and the multi-reagent cylinders are equal |
and mcrgc at tce ﬁmng Tl | | ‘

_The variance atmbutable to the tee (i.e. the difference between the variance measured

for the apparatus shown in Figure 3-1a and-that in Figure 3-1b was 0.0 £ 0.04 s2. Thus
. the 'band broadening contribution bf the tee-fitting was ncgiigiblc. |

Occ? (variance due to cation exchange column)' The rcquircd apparatus,

shown in Flgure 3-1c, was constructed from that in Figure 3-1b by placmg the cation

- column Ce betwccn tee- ﬁttmg Ty and the detector. Ten rmcrohter plugsof 2.5 X 10-3 M

phenylcphnne HCl and 5.6 x 10‘4 M phcmrammc maleate in 0.1 M NaOH were chcted
into a 0.1 M NaOH carrier stream from the muld-reagent cylinder, which then merged -
’ .‘ with an identical aqueous stream from the reagemlcy‘lind‘er. 0@2 was calculated as the:

 difference between thc.ob‘scrvcd variance and o2,

GCca? (variance due to anion exchange column): - The apparatus, ‘shown in
Figure 53-1_d, was obtained when Tj was disconnected from C. and the tube from the
detector w:as disconnected from Mg. T and the detector tubing were connected and 0Ca2
was determined for 2.5x 103 M phenylephrine HCl and 5.6 x 104 M phcmramme

maleate in distilled water as the observed variance minus om2

L=
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p 2 (vanance due to the phase separator and segmentor T,y): Aqueous.

- The tube from V4 was dxsconnectcd from C, and was connected to T3 in placc of C.. The

. tube from T, was disconnected from V5 and the tube from V¢ was disconnected from Ma

" The tubc from T2 was connected to Mj. This apparatus lsghown in Figure 3-1e. The

2 5x 10 -3 M phcnylcphnnc HCl sample in 0.1 M NaOH was m_]cctcd into 0.1 M NaOH"

from thc mulu-magcm cyhndcr, which then merged with the chloroform flow at T, and : !/ .
passed ;hrough 5cm of 0.8 mm 1.d. tubing to the aqueous phase separator. 'I'hc aqueous / A

flow rate was 2.8 mumin and the organic flow was 0.7 mL/min, which corresponds to /

,,,,, ]
i
) o

Orgamr‘ The same tubmg arrangcmcnt as that of op52 (aq) was uscd. ‘Mg replaced
Ma, and, thc (:hloroform and muln -reagent cyhndcrs traded places. A chloroform soluuon
of 1.1x 10- 3 M phcmramme maleate was 1nJcctcd into the chloroform stream which / '
n mcrged with0.1M N aOH from the mulu -reagent cylmdcr at the scgmcmor T2 Cps
' (org) was calculated as the difference between the observed pcak variance minus the O’ID2 @

| (org) N .
2 (vanance due to the extractlon conl) The extracuon coil E (200 cm of j 8
€

mm i.d. Teflon tubing)- was mserted between T2 and thc mernbranc phase separator in
~ arrangements described above for dcterrmmng Gps Oc? was calculated as the observ /d |
- peak variance minus the total peak variance observed in thefops studies. .

-Utota‘lz (mea‘SUred) (.total peak variance): the variance observed upon injecting |

samples into the instrument m the conﬁguranon shown in Flgure 2-1.

od2 (vanance due to delay): (Flgurc 3-1f) The tube from Vg was

' drsconncctcd from Ma and E was disconnected from M, E was conncctcd to Ma

.Expenmcntal conditions wcrc otherwise as dcscnbcd for the nasal spray assay in S ction

_ 2 24 and the phcnylcphnnc HCI samplc was 2.5 x 10 3 M in distilled water. Og2isthe
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difference between the observed variance and the Oiotal? (me’ ured) for phenylephrine
HCI.

3.3.3 Data analysis

- The moment analysis calculations were perfom%d on an IBM-XT mxcrocomputcr
using the progmm MOMENTS ASY (Appcnd1x A) wnttcn in ASYST (Macmillan
~ Software Co.). Data were acquired digitally from the photometric detector using a_\Lab |

' Master ADC interface board (TM-40-PGL, Tecmar, Cleveland, OH), controlled by the
program DATACQ.ASY (Appendix B).

The abcuracy of the zeroth through fourth statistical moments calculated by the
program were verified using Gaussian, Exponént.ial, and Poisson (1 ahd 2 degrees of
 freedom) statistical distributions as simulated peaks. The results of this comparison are
given in Table 3-2. The accuracy of the peak second moment was further validated by
comparison with the Sternberg graphical method [110). This comparison is shown in
Table 3-3[121], and indicates that the variances produced by the program
MOMENTS.ASY are a good estimate of the peak variance.

7
-

3.3.4 Procedure

- As was discussed in Section 3.2, moment analysis is sensitive to cxperirﬁcntal artifacté
such as noise and ba‘scline dnft. Thuﬁ,' a number of precautions were taken to minimize
these effects over and above thbs(: which were nééssaryfin order to analyze thc nasal
spray. Thcsc extra cxpeﬁmcmal precéﬁtions were: (i) A pulse damper (Model LP-21
LO-Pulse, Scientific Systems, Inc State College, PA) was placcd in-line between the
instrument and the penstalnc pump to eliminate the ﬂow pulsanon whick results from the
pump action. (ii) The two aqueous carrier sncams wc;rc of tht; saime composition. This

reduces the baseline shifts resulting from fluctuations in the refractive index of the carrier

i ]
nnnn mivino with the macant 111\ Tha matriv Af tha carmnla cAluntiAan



Table3-2 Validation of Moment Analysis Program using Known Statistical

Distributions$ as Simulated Peaks.
‘ Center of- ,
Statistical Function Area Gravity Variance  Skewness Excess
" theor. 1.0 ‘ Q.O - 1.0 0.0 0.0
Gaussian@ ' | o )
calc. 1.000 0000 0.999 0.000 -0.014
- theor. . 1.0 2.0 2.0 1.414 3.0
Poissonb (n=1) ) :
calc. ~ 1.000 2.000 1.9.9_96 1.412 2977
theor. 1.0 _ 3.0 3.0 1.155 2.0
~ Poissonb (n=2) : .
calc. 1.000 3.000 2997 1.148 - © 1.936
theor 1.0 1.0 1.0 2.0 6.0.
Exponential®

calc. 1.000 1.000 1.000 2.00 5.99

<

a. The probability distribution, p(x) for a Gaussian distribution is given by [113]:
| ‘ =Y LY
: PO = 26 P 7|20 .

where x is the variable and © is the standard deviation of the distribution.
b. The Poisson distribution is given by [113]:
. . n
_ x[x")
‘ px)=e TxT)
Qherc nis the degrees of freedom of the distribution.

- ¢. The exponential is a Poisson 'distribun'on with zero degrees of freedom (n=0). . .

60
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- Table 3-3 Comparison of Variances for Peaks calculated using the Sternberg Graphjcé]

Method and by Moment Ana]ys‘isa
Estimated Variance (mL2) -
Flow rate (mL/min)3 Sternbergb o Sl MAornént Analysis

PR o9 1 0.019
1.55 0013 | 0.014
10 0.012 0.011 .
052 | 0.0097 0016
0.43 0.0082 0.0080
0.055 ‘ - 0.0048 ‘ 0.0049
'~ 0.0008 . © oo00s1 | 0.0047

a. The peaks a:tpchromatographic peaks taken from reference 121. Moments are
~ calculated for 1.1 x 10~ M methyl paraben eluting from a Hamilton PRP-1 column
. (15cmx 4.1 mm i.d.) packed with 10 pm particles, with a mobile ph;ée of 90%
methanol in water. 'I'h¢ flow yate was varied in these experiments and is given in the
first column of the table. Thé peaks were asymmetric, with an average skewness of

1.

b. For description of this calculation method see reference 110.

-~
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matched that of the carrier for sumlar teasons as in (u) (iv) The outpuit of the photometer

was mcreased to 100 mV full scale bv undesseinng the absoruanoc range (eg. an-

» absorbance range.of O 02 was typ1cally used even though peak absorbances were typically
~0.1 AU). This output had much greater noise impunity than the normal 10 mVES output
produced by the phmomeucx A gain-of 100 was then used at the ADC to make the signal
10 VFS which was reqmred to fully uuhze the range of the ADC. - L

| An addmonal adjustment whlch had to be made 1s that the sample concentration had to
be reduced to a tenth of the normal levels in th&%tasal spray formulation. Otherwise the

3
maximum peak absorbances would exoeed the hnear absorbance range of the photometer

4

since the band broademng experienced by the sample in the simpler FIA manifolds used in
these expenments 1s much less than in the full nasal spray instrument.

Expenmental condluons were otherwxse analogous to those used i in the nasal spray

PD

assay procedure and were: sample injection volume, 10 HL; sample concentratlon listed

W1th the various msu'umental arrangements in Section 3.3.2; number oﬁephcates 4 total

aqueous ﬂow Fa, 2 8 rnL/rmn total orgamc flowM Eo» 2.8 mL./rmn flow through

'\."’ H

. membrane of aqueous phase separator 14 mL/rnm flow throu ?’tnembrane of the
org/amc phase separator 2.1 mL/min; detectlon wavelength 258.3 nm; full scale

,absorbance (see pomt iv above) 0.02 Au; data acquxsmon rate, 20 pt/s number of points,

. 300- 800 (typlcal value 400) and gain setttng, 100 -

-,

W

3.4.-- Results‘ and Discussion. ' B } __
,/) .

The statrsucal moments obtained using these expenmental condmons and. the various

&

_ arrangements of the expenmental apparatus descnbed in Section 3.3.2 are. gtven in T ables
S 34 and 3. 5 for phenuanune and, phenylephrme respecttvely The vanance is the measure -
_ of the band broademng, and will be the subject of the rest of this discussion. The

skewness and excess were calculated and reported to prov1de a complete descnpuon of the

! T
. : . . ! . A .
L% S 1{ . _
. - ’ s T . . /
o . : . ) - ’
;
: .
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o Table 3-4  Statistical Moments for Pheniramine Peaks Observed in the Band
| Brbadcning,Studigs of thc\NasaJ Spray SE-FIA Instrument

Apparatus . Variance terms , /'Van'ancea Skewness Excéssﬂ.;ﬁg

| . IR
Fig: 3-16 B oo @) 7 1.8 (0.2) 18 ©0.2) ..'3.5’(41'.('))

Fig. 3-»15 o op2 (org) | | 187017 200.1) 44 Q7)

Fig. -3.-1Ac. : ;r.,':ii?_-és'leK--‘e-'oC‘CZV | 33 (0’.3)~ 2.0 (0,1)? 5.0' (0.5)_

Fig. 3-1d -01D2¥0¢32' .2.8'(0.3). 27 (0.3) 6262) .
Fig.3le von‘)z rop? 3.‘9,_ 0.2) 17 ©.1) 35 (0.6) |

LDt Op? 02 . U5.0(03) . 17(03)  33(22)

e

. Fig. 2T . Sou? - 160D 1802 47060

A

'a. Mean and precision (expressed as the standzird &eviétibﬂ) of the variance is based on

4 replicate injections.

b. Mean énd precision for 7 replicate injections, rather than 4.



Table 3-5 StatisticalMomcnts for Phcnydcphn’nc HCI Peaks Observed in the Band
Broadening Studies of the Nasal Spray SE-FIA Instrument

S

*Apparatus Variance terms Variance? Skewness Excess
' B : (s2)
Fig. 3-1a ' om? 1.5(0.1) " 1.5(0.1) 2.6 (0.5)

1.2 (0.1) = 2.9 (0.6) 5.2 (4.0)

Fig. 3-1b Op2 + 0.2 26(0.2)  1.7(03) ‘3.6(1.8)
I;ig‘, 3.1d .- .01D2+6Ca'2- ' | ’2.3 (6.3) 22(03) % 62(1.4)
Fig. 316 OIp? + Ops? " “ 5.1 04 1003 17 (0.8))
'P:igZ-l - ot@2 o 8.8 (O.S)bl 1.1 (0.1)b 19(07)b

";{g? ‘3-5{;""";;3;5 ;-cs;,;;"v“"a;((-)._z;c- ”{.;}(‘,)fz}f'féfé };5.’65'"
'oID2+ops2’+-ché- 8.3 (0.2)C 1502 25(05)‘

CREAN cpafoof 1090 '5;;' son: aren
é§g27£> | "”‘o{@? : " 130 (0.2)Cﬁ' 2.5 :(6.1)? ‘,,_3.5 (0.6)_-"

.

a. Mcan and prec151on (cxpresscd as the standard dcv1at10n) of the vanancc is bascd on4

: rcphcau: injections.

- B
.- . -
F)

b. Mcan and standard dewauon for 6 rephcate mJeCUOns rathcr than 4

11;

c. Thcsc measurements, to determine Oc2 and 642, were made before the chctor/
detector system had been optimized, so that oID2 was larger than in the rest of the
table. Thus these variances are larger than the rest in this table, but still thc differences‘

between each pair of values is due solely to the instrument compdncnt of interest.

Nad
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3.4.1 Pheniramine Band Broadening 65,
o o - | )
. In the nasal spray analysis instrument pheniramine is-injected as an.aqueous phase

sample and is subsequently cxtréctcd into the organic phase.. A portion of this organic

_phase is separated from the two phase flow by a phase separator and directed to the

.detector. The total variance of the resultant pheniramine pcak can be broken down into

. contributions from the various instrumental components of the system:

Ototal? = OIp? + OpgXorg) + 052_(org) +oc?+oc? (BT

The definitions and values of thcsc contributing variances for phcnummnc are shown in

Table 3 6. These values are obtained from those in Tablc 3-4.by the appropnatc

subtraction. For instance, the anion cxchangc variance, 042, is obtamed by subtracting
the variance bbs’cyvcd N . shown 1n Figure 3-1a (dlDz) from that observed

from the apparatus in‘ ] }}3 ld\’ﬁf% + oca2) The unccrtamncs of the 1nde1duaJ band

| broadening terms are the standard deviations, which were calculated as the square root of )

the sum of the squares of the standard deviations of the measurements shown in Table
: A\ . : o
3- 4 . .-

'Ibe summauon of the mchv1dual vanances s for the mstrurncm componcnts is equal to
the G[ofalz mcasured for phcnuarmne mdxcatmg that all 51gn1ﬁcant sourccs of band

broadcmng have becn‘ identified. In thxs mstrumcnt the chctor/dctcctor and phase .

separator variances are the most 51gmﬁcar}t This is consxstcnt with results rcportcd for

}
liquid- hqmd scgmcntcd postcolumn reaction dctcctors for HPLC detccnon [78 79];

e

(\\smgle term OID since 1t xs 1mp0551b1e to make mcasuremcnts w1thout having both of

’I'he baffd broz jcmng conmbumons of the m}ector and dctector are combmed ina )

t.hcsc componcnts in the. mstrumcm. In the complete u}stmmcm phcmrammc is chctcd
_into thc the aqucous phasc but passcs through the dctcbtor as a chlomform solunon

Howcvcr it is only possible to measure the mjector/dctcctor variance in homogcncous

aqucous oT Organic streams, y1cldmg oID2 (aq) and omz(org) Since these two variables

\:)5



Table 3-6 Contributions to Band Broadening in the Nasal Spray SE-FIA Instrument

Variance? (s2)

| components Phenylephrine  Pheniramine

om? injector, detector and connecting tubing (ag) 1.8 (0.2) 1.3 (0.2)
' (org) 1.8 (0.1)

cpsl phase separator, segmentor (aq) 3.8 (0.5)
. (org) 2.1 (0.3)

C.2 extraction coil (aq) o 0.1 (0:3)

(org) 1.2 (0.3) o

G2 * anion column ; 1.0 (0.3) 0.8 (0.3)

O cation colursn 1504) ~ 1.10.2)

02 delaycoiland My ) 21405

 summation” 1.6 (0.7)bc. 92°0.9)b

Ototal” . . B

measured 7.6 (0.4 88(0.5¢

f | a. Mean and pn:gxsmn cxprcsscd as standard dcv1at10n of thc wariance for 4 ncphcate

" mjecﬁons R \‘m'

it

i

E_JIN

66

’
P

b.- Precision is thc squarc root of thc sum of thc squares of the mdxwdual standard

".

dcwauons

c. An avcrage of sz(aq) and cmz(org) was used in calculatmg summatxon

- d. Bascd on six rephcate mje,cnons o

¢. Based on seven replicate i injections.
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have the same value, 1.8 s2, this may be taken as 6yp? for pheniramine in the complete

. e~
mstrument. . (

The contribution to the overall pcak.variance frorix the cxtrae_tion coil, cc:’:, has
particular signiﬁ(:ance in relation to the manifold design of the nasal spray system. In a

R S

&6 How stream one hquld forms a stanonary film on the walls of the

’%‘f a solute dxsso]ved m the ﬁlm-fonmng hquld 1s retarded by

i forrmng hquxd rmmmai peak dxspersxon is ob&rved [21 23] The ' y '1' 2

tlus work 1spmferenually wened by chloroform making this the ﬁ ] g :

can be" seen in Table 3- 6, phenuarrune Wthh spends most of its time in the orgamc Ca

' phase undergoes 31gmﬁcant broademng in the exuacuon 0011 whereas phenylephnne

‘ .'wl'uch remains in the‘ agueous phase undergoes no naqisurable broademn g These
. . e
considerations dJctated phacing the orgamc phase separator Mo between the exuacnon coil

e
. - -

and the delay coil and the aqueous phase separator Ma after the delay co11 rather than v1ce

versa. In thIs arrangement the phennarmne passes through a mlmmum length of tubmg

j,ﬁ“ .
=

.before@ng detected‘
The variances correspondmg to the phase separator and ion exchan ge columns will be

4

_ ‘d.ISC‘USSCd in Sections 3.4.3 and 3.4.5 respecnvely.

. 3.'4.2 wPhe‘nylephrine "Band ,'Broa'de'ning' T RIS . .J_/',’ :
In the nasal spray assay phenylephnne is mJected as an aqueous p s‘e' sample and it

~ remains unexuacted as it passes through the mstrumcnt For the pheny ephrme peak ‘the

tota] variance observed is then composed of a number of ,pontnbuuons.

~
A

Gtotal” = O1pA(aq) + Ops2(aq) + Ge(ag) + 0C,2 + 02 + o4’ -G8
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The definitions and values of these variances are shown in Table 3-6, using the ;
experimental results prescnted in Table 3-5. For phenylephrine the sample passes throu gh
the injector and detector in the aqueous phase, so that om? (aq) accurately describes its

3 _ . N
injector/detector variance. Otherwise equa‘tion 3.8 is the same as equation 3.7 for the

- pheniramine peak, with the addition of the term ch, the variance due to the aqueou$
. phase sample passing through the orgamc phase separator M, and the delay coil, D.
Since phenylephrine expenences no detectable broadening in the extraction coil (200 cm of
0.8 mm i.d. Teflon tubing), one would suspect that the additional 2.1 s2 of variance anses
pnma.nly in the organic phase separator rathcr than in the delay c011 (700 cm of 0.8 yn
i.d. Teflon tubing). , "

As with the pheniramine the summation of the individual variance terms agrees, within
- the 95% confidence limits wnh Utotal measun:d for the phenylephrine peak, indicating
once again that all major sources of band broademn ginthei mstrument have been

" ideritified. For the pheny]cphnne the major source of vanance apart from that assoc1ated

with the delay, was the phase separator
3.4.3 Phase Separator

The phase separators were observed to.contribute signi'ﬁ’c':ant]y to the overall peak ‘
- variances. ‘This is not a surprising result since the relatJvely large dead volume of the

phase separators (50 HL) would be cxpected to cause significant band- broademng What

" is somewhit & surprlsmg however i is the large dlfference in op52 for phenylephnne ‘

._ phemraxmne 3.8 and 2.1 s2 respect]vefy

i

In prcwous studles of the band broademng assocxated w1th phase separators 1t was -
observed that the peak broadening varies mverse]y w1th the pnopomon of a phasc removed
from the two-phase flow [39 4@&3 is shown in Figure 3-2. In the nasal spray
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,l 1gure 3- 2 Effect of percentage of organic phasc passmg through the membranc on the o

total pcak vanance based on data prescntod in reference 41 for the extracnon ‘l

of 3 6 x 10 -5 M caffcme cxtmcung from watcr to chloroform Peak vwdths at
. 5% ma)umum wcne convertcd into varlanccs by assummg a Gausswm pcak
| shape for which. the width would correspond to 4.9 S. Othcr important
cxpcnmental condmons were: Fa, 0:83 mL/mir; Fy, 1.07 rnI_,/mm
wavclength 275 nm; _and membranc phase sepzrator, 35x1.2x0.5mm"

'jgroovcs and 1.0 |.1m pore sm_c‘ PTFE membrane with polyethylene backing .
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- separator wi determme s broademn g character The shape of the cavrtxes m the

/
.
AR
N .
Al

-

iy

by the start—up pmcedure emp]oyed. Unfortunately since the band broademng in reference
41 (Frgure 3—2) was only quoted for thc total SE—FLA system it is not possrble to | |

.70

determme how much of a change could be expected in the. phase scparator variance from .

thrs change in the fracnon of the total flow whrch passed through the membrane

Further studres [44] into the band broademng in membrane phas&separators have f .

| when almost all f one phase passes thnough the membrane) the band 'brbademng occurs !

in the unsegme ted part of the separator. However when the separation, efﬁc1ency is less

than quantltatt e as it was 1n the nasal spray mstrumem the total volume of the phas:e |

separator}{ave only a mmor affect on the band broademng

)./4.4 'I'njector/'De'.t‘ector Variance

/

o

/ 'I‘he band broademng contnbuuons of the an/CCtQI' and detector are combmed ina

these components in the mstmment However some appremauon for the 1nd1v1dual band{

l

' 'treatment The m_]ector/detector vanance 1s the summatnon of a number of i mstrumental

e ¥ . ; .
/ ST . - N

bandbroademng terms~ o R

2o a4 2
Om= Ojpj + Gdet oell+ Oder. elec + Gtubmg

‘where the terms on the nght hand stde nefer to the vanance produced y the mjector tlae
‘ detector flow cell, the detector electromcs and the connecung tubin g respectwely As a
worst case (j.¢. largest) approxrmauon the i mjector and detector ﬂow cell can be treated as’
| 'a mmng chamber [1 10,123]. In tlus hypotheucal devrce there is such rapld convection

* within the chamber that any element of ﬂu1d entermg the dewce is mstantly mixed

’ concluded that wl7en the separauon eﬁ‘rcrency of the phase separator @qelose to 100% (1 e.

broadcmng conmbunons Wthh combme to yleld GID can be obtamed from a theoreucal \f/



| 7
| : throughout the chamber volume The variance, in txrnc units, producod by such a device “

; :1s g1ven by

o2=(Vip2 N (3.10)

.o
15

vwhcre Vi 1s thc dead volume of the device and F i is the flow rate. Using thls approxlmauon

-~ for the ll’leClOI' (10 pL dead volume) and detector cell €20 uL dead volume for the flow

S cell and connectors) yields theoretical variances of 0. 05 and O 18 s2. This is ver} < much

A smallcr than omz measured in the nasal spray apparatus (Table 3-6).

- Detectors recorders and amphﬁers take a finite time to respond to an mstantaneous

l ‘chan ge m thc1r input. The response function of these electronic devices follows an
"exponcntlal behavmr and thus can be charactenzed by a ime constant, 1, wh1ch is time

requxred for the signal to reach e of its final value The varlance as;soc1ated with these

- slow electromcs is given by [l 10]:

2 2 ;
, Oeec=T _ R < 5 § O
. : . . a " ’ . ' J
The tirne constant of the photometer used in these studies (Schoeffel SF770) is 0.5 s, and
o ,‘_s,’o aCCording to;equation 3.11 the ascociated variance would be 0.25 s2, 3 \

Lammar flow through long straight connect:mg tubmg is charactenzed by the Golay

'_equatlon foranon sorpt1ve tube [110]: . L
L \@_.‘ SR N T 4 .
L | Thl 612"

Crube = 24D F .

'where rl is the tube radms L is the tube length Dy, is the molecular diffusion coefficient
~and Fis tho volumetric ﬂow rate The connecnng tubing used in tlus work, however is

| 'short and curved: Nevcrtheless since the short tubmg would tend to increase the vanance :
contribution above that predlcted by the Golay cquanon [124 125] and curvature on the

Z.tubmg would tend to decrease the vanance due to the tubmg [124 126), the Golay



" equanonwﬂl serve as a useful ﬁrst'apmeimadon-of tlre'vaﬁance attribu

0 connecung tubmg Assuxmng a dlffllSlOD cocfﬁcxent of 5x 10'6 cm?/s,

' . mm id connectmg tubmg would bc expected to produce about 0 952 of band
: broademng | o ' 7

(

These calculations mdlcate that the pntnary source of band broademng contnbuung to.

rhe mjector/detector variance, O’IDZ, is actually that produced by the connecnng tubmg A
~-similar result was observed for a segmented postcolumn reacnon detector for HPLC [79]. .
| The variance due to the connectmg tubin g and detector ﬂow cell was 250-300 uL2,

" whereas that for the segmented flow system including the phase separator was only
150 120 uL2. Thus, any effort made to 1mprovc Lhe mJector/detector band broademng in
SE-FIA should be directed first towards the conneéung tubing, rather than the.

Immatunzatlon of either the i mJector or detector components. . -~

“'3.4.5' Ion Exchange colu'mns '

Q’

Two miniature ion exchange columns (Ca , CC) were mcorporated in the system to

\

:‘ %~ Temove lnterferences and tee- ﬁttm g T1 was added to prov1de the proper pH at each-
R column for them to funcnon Each of the columns conmbuted to Lhe overall peak variance
| as shown in Table 3 6. The tee- ﬁmng was observed to produce neghgrble band |

‘*% ‘broademn g The vanances for phemramme and phenylephrme n the cation exchange

a column dlffer s gmﬁcantly Under the stron g alkaline condmons present at this colldrgln

‘s

the phenylephnne isin the aruon form and'is excluded from the resin pores Meanwhrle o

- ."«Rhenuarmne is in the neutral base form and so can diffuse i into the resin bead, resultmg in

7' "‘““\ ¢ a}arger vanance conmbunon For the anion exchange column both phenylephnne and

S e e
phemratmhe cxxstfs as the cationic protonated base and so both are excluded from the resin

i By
pores Thus for &fus column the observed vanances for the two compounds were
L o
statistically the same. The band bf)a’demng conmbuuon of the anion column was

s1gmﬁcantly larger than that of th cation column (oc82 for phenylephnne and

FoRNN

P



/

pheniramine vs o2 for phenylephnnc) and can only be attributed to shght d.tffenenccs in
- the'construct of the columns | o

However, overall the ion exchange columns contributed only a small proportion of the
“band broadening, showing the‘mjto be an attractive method of dealing with interferences in

FIA systems,

o Fages
PN

3.5 Conclusions SR
. ‘,‘ b

Studies of band broadenin;{’by various components of a flow injection analysis

instrur:ﬁent can reveal the factors whi’ch are limiting the sampling fxequency-of the assay
procedure For the solvent extmcnon/ﬂow mJecnon mstrument developed for the analysis
‘of phenylephnne and phemrarmne ‘the active ingredients i m a commercml nasal spray, the
band broadening from the mJector/detector system and the phase separators most limited
the analysis rate. Thus these components are those which most need i improvement..

Theorenca] ca]culaUOns and the literature have mdlcated that the connectmg tubmg is

the major source of band broadening within the mJector/detector system and so thlS

component must be addressed first in order to reduce this band broademng term. For the

phase separator, it is necessary to reduce the overall volume of the cavities 1n<order 10
reduce the band broademng In Chapter } 5 an on- -tube detector system will be discussed
whrch greatly reduces the band broadening in SE-FIA by actually avoxdmg the phase
separation step. '

Finally, the mirﬁature ion exchange coiumns have been observed to be an effective

means of removing interfering species from the sample plug, with on]y a small addmonal

conmbuuon 1o the overall band broadening.
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Chapter 4
Kinetics of Extraction in Solvent Extraction - Flow Injection Analysis
4.1 Introduction

Research on the theory of solvent extraction-flow injection analysis (SE-FIA) has

addressed the origin of phase segmentanon [31], the dependence of peak area on flow rate

-[20], the factors mﬂuencmg peak herght [19], the efﬁcrency of the separanon process [23],

the operanon of the porous-membrane phase separators [127], and the band broademn g

I

' thch results frorn both. ﬁlm formatron in the extracuon coil [21,22] and from the dead

'J“’

volume of the phase separator [44]. Untl recently, a gap in the theory  of SE- FIA has been
the lack of. understandmg of the extracfion process itself, by which solute is transferred
from the aqueous segments into the orgamc segrnents

This process was recently. mvestrgated by Nord ez al [29] for segments of 3 to 40 mm
/‘

_Inlength. It was found that extraction rate depends on two major factors - the ratio of

_ / -
‘interfacial area to volume, and mass transfer»of solute to and from the interface. ThlS work

L)
was appa:enﬂy conducted using ggi]ed extract]on tubes. However the convecuve/diffuswe

processes that ¢ontrol mass transfer were inteoreted in terms of a simple toroidal

_ c1rculauon pattern within the segments, wmch in fact charactenzes only segmented flow

through straight t tubes. Thus while the major theoreuca] pnncrples of solvent extraction in

' segmented ﬂow have been estabhshed in the work of Nord et al [29], the 31gn1ﬁcant -

contribution of secondary flow to the convection in, coﬂed tubes which has been well
documented for air-water segmented ﬂow [24,26 27] has apparently been overlooked In
addition, they studied only long segments (many times the tube dxameter) and therefore did
not observe the effects of the altcred hydrodynarmc condmons w}uch occur in short
segments. In this chapter, the role of secondary ﬂow in this extmcnon process will be

discussed, as well as extensive studies conducted usmg strai ght tube. Together these ‘

&
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- studies provide a more detaﬂ and accu‘?ate physmo—chcmzcal model for the extraction

process in SE-FIA.
0 S R

T 4.2 Theory ' <

123

"4.2.1 Flow hydrcdynamics

When two 1mrmsc1ble solvents ﬂow concun'ent]y through narrow tubing under laminar

T condmons alternatmg segments of the two phases are formed. Thls ﬂow is referned 10.as

guiel oW cap1llanes act as barriers between segments of plasma, which are subject to the

gsame influences as the segments within the SE- FIA apparatus.

4.2.1.1 Segmented Flow

~

the equation- of continuity [132] The Nav1er Stokes equations are the dlfferennal form of
Newton's second law of motion (F-ma) In cylindrical coordinates, for Wthh ris the
radial coordmatc, z the axial and 6 the azimuthal, they have t}1e form:

.rdirection (radial)

®

The equations governing the flow within a segment arg the Navier Stokes equations and

=75
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= whcre pis thc fluid densxty, v is the velocxty in the subscript d1rect10n tis time; P is the . | E

' total pressure g is the § gra\uty componcnt in the subscript du'ccuon and n is the wscosxty
The abovc cquatlon assumes mcompressﬁnhty, lammar flow and a Ncw}oman fluid (i.e.
is constant . T %\ R . T
S T A
The continuity equation is the law of conscrvxéon. of mass expressed in differential

form. }:xprcsscd in cylmdncal coordmatcs for an mcompressxble ﬂuxd 1t has the form:




| - : | EE 7
A number of sunphﬁcanons can be made to the N avier Stokes and contmmty equations

for the flow wnhm a scgmcm. ‘Gravity can be ncglected since the physxcal scale of thc flow
is'small. Also, bolus flow is axisymmetrical and steady, so that the vclocxty componcnt in

the & direction is zero and the overall flow is umt: mdcpcndcnt Thus the Navier Stokes

cquanons are smphﬁcd to:

. dv, . op ol1 a(n)r) 821)r ooy
Vg Ty =gt P — 52 (4.3a)
Z
' . 1 9P i
0=-19"
¥ 06 - "(4.’3b) -
ov. ov ) ok ‘
—a—'*‘U,‘a—l'—‘%}; +Tl 1%( —f)-* 8'22 : _ (4.3¢c)
, _

and the continuity equation is sirn}liﬁed to:
L -

1 9(v,) ov,

TTE tm o D

‘ For the ﬂow of plasma in scgmcnts trappcd between red blood cells throu gh narrow
caplllarles the Reynolds numbcr is of the order.of 10-3 to 10-2. Under these condmons
‘ ‘the inertial forccs due to convection of the plasma (i.e. left-hand side of equations 4. 3) are
- much smallcr than the stress due to viscosity, and sO the left-hand sxde of équations 4.3 "

l rcduccs to zero. The continuity cquauon is unaffccud While this assumpnon would not

be stnct]y vahd in the segmented ﬂow in SE-FIA, wh:ch in this work operated at Rcynolds
R ’_".numbers rangmg from 50 to 150, it has been stated that for the related systcm of flow in -

g 'square cavmes "thc 2210 Rcynolds number solution descnbes the basic fcaturcs of the ﬂow

NS
. qmte well for Rcynolds numbcrs as high as 150" [129]. 'Fhercforc the msuﬁs obtamcd

-r'sing thc ‘creeping ﬂow" assumpnon in w}uch the mcrual terms are- ncglcéted, can be

sec to 1llustratc the basic fcatures of the convccn‘on w1thm scgmcntcd ﬂow

~
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The rod blood cclls were modelled as moving rectangular solid cylinders of a radius
cqual to that of the capillary, and the fluid studied is tha in thc region between two moving
boundaries (md blood cells) Rcsults obtained with alternate modcls in whlch the movin g
boundaries were curved indicate that the rectangular model isa n‘:asonablc approx1manon
for scgmcnts with curved ends [130] and sO only the rcctangular model rcSults will be”
dlscussed herein. No-slip boundaJy ‘conditions were assumed to apply alon g the walls of
the {ubmg and at tnc faces of Lhc moving boundary ie. the fluid 1mrncd1ately adjaccnt to
these features has no vclocfty relative to that of the boundary and so the fluid is stationary at
. the walls of the tubing and moving at the fnean vclocny of flow at the face of the mOving
,boundary | / |

Introduction of the stream function k4 allows thc combmm g of the Navier Stokcs and
continuity equatlons, wh1ch aro then solved numencally [130,-131]. Tho 51gn1ﬁcance of the
stream function ¥ is best understood in terms of its partial derivatives: .~ |

| ?'a?f“z‘ ' jﬂ.“r_E_:Ui, o v (45) -

where v, is the axial ﬂow vcloc1ty and Vr is the radJal flow vclocuy Thus, the change in . N
the stream function in thc radial direction is propornonal to the velocity of the fluid mov1n g
down the tubc and the change in the stream function down the axis of the tube 1nd1catcs the
vcloc1ty at which fluid is mov1ng out to thc walls of thc tubmg A plot of a path of constant
"P repnesents a stmamhnc Figure 4-1is a- rcpnesemauon of the streamhncs within a . '

segment calculated by Bugharello and stao for four segment aspect ranos [130]. The
"f:, 'aspect ratio 1s the segment length d1v1dcd by the inner diameter of thc {ubc (Ls/dt) The |

;numbcrs onl thc streamlines are thc rclatJve valucs of the streamn funcuon Y. These.

»
-}.\1\

. ‘f‘_scg'mcnts dre, v1cwcd fmm a rcfcrcn;sc framc movm g at thc avcmgc lmcar vcloc»@@f thc

o s ot

flow. * S

Ny
= *:‘ . .

N From these plots it is possible to draw a number of conclusxons about thc flow w1th1n a e »
o _l‘scgmcnt [130] 1) The stmanﬂmes fonn a closed circuit, indicating that thcrc isa

A \ '{-A‘:“.
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mrculatm g flow pattern within the segment, in’ agreement with expcnmental observatlons “ |

[21,25 26]: Ifthe bulk flow is from left to nght cu'culauon wuhm thc top circuit will be "

countexclockwrse and that within the bottom circuit w111 be clockwrse This oVerall |

c1rculanon pattern therefone forms a doughnut llke__vshape and so will be mferr_'ed to as
"toroidal” flow in the rest of this discussion ;i) vAs the relative djstance between the ends

\ of the segment decreases (Flgure 4-1 d to'a), the stmamhne pattems initially ane unaffected

Along the mid-range of the longer segments (Flgure 4- 1 c and d), the streamlines are -

paralle] to the walls, and show a radial component (i (__& d‘I‘/dr) only near the ends of the

segment However, as the segment length approaches the diameter of the tube the

v streamhnes become less parallel‘wnh the walls of the tubing as a result of the ends

mteractmg hydrodynarmcally [131] and generating radial mixing within the segment.

For lon ger segments the ends are lsolated from one another, the radial velocxty
cornponents thnoughout the transmon are less sxgmﬁcant [130], and the rmd scgment axial
ﬂow adopts an approxrmately pambohc proﬁle w1th the fastest ﬂow at the center of the
" tube. Thrs behavxor can be seen in Flg/ure 4-2 where the trud segment veloc1ty proﬁles

_' predrcted by the Navrer Stokes equanon [130] for segments of drfferent lengths is ‘
" compared with the Poxseuﬂle velocity profile (dotted line). In segments on the order of the
tube drameter in length the ends interact hydrodynamically to generate more radial mixing
within the segment resultmg in more uniform axial flow within these segments.

4.2.ir.2' Secon.dary*‘Flow

The flow veloc1ty profile is' parabollc (Poiseuille) in smglg phas larmnar ﬂow through
| stmlght tubmg, wrth a linear ve1001ty of zer0 at the walls and thce the mean linear veloc1ty
"at the tube center Thus when tlus ﬂow occurs through coiled tubing, the resultant

centrifugal forces are greatest for the flow at the tube center. This fast moving fluid is
thrown radially outward from the co:l axxs, and is replaced by recuculatmg flmd whxch
~ flows _along the walls [126 133] as is shown in thure 4 3 A solunon of thc Navrcr s v- ,
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) Figur 4 -2 *Mid-segment axial veloc1ty Droﬁlcs for the flow. wnh:m the plasmauc fluid
g | I .bctwccn red blood cclls 1n narrow capxllanes for vanous scgmcm aspcct
f s : ratlos Dashcd lmc decatcs the vclocxry proﬁlc obscrvr.d in Poxscmllc flow.
Sohd hncs amthc proﬁlcs prcdxcted by: !hc Namcr Stokcs equanon for the
scgmcnt aspect rancs 1ndlcated on cach cure. (Bascd on thc results of G.

{ ’ o Bugliarello and G. C. Hsiao Biorheology 1970, 7, 5-36.).
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Flgurc 4-3 Sccondary flow pattcms and vclocxty proﬁles for smglc phasc ﬂow throu gh
 coiled tubmg under ﬂow velocmcs typical of the work done. herein (DCZSC ~
105-106). Based on ﬁgure from R. lessen Anal. Chim. Acm 1980 114,

: ‘71 -89.
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Stokes equauons for the primary (axxal) and secondary (radxal and tangential).flow patterns "
. pmscnt within laminar ﬂow through curved tubing has recently been prcscnted-
- [109,134,135). '
Mass transfer in the presence of this secondmy ﬂow has béen correlated w1th the
dlmensmnless velocny parameter De2$c [126 133]:
2 o
o (Re(ﬁ)l/zjsc N d[3u2 _1_ ._ - .
g | d. ~ vp, 4 . .(4.6)

1n which De, Sc and Re are the dimensionless Deanv Schmidt and 'Reynolds‘numbers, d; 1§
the inner dlameter of the tubing, v is the mean linear velocity of the fluid, v is the

,lonemanc wscosxty, m 18. the molecular defusmn cocfﬁc1ent and dc is the coil dxameter

measured at the tube axis. ( ‘
-In 'segmen[ed ﬂQw the flow, ln xeglons not near the segment e‘has approaches.a
Bmseullle flow profile in longer segments. Thus, ' secondary flow" develops within
segmented flow In coiled tubes and augments the convectlon resultm g from the toroidal
circulation, such that the rates of solute mass transfer controlled processes wnhm the
segment are mcreased For instance, in a study of band broademng occurring in air-water
segrnented flow, the mixing rate within the aqueous segments was markedly increased by
coiling the tube [27]. Moreover in studies of radial mass transfer to the walls of a coiled,
wall- coated enzyme reactor the secondary flow effects were found to be even greater for
the ﬂow of ; au-segmented aqueous solution than they are for unscgmemed aqueous. ﬂow

[24] :
4.2.2 Wetting Ftlm ‘Formation

In segmented ﬂow‘ the solvent with the greater affinity for the wall material forms a
thin "wetting ﬁlm on the walls of the tubing [21 23] Tlus film formation has 51gmﬁcance

o for the cxtractxon process since analyte can cxtmct through thc sides of the aqueous



segment into this film [29]. The ﬂliekrrcss of the wetting Aﬁl-;rﬁ, ds, of water in a gl'ass
cézbiuﬂ“nbout an oil bubble has been found 0 be best 'pred‘imcd'by [136,137]:
L ' . ‘/

vn

2/3
—°) for 0.0002 <

d;=0.67 dl( e
Y

Y

< 0.002 . @n
A .
svhere dy is the tube diameter v is the linear velocity of the two phase flow, N is 'rhe
“viscosity of the connnuous liquid and 7 is the hquld 1nterfac1a] tension. No apprecrable
change in the film thickness was observed when the viscosity of the.bubble ﬂuld was
varied between 0.51 and 4.35 times that of the water [136]. The term Un/y is known as the
capillary nurnber Ca, and for the work dlscussed 1n this chapter ranges from 0. 001 to

0. 003 In chloroform/water segmented ﬂow under condmons similar to those used in this
: work (v=11 cmy/s, d[-O 7 mm i.d. Teflon tublng) “the observed chloroform wetting film
thickness was 7 um. Using a viscosity of 0.58 cP and an interﬁacia,l tension of 32.8
' dyn/cm [138], equation 4.7 predicts a film thickness of 7 3 pm. ¥

Thrs ﬁlm will not affect the crrculanon within the chloroform segrents. Solunons to
the Navier Stokes equation [139] ha__ve illustrated that the film t}uckness must be at least 5%

of the tube diameter to have a‘signiﬁcant affect on the to:roidai cirtuléfion. Also the film
experiences' some convective mixing with trailin g organic segments [26,27], and so the
organic phase can be considered to be umforrn asis 1rnphc1tly assumed in the followmg '
drscussron of the extraction miodel. Thus the 51gmﬁcance of the wetting to the extracuon
process in SE-FIA is solely that i n ensures that the organl_c: phase completely surrounds each
~ agueous s"egmem»;.an'd s.o‘y exn_-acﬁqn can occur via both the ends and sides of the segment.

B R -
.

¥ ~ Inreference 22, the film thnclmess was actually compared wnh the wetnng film equauon of Snyder

84

“and A]der [26] Thelr equauon has an deruonal constam, ®, in the nghl hand Sldc of equation 4.7, and

S0 over-pred:cted the cxpenmemal film thrckness by 3 times.
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This film does have great significance with respect to thg band broadening within the

segmented flow, as will be discussed in Chapter 5. - Sy
4.2.3 Extraction moder”"

During ségmc‘ntcd flow through Teflon tubing, a solute extracts from an aqueous

; - gent through thc ends of the scgmcnt mto thc adjacent orgamc scgmcnts and also

.‘ y through the sides of thc aqucous sogment into the wetting film of organic phase
ong the walls of the tubc [29]. Ifno chemical reaction is involved in the solvcnt \

oxtracnon process, or if the chemical reactions are very fast, the extraction will bc governed
by the mass trapsfer to and from the aqueous/organic 1ntcrfa0c For condmons under \
Whit:h the mé:in coefficient is a constant (i.e. low solute concentration), mass transfer
mcdrated processes follow ane ponenual behavior [140-143], and so can be
x.mathcrnaUCally trcatcd ar mannes to a first ordcr chemical reaction even though no

true chemical reaction is involved. The rate of extraction for a solute X is expressed as:
Ao _, O | |

If concenuntions are measured spcctmphotomotﬁé‘:ally thc integrated form of tht: extraction
| Tate ‘cxnression‘ is: | | | A
A - ‘ ]
Ln [Aeq Zq ‘Z““t 0] kobst: 49) -
| where A‘.,q o and Apoare clthg' the stcady state absorbance or the peak area, duc to the
analytc in the organic phasc at equilibrium and at time ¢, n:spemvcly, and kg is the
obscrvcd extraction rate constant. This observeu rate constant will be a function both of the =

- mnass transfcr within the scgments and of the mtcrfac1al arca. Thus, it is more appropriate

to cxprcss thc oxuacuon proocss m tcrms of a mass transfcr cocfﬁcrcnt, [3 [142 143). The

. mass balanoc for thc extraction proccss would thcn appcar as:



| = 86
vq()j(t]o=a'ﬁ{[x]°q.0'[xjt,o) e (4.10)

. where V and a are the yolum‘&and interfacial area asspciated with a single aqueous

S
A

-

segment. Integration of 4.10 yields an anélogou&équation to 4.9 where:

o B ) 4 e

Ehas the units of a velocity term, and s feciprocal is often viewed as the “resistange to

4 -~

mass transfen", [141-143].

This overall mass transfer coefficient is relted to individual mass. transfer coefficients
’ A
by the expression:

'\\ : o ’ -1
,‘ - B=[Lﬁl +_1_]

’

(4.12) -

whcrc ﬁaq and B, refer to mass transfer to the mtcrface through the aqucous phase and

away from the mterfacc through the orgamc phasc rcspccnvcly, Kp is the cqu1l1br1um
distribution coefficient of-the so]utc and Bl refers to transfcr across the interface’ 1tself
(141,144]. In the absence of surfa}ce z}cuvc solutes l/Bl is ncghglble [141,144,145]. .

| ‘Furthermore, if Ky is large, as it usuallyi 1s inSE-FIA, then (BoKp) is much larger than
baq’ and the organic phlasc acts like a "sink” for solutc. Thus the cxuaction rate 1s . |

governed by mass transfes within the aqueous phase only:

B Baq IR (4 13)
Since solute exits the aqueous phasc via both the cnds and th!s1de of the aqueous ¢ = -
segment,. Baq can be@mdcrcd as the mtcrfacxal]y wc1ghted sum of two aqueous phase
mass transfer cocfﬁc1cnts one for axial mass transfer to the cnds and one for rad1al mass

transfer to the sides of the aqueous scgmcnt.
. . BT i

: Bag = (Baq,axnal) + (Baq radxal) _’ . '(4.1'4) .

-



- flow [24].

-

The rad,ml componcnt of the extracuon is analogous to thc radial mass transfcr that has

“ prcwously been smdxed in a wall coated open tubular cnzymc reactor with air segmented .
Solute, once extracted i into the organic phase, cxpcncnces band broagi . This is
~ due to transport "backward” of organic solvent into following organic segments via the

wetting film [21,22]. Similar phenomena have been reported in Wcmcntw ﬂow &

.26.77,122]. In spite of this band broademng, extraction rates, which are méasured n the |

prt:sent work by momtormg the absorbancc of the organic phase, correctly refl the rate -

of cxtracuon of solute out of the aqueous phase as long as the dlstnbunon cocfﬁc1cnt of .
o e

solute betwccn the organic and aqucous phases 1s large Thxs is tme whcthcr thc measuned‘ _

signal is a stcady state absorbancc as uscd in cxpcnments dcscnbcd bclow Wthh emp]oy L

(%)

constant feed, or whcther it i isa pcak area, as used in cxperuncnts wmch cmploy samplc a

anCCthD

4.3 Experimental

4.3.1 Chemicals, Solvéhts, and Reagents '

g; fgmg was ana]yucal reagent gradc and was uscd as rcccwcd from the Aldnch

‘ Chcrmcal Company (Mnlwaukee Wlsconsm) Its structurc is: :
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chgrghgrmgals including citric acid (Caledon Laboratones Ltd) and sodium hydmxxde -

(BDH) were analyueal reagent grade - ' T ! S
The pH 4.0 buffer, with-an ionic strength of 0.1 and buffer canacny of 0.0085,,.  ~

consxsted of 0.077 M citric ac1d ad_]usted topH 4.0 w1th 2 0 M NaOH The buffer was

L ‘cquﬂtbrated WJth washed ch]orofonn shortly before use '

g;affetgg sample sgluuon ‘were prepared in freshly made cm"ate buffer

432 Apparatus o E \
| . SR N |
.:’Ei gure 4-4 provides a schematic diagram 5)f the SE- FIA 1nstmrt)éa; used in these »
studies Solv;ntsare purﬁped usmg two ltqutd chromatographtc pumps Py ax]d P, (Model
B- 100 S, Eldex Laboratones Inc,, San Carlos CA) eqmpped with pulse da.rhp“rs (Model
LP 21 bO Pulse Sc1ent1ﬁc Systems Inc., State College, PA). Restrtcter colu ns (15cm ’
oox1 mm i d x 1/4 1nch o.d. packed wuh 40 um glass beads) not shown in the dJagram
ensure sufﬁcmnt backpressure for proper acuon of the pumps and pulse dampers Valve ‘
: Vl (pan no. R6031 V6, Laboratory Data Control (LDC), R.lVlCI‘a Beach, FL) isa 51x port
rotary valve Wthh allows selecuon of any one of a number of soluuons as the aqueous )
: carner stream. Valves vV, (part no. CAV3031 LDC) are three- pon valves which dmect
ﬂow to either the extraction system or to waste. Valvc V3 (part no. CSVA- lO LDC) isa
_ 10 HL shder m]ecuon valve which is actuated by an air solenoxd valve (part no. SOL 3- 24-
" VDC LDC) controlled by an electromc tlmer [20] 4 ‘ |
" The two solvent streams meet at the segmentor, S Both Teehmcon A- 8 (16, 18 23 24]
and tee desxgn [31] segmentors shown in thune 4-5, had to be used 10 produce the range’ \
of segment lengths studted The Techntcon A 8 connectors con31sts of a glass tube w1th o
~~‘,\,- "thnee openirigs. The aqueous phase enters through a glass captllary and the orgamc sueam L
 enters through the platmum captllary, which is. perpendacular 10 the foxmer A Teflon tube "
| 7(2 cmx 2. 2 mm o. d x 1.6 mm i, d )i is tnscrted 1nto the outlet of thc T—connector A

' second 1/16 mch od. Teflon tubc is tnscrted into th\sﬁrst one. “The length of the segments -
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Figure 4-4 - Schematic diagram of SE-FIA instrument used for kinetic studi¢s. P and P,
are single piston rcciprocating pumps; V is a six-port rotary. vﬂve; Vs, are |
three-port valves: Viisa slider injection valve; S is the chmcntor,‘.E is the
extraction tubé; PS is the organic phase separator; D 1s the photometric - |
detector; R/I is citherva recorder or integrator and P3 is a peristaltic pump.

| Dotted line in_dic_:atcs‘portion of instrument thermostatted to 25+1°C. See

Section 4.3.2 for further details.
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segmentor and (.5) "Tee" design segmentor. Based on figure from F.F.
Cantwell and J. A. Sweileh, Anal. Chem. 1985, 57, 329-33].
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'produccd by t!us scgmcntor was a function of ﬂr"ﬂtm\ratcs of both solvcnts, thc volumc

. of the chamber (whxch was varied by the position of the inner mscrt) and the area of the

wetting surfacc avaﬂablc to the orgamc phase (whlch was gcncrally vancd by moving the
inner insert tubc but could also be adjustcd usmg the outer Tcﬂon tubc)

_ The tee dcsxgn segmentor and the factors whxch affect its segmcntatxon have been
discussed in the htcraturc [31] In the tec scgmcntor shown in Figure 4- SB the three arms:
of the KcI-F tee are 1/16" in diameter. The orgamc phase enters perpendicular to the mlct
aqueous strcam and the outlet of the two phasc flow. Short inserts of ﬂared 1/ 16 inch o.d.
Teﬂon tubmg were inserted into the three branches of the tee. These inserts help to |

stabilize the regularity of segmentation. In addmon, varying the lcngth and internal

" diameter of the inserts allowed segments of various len gths to bc'produced The ségmcnt

length was also varied by using tcc segmentors w1th arm- dxametcrs othcr than the 1/16"
shown in Figure 4-5. In these segmentors no inserts were uscd
The resulting scgmcntcd flow passes through the extraction tube, E, (F1gurc 4-4)in

which the extraction between the aqueous and organic phase occurs. Various lengths of

“ 0.3,0.5, 0.8 and 1.0 mm i.d. Teflon tubing were used as the extraction tubc These rubes

were held straight i in all studies, except those spccxﬁcally examining the cffcct of cklhng
Coiled tubing was hchca]ly wound amund a cyhndncal templatc and held in placc with

» elastic bands

After exiting thc extraction tube, the segmented ﬂow stream enters the porous

‘ mcmbranc phase separator, PS, where a portion of the organic phase is separated. The

phase scparator is based on a design dcscnbcd by Apffel etal [33] and is shown in cmss
section in Figure 4-6. One piece of 4-mil, 10-20 um porc size Teflon membrane (Znex
No. E249-122, Chemplast Inc., Wayne, NJ)is sandwichcd bct:yﬂn two 1.2 mm thick

«

Teflon templates, which are in turn between two Kcl-F body pi des. ~The main body pieces

 are pressed together with four screws and two stainless steel end plates. Three threaded -

“holes accept standard polypropylene end-pieces (part no. TEF 107, LDC) and flared Teflon
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Figure 4-6 Frei fype membrane phase separator used in the work discussed in this

chapter. Basedon design described by J. A. Apffel, U. A. Th. Brinkman

and R. W. Frei, Chromatographia 1984, 18, 5-10.
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tubmg The chambers on each side of* thc mcmbranc are cut into the 'I‘cﬂon tcmplatcs
' malcmg it possxblc to readily alter the size and gcomctry of these chambcrs In this work

thc downsmcam unscgmcntcd chamber was a groove (8 mm x 0.8 mm x 1 .2 mm) of a

o ., nomma] VOlumc of 8 ML and the upstream segmented g'roovc (12 mm x 0.8 mm x 1.2 mm)

was. 11 ;,LL for aft studxcs exccpt those mvolvmg the longcr segments in 1 mm i.d. tubing,
for whxch the upstream groovc was 18 uL.

The orgamc phase passing through the mcmbrane of the phase scparator is directed to
thc 8 ;,LL flow cell of the uv-vis spectrometer, D (SF770 Spectroflow, Schoeffel Instrumcm
‘Corp). The detector sxgna] 1s fcd t0 2 strip chart recorder (T:sher 5000), R, in the
continuous sample feed expenment and to an mtegrator (Modci 339%)A, Hewlctt Packard )
I,in the sample in¥ ion experiments. Thc mernbrane flow is regulated by a downstream "
peristaltic pump, P3 (Minipuls, leson Instruments, Vllle de-Belle, France), which is
connected to the detector by 30 cm of 1.5 mm i.d. Teflon tubing to dampen pulsations from
the pump ‘ |

The extraction sy'sté:m is thermostatted at 25+1°C in a water bath shown as dastied lines
in Figure 4-4. An adjustablc rail system allows clamping of the se gmentor and phase

“Separator to ensure that the extraction tube is straight.
4.3.3 Measurement of extraction rates

Experiments were performed using either i injection of sample or continuous feed of
sample, as described below. Time (tin equation 4.9) is vancd by varying the lcngth of the
extraction tube at a constant flow rate. Measurements were made prior to the attammcnt of
equilibrium using extracnon_ tubes between 5 and 85 cm in length, while equilibrium
measurements were made using an extraction tubc of 310 ¢m wound in a 4 cm coil
dlamctcr If this equilibrium tube were straight, it would correspond to 41/, half-livss for
the slowest extraction observed. Howcvcr, since secondary flow enhances the extraction

.
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rate (see Sec. 4.4.9), thls coiled tubmg con'csponds to gn:atcr than ten half-hvcs (1_&

* equilibrium) for all extractions studied. |
The various lengths of tubing were run in random order to avoid systematic errors in
the rates from-any slight instrument drift. Once a measurement had been compicted fora

given extraction tube, the aqueous and organic flow was stoppcd using valves V5, and the

segment length was measured using the formula ~ v
- XF, _
Laq = ___N = - (4115)
" -
WFatFo) L

where Laq is the len gth of the aqueous scgmcnts X is thc total distance mcasurcd N is the
numbcr of aqueous-orgamc segment pairs measured and Fa and Fo are the total aqueous
and orgamc flow rates rcspectlvely :

For the sample injection experiment the mstrument was used as shown in Flgure 4-4.

Pcak areas were mcasumd with a dxgltal mtcgrator I sctung the mtcgrator measurement
paramcters all pcaks were dcclarcd to be "solvcnt" peaks to ensure mtcgranon of the cnure
tailed pcak The mjccted sample was 5'x 104 M caffcms in c1trate buffer and the detector
wavclength was 278 nm. All other parameters were vaned as dcscnbed in Section 4.4,

' Exther straight or coﬂed tubcs were used, as spemﬁcd '

In the steady state ;xggnmgn a baseline was- first established by pumping chloroforrn
§v1tl1 pump P; and an aqueous | blank solution with pump P,. Aqucous sample solution was
then subsmutcd for blank by swi hmg Vl and was fed connnuously into the system. 'I’he R
difference between stcady state arnplc absorbancc and blank absorbance was mcasured.
Important experimental conditions in the steady state expenmcnts were: extraction tubing,
0.8 mm i.d. Teflon, the orientation of which was not fixed: total chlo}ofox;m flow rate, Fp,
3.0 mL/min; flow rate of chlofoform througﬂ the porous_mémbrane of th.c phasc separator,

Fo,m, 1.9 mL/min; total aqueous flow rate, Fa, 3.0 mL/min citrate buffcr containing

sample; sample conccntratiohs,l.O x103M,99x105Mand 1.0 x 10-5 M caffeine;
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. blank solution citrate buffer; segmentor, "tee” type; segment length, ~1 mm; detector
wavelength, 295 nm for 103 M caf'fcmc and 278 nm for the othcr caffeine conccntranons

and the absorbancc rangc 1 AU. ‘ | N

4.4 Results and Discussion

Extraction 3vi_thin a SE-FIA instrument is,a mass transfer controlled process. ThEreforc
factors whijc'h affect the convccu'on within a'segment will influence the hneﬁcs of the
extraction. The influence of phase ratio, segment length, flow rate and tube diameter on the

, cx'tra_ction rate observed in straight tubes was investigated and are reported herein. The

effect of secondary flow on the extraction rate was studicd'by varying the coiling of the

B cxu'acnon tube. To ensure that the cxtracnon rates studied were controlled only by the

tormdal and secondary ﬂows associated with segmented ﬂow through the cxtracuon

tubing, it was necessary to control or ehmmate extraction occumng within the other

3
componcnts of the instrument and as a result of random mixing in thc scgmcnts

" 4.4.1 Instrumental consideratio_ns
- - .
‘Random rmxmg within scgmcnts in the oxtraction tube was mmnmzcd by-taking the

following precautions: ' . | |

1) The solvénts wene‘prc-equilibratod:{"\otherwise theif mutual dissolution when they

meet at the segmentor would lead to interfacial turbulence [30,144]. ,

=

ii) The cxtraction systcm was thermostatted to avoid thermal gradients which would  /

cause additional convection within the scgmcnts and to avoid changes in the oquxhbnum
constants and d1ffu51on coefficients. ‘
iii) The aqucous phase contained a buffer to maintain constant pH and ionic strength.

iv) Surface active compounds wcre»oxcluded from this study. There are two reasons |

for avoiding surface active ::ompounds. First, their presence has beenobserved to rpduce
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the natural cn‘culauon occumng within falling and rising drops [30,144]. Asin SE-FIA

the circulation within a movmg droplet results fmm momentum transfcr acmss the
interface. This ﬂuxd flow drives matcnal adsorbcd at thc interface towards the rear of the
drop, resulting in a gmatcr surface concentration and consequently a higher smfacc
' pressure. Trus surface prcssure damps down the circulation inside the drop by rcsmung
further local comipression of the monolayer and thus reducing the movement of the interface
and hence the transfer of momcnnirp acmsﬁ it [30]. This type of bchgvior has been .
observed in the cxtfaction of ethyl violet in SE-FIA [53] where aqueous segments are
stratified, with the front of the scgrhcnt clear and the back violet.
A second ménncr in whi-ch surface active material affects extraction is that, when it is
ads,orbed.omo the interface, the surfactant acts as a physiéal "barrier" to diffusion, thus -~
. generating an interfacial resistance to mass transfer‘ [145].
- v) Pulsations in the flow were minimized because ﬁcy would result in irregularities in
thc scgmcntanon and affcct convection [146] ~
vi) The extraction tubing was held straight to av01d any secondary flow which results
ﬂfmm coilin g. The theory of secondary flow is discussed in Section 4‘.2.1.2 and the need

for this precaution is demonstrated in Section 4.4.8.

Coy

.2 Extra-tube extraction N

In order to study the‘éxtr&:tion occurnng with the cxuﬁén’on tube it is necessary to
minimize and control the cxtrac'ti‘on occurring in the segmentor and phase separator. In the
scgmcntdr, a growing "drop" of one phascvis' dislodged to produce a segment when the
- hydrodynamic force cvxcrtcd on the drop as a result of flow of the other solvent is equal to
the interfacial fdfcc holding the drop in place [31]. The hydrodynamic forcc is govcmcd by
'thc flow rates of the two solvents and the physical dimensions of the drop and the -
scgmcntor The mtcrfacml force is dependent on thc hqmd-hqmd mtcrfacxal tension, the

sohd-hquld-hqmd contact angle and the scgmcntor geometry and dimensions. Thus fora
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" given scgmc;t\‘Or with constant flow, the scg;ncnt's formed are of constant length which®
.mcans that the clapscd time and drop size at dislodgcmcnt must be_ constant. Thus the -

. amount of extraction occurring wnhm the scgmcntor is a constant for a given set of
condmons

The amount of cx;ractio'n A‘accompan.yin g coalescence in the porous mcmbrz;nc phase
separator will depend Upon thé"intcrfacial arca and contact Iu'mc between the two phases.
Coalescence occurs in the chambcr on the upstream side of the mcmb;anc whcm the two
phases are in contact. Thus, reducmg the size of this chamber and minimizing the mixing
wnhm it should reduce the extraction accompa.‘ym g the phase separation process.

In order to agsess the tendcncy for a phase separator to produce extraction an
instrument was used with th¢ smallest possible extraction tube (__.Q. 5 c¢m) in order to
minimize the extraction iaking place before the sarxiple zone reaches the phase separator.
Figure 4-7 shows the percentage of caffeine extracted versus the proportion of the. organic
- phase passing through the porous Teflon membrane. Curve A represents the Fossey phase
separator shown in Figure 2-3 which was used in the f)mvious studies discﬁsscd in Chapter
2, and curve B represents the Frei phase separator shown in Figﬁre 4-6. Table 4-1
~ compares the dési‘gns of these two phase separators. The % extraction showiu'in the figure ‘
is the total due to the cxuacﬁon in the segmentor, in the 5 cm cxtractiqnfubc and in the c
v phaSc separator. Since the cxtracﬁon in the segmentor and extraction tube are the same
régard]ess of which phase separator is used, the diffcréncc between curves A and B, as
well as the changcs in the percentage extraction‘witﬁ changing F, m/Fo reflect what is
'happcning:in the phase separator. ’ ‘

- The cxuabﬁon occiixring in the Frei phasc.scparator (curve b) was much lbwcr than that
occurring in the Fossey design ~(¢1irvc'a). This is dué to the smailcr v_olumc of the former
and, in addition to its grooved geometry which helps stabilize the segmented flow, thus

reducing the amount of coalescence.
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Figure 4-7  Extraction occurring in the phase separator measured as the pcrccma%f y

caffeine extracted into the organic phase versus the proportion of the organic

-

phasc f}owing"through the porous Teflon membrane for (a) the Fossey phase
E sqparatof and (b) the Frei phase separator. Experimental cor.itions were: Fo,

3.1 mL/min; F,, 3.2 mL/min; sample, 20 PPM caffeine in distilled water

98

introduced continuously as the aqueous carrier stream; extraction tube, 5.0 cm -

of 0.8 rnm i.d. Teflon; wavelength, 258 nm and absorbancc”rangc, 1.0 AU;
| Proportion of the organic phase passing through the membrane of the phase -
separator was controlled using the peristaltic pump speed.



Tabled-1  Specifications of the Phase Separators

¢

Phase Separator Type

" Parameter Fossey? Freib
segmented chamber volume 50 uL 11 pl

" . B r )
unsegmented chamber volume 25uL 8 uL
chamber geometries - cylindrical disk ~ groove
membrane (organic) 2x10-20 um '1'x 10-20 um

a. Desigﬁn" shown in Figure 2-3 and described in Section 2.2.2.1.

b. Design shown in Figure 4-6 and described in Section 43.2.
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For both phase separators increasing the flow through the membrane decreased the

. R
amount of extraction occurring in the phase separator. This is because an increase in flow
decreases the residence timc\of the o_rgarﬁc phase within the segmented chamber, and thus
decreases the contact time between the two phases. |
The Frei phase scpaiator was used in all further work and the proportion of the organic
phase-passing through the membrane was maintained constant at greater than 40% in all

.\ ) ’ . . 3 - . .
further studies. Using these conditions, the fraction of extraction occurring in the extra-

tulsé /'x’a'anged between 20 and 60%, depending inversely on the segment length. :

4.4.3 - Extraction rate

Data for a typical.éxtraction rate experiment are presented in Figure 4-8. This '

experiment involved continuous sample feed. Results from sample injection experiments

are idcn'ﬁcal, except that peak area is used instead of steady state absofbancc. Plot A of

Figure 4-8 sh‘,ows the steady state absorbance in the organicgphase at various extraction tube

lengths for the extraction of caffeine. The ordinate intercept reveals that 33% of the’
_caffeine has extracted in the cxtra-tube_ portion of the instrument. As well, under these
segmented flow cor;ciitions the caffeine is 90% extracted after flowing through 25 cm of
extraction tubing,. A;fplication 0f eqliation 4.9 to these data yieids the line shown in Plot B.
The extraction tube lcngih is converted into time; units by dividing ilc)ength by the linear
velocify of flow, 19.9 cm/s. The slope of t}_lis line is thé ob_scrved extraction rate constant,
kobs» 1.29 £0.07 s71, and the intercept reflects the extraction which has occurred in the :
segmentor and phase separator. _ .

If the extraction of caffeine is a mass transfer controlled process, ko should be
independent of the sample concentration at low concentrations. The values of Kgpys
measured at three concentrations df caffeine using continuous sample feed are shown in
Table 4-2. They are statistically cduivalcnt at the 95% confidence level.

[ ' . L ’ -. ’ e
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Figure 4-8 ] Extraction of :cavffeinc‘into cﬁ]ohoform A) Meagumd absorbance in organic '
phase for a constant feed of 9 9 x 10-5 M caffeine at extraction tube Icngths
fromOto 25 cm, and for 310 cm in the inset. (B) Kinetic plot accordi!ng to
equation 4-8. Expcnmental condmons were: total aqueous ﬂow rate, Fa, 3.0
mL/mm of pH 4 O citrate buffer containing 9.9 x 10-5 M caffeine; total
organic flow rate, Fy, 3.0 mL/min; pornon of organic flow passmg throu gh

-membrane, Fg, m/Fo- 0.63; tubmg, 0.8 mm «1.d. Teflon, orientation not fixed -

5-25cm for kinetic mcasurcmcnts and 3" 0cm for equilibrium; wavclength

278 nm ‘and absorbance. range, 1 0 AU.

(9
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1 able 4-2 Rate constants for the extraction of caffeine using cohtin_uqus_ sample feedd . -

L Conccnﬁaﬁ'on'(M) ) , koi)s (S'I)Cfﬂ '

10x105 [/ 142%011b

\
\

a. Expcrfmental conditions were: total acjﬁeous flow rate, Fp, 3.0 mL/min of pH 40 -

citrate buffer containing caffcihé of the conccnﬁ'ation given in the table; total orgaim'c

_flow rate; Fg, 3.0 mL/rmn portion of orgariic flow passing _tllx‘dugh membrane,

Fo.m/Fo. 0.63; tubing, 0.8 mm i.d. Teflon, orientation 4no‘t fixed - 5-25 cm for"

kinetic measurements and 310 cm for equilibrium; wavelength, 295 nm for 103 M _

caffeine and 278 nm for the lower concentrations; absorbance range, l-.O_A".U.‘» SR

b. Uncertainty is given as thc_sténdard deviation of the slope of the first order kinetic -
plot. S ;
. ¢. Value of kgpg measured in a sample ipjection experiment was 1;26 £0.115°1. See

Section 4.4.3 for details. £
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InJccuon of a samplc, as opposcd to continuous sample feed, results in a samplc band

comprised of a pcakcd concentration profile. However, since *!.= extraction is mass
transfer controlled, and therefore mdcpcndcm of concentratic- should bc p0551b1e to
momtor the extraction rate by using sample injection just as well as by using contmuous |
sample feed.” Under the same experimental conditions that pertam to.Table 4—2, an
cicrraction_ rate constant of 1.26+0.11 .. ! was observed for injcctiohs of 2 uL of 5x 104
M caffeine. This is statistiéal]y cquai to the rate constants in Table 4-2, indicating that
sample injection is a valid procedure for measuring .kobs- All subsequent studies employed
sample injections, as ﬁiis is the rhanncr in which flow injection analysis is generally

-

performed [18].
4.4.4 Phase ratio |

Extracuon rate constants obscrvcd at phase ratios of 2:1, 1:3 and 1:4 at a constant total flow
_ ‘rate of 4.0 mL/min (1)—13 3 cm/s) are given in Table 4-3. The éxpenmental conditions are
listed with the table. A! » shown in Table 4-3_}are rate constants observcd using aqueous

o segments of the same three lcngths and using the same total flow rate, but at a phaseratio =

of 1:1. For reasons discussed in Section 4.4.6, kobs is larger for smaller aqueous segment
lengths. However, the 1mportant obscwauoms that the two values of Kobs obtamed ’
for a given aqueous segment length .re cqua] to one another and mdcpcndcnt of the organic
segment length. This mearns that the dxstnbunon coefﬁcxcm of caffeine betwccn chlorofonn
 and water (1013 rncasured in this work and in ref. 147) is sufﬁcxcntly high to make the

mass transfcr in the orgamc phase fast compared to that in the aqueous phasc [141] Thus

Bi is cqual to Baq as expressed in equation™4.13 in Section 4.2.3. Thus convection within

only the aqucous segmc;nt need be considered in studymg thc«cxtmcuon. rate in SE-FIA.
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Table 4-3 Effect of phase ratio on extraction rate constant 2

a.

b.

C.

& ' ' <
‘Laq‘ (mm) | Phase RatioP Kobs (S\—l%
| , - )
09 .21 0.63 + 0.03
0.9 ~ 1:1 . 0.65 + 0.05¢
) 2.8 , 1:3 0.25 + 0.01
28 111 0.22 % 0.03
[
3.3 1:4 0.23 £ 0.01

3.3 1 0.20 £ 0.02¢

Experimental conditions for the sample injection experiments were: total two phasf: ;
flow, Fr, 4.0 mL/min (v=13.3 cm/s); Fo,m/Fo, 0.56-0.60, sample injected, 10 pL
of 5 x 10 M caffeine in pH'4.0 citrate buffer; tubing; 0.8 mm i.d. Teflon, straight,

wavelength, 278 nm and absorbance range, 0.4 AU.

Phase ratio = Fo/Fa

Interpolated from the curve for 4.0 ml/min shown in panel A of Figure 4-9.
Uncertainties are based on the relative standard deviation of the points making up the

curve. ‘

\

Yy
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4.4.5 Segmentor Type : R

" In Table 4-4 is shown extraction rate constants observed for segments of simnilar len gt_h '
formed with both the "ts:c" and chhnicon Q segmentors (see Figure 4-5). The extraction
Tate varies with the aqueous segment length*as will be discussed in Sccn'or; '4.4.6, but the
rates observed in Table 4-4 are independent of the type of segmentor, since the observed
rate constants for each segmentor are within the 95% confidence intcrvél of the pther. This

verifies that the extraction rate constants measured herein are attributable to the extraction

occurring within the segmented flow.

; In panel A of Figure 4-9 is shown the dependence of the extraction rate constant on
aqueous segment length in < straight tube, for three flow rates. Ata gjvgh flow rate, kobs
approaches a constant value for segment lengths greater than about 4 mm, but increases
with decreasing segment length for shorter segments. The incrc'ascin kobs with decreasing

-segment length at a_constant flow rate could reflect an increase in either the interfacial area

or B 'The former factor can be accounted for by converting kypg toE using equation 4.11.
\/ ' ’

The interfacial area-to-volume ratio for the aqueous segments is given by:
”\ :

where Laé is the aqueous segment length ca]culatéd using equation 4.15 and ry is the tbubi!ng
‘radiu's. This CXprcssioh assumes hcrnis;;hcrical ends for tﬁc aqueous ségments and a

* negligibly thin wctting film of chloroform. The resulting three plots of mass transfer
coefficient versus segmch_t length, shown in panel B of Figufé 4-9, constitute a family of

curves very similar in appcarancc to those in panel A. Thus, for siraight tubes, the increase
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Table 4-4  Extraction rate constants observed in Segmented Flow formed by the "Tee" '
and Technicon A-‘8; Ségmentors at two Aqueous Segment Lengths2
- K . } .

LY

' kobs (sh)
Laq (mm)b "Tee" typ@c : chhmcon A- 8C
11401 © 059%003 055005
7+1 0.16 £ 0.01 0.17 + 0.01

a. Experimental conditions were: Fy, 2.0 mL/min; Fg, 2.0 nL/nﬁﬁ; Fé,m/_Fo, 0.50-
0.62; sample injected, 10 uL of 5 x 104 M caffeine in pH 4.0 citric acid buffer. -
tubing,.0.8 mm i.d. Teflon, sn'ajght;-W’aVelength, 2'78 nm and absorbance range, 0.4
AU. . '

b. Uncertainties reﬂcct the variation among scgmcnt lcngths formed by each segmentor.

c. See Figure 4- 5 for thc design of these scgmcntors
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Figure 4-9 _Effcct of segment length 6n (A) Observed extraction rate constants (kgpg) and -
(B) Mass trans_fér coefficients (E) fof scgmcn‘tsv between 0.7 and 8 mm in.
length at three total flow rates, Fy: (a) 2.0 mL/min (v=6.6 cm/s) (a ); (b) 4.0
| ml/min (v=13.3 cfn/s) (x);(c) 6.0 ml/min (v=19.9 cm/s) (m). |
Expérimcntal cqr;ditibns are: phase ratio; 1:1; Fb,n/Fo’ 0;58f0.66; tube
‘orientation, straight; sampic, 5 x 104 M caffeine in p;-I 4.0 cin'até buffer;

| injection volume, 10 pL; wavelength, 278 nm and absorbance range, 0.4 AU.
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in interfacial :Jr:a accompanying a decrease in scgmc;t length can explain only a minor
portion of the incrcas'i: in extraction rat=- the major portion being due ‘to increased ﬁaq. ‘
1t is important to note that Baq is constant above a segment length of 4 mm. This |
indicates that no satﬁration of the wctting film of organic phase by the solute is occurring.
Therefore the assumpn'bn that the organic phase acts as an infinite sink (equation 4.12) is
valid even for tﬁis localized stagnant portion of the phase. -
For Baq to increase there must be some cnhanccrr\lcnt in the convection within the
segment. Solutions of the Navier Stokes equanon fof the toroidal cxrculauon [129-131]
' chscusscd in Section 4.2.1.1 indicate that for long segments the mid- -s¢gment axial velocity
profile approaches the parabolic P’msemlle profile, in which the flow streamlines are s
| parallel to the tubing wall - i.¢. the gd’xa] Vcloc1ry componem is minor. However, when the
scgmcm length is reduced sufficiently that the ends of the segment are on the mder of a
tube diameter apart, the ends interact hydrodynamically to dramﬁ’ﬁcally increase the radial
velocity component of the circulation. This enhances the convective mixing in the segmeﬁt ‘
- and thus increases the mass transfer cocfﬁ‘cian‘

Very similar behavior to that shown in Figure 4-9 wa_s*ébservcd in a study of radial |
mass transfer of solute to the le during éir~scgmentcd flow of aqueous solution through
straight tubes (Figure 2 of ref. 24). (In that stuf'iy results were expressed in terms of the
dimcnsibnlcss quantities Nusselt hufnbcr, 'scgmcnt.aspcct ratio and Reynolds number rather
tﬁan by their mspéctive djmensional counterparts - mass transfer coefficient, segment
length and flow rates, Which are used herein.) This suggests that in liquid-iiquid '

' scgmcmcd flow the extraction results either from solely the radial mass transfer ‘
(B ﬂaq radial) OT fnom both the axial and radlal routes (equation a. 14) with the ax1a] and
radial mass transfer coefficients having a smular depcndencc on the segment lcngth This

question is addressed in Chaptcr 5.



4.4.7 Flow rate - 1:09

T~

Intemomﬁﬁﬁson of the Lh}:cc curves in Figure 4-9 shows that, at a given segment

length, the extraction rate-gonstant increases with flow rate. In an analogous study in air

segmented flow through straight t'Ubing, Bradial wasgclated to the linear velocity v by a
power nelatlonshxp v& where & was observed to be 0.50 for short segments and 0.34 for
long segmcnts From the observed extraction rate constants in anure 4-9, ln(kobs) was |
plotted versus In(flow rate) for segment lengths of 1.5 and 6.0 mm and the resultant plots ‘
shown as curves A and B in Figure 4-10, are straight lines with slopes of 0.89+0.08 and

\{ N . . .
0.68 + 0.08, respectively. The uncertainties in these slopes reflects both the regression

epror and the interpolation error of the original values from Figure 4-9. Also shown plotted

in this double logarithmic fashion as curve C in Figure 4-10, are data obtained by Nord et-
al for the exnacéon of caffeine from long (8 'mm) segments flowing through 0.7 mm i.d.
coﬂed tubing (data from Figure 6B of ref. 29). A linear plot of slope 0’ 58 j+ 0.02 is
obtamed Thus, mass transfer in both air segmepted and liquid segmented flow is related
to linear velocity via a power relationship, the power of which decreases wnh increasing
segment length and is greater for corxespondmg segmem lengths in liquid segmented flow

than in air segmented flow.

The larger value of o in liquid. segrnented systems may be understood in the followm g

way Increasm g the linear velocity increases both the circulation within the segments and

the thickness of the wemng film on the tube wal] [21,22,26,122]. Inair segmentcd flow
the radial mass transfer occurs in the film forrmng phase, and studies of axml dispersion

[26,27,122] have shown that there is slow mass transfer within the quasistatic liquid film at
g

~ the tube wall. Thus, in air segmented ﬂo\an increased linear velocity generates two

1

opposmg eﬁ'ccts The enhanced convective'mass transfer due to mcmascd cxrculauon
would be offset by the decreased diffusional mass transfer within the thicker wetting film.
In the liquid segmented flow employed in SE-FIA, on the othervhand', the increased _

thickness of the film of organic phase will have no effect on the mass transfer rate, since
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Figure 4-10 Double logérithmic plots of kops as a functioh of flow rate for: (A) 1.5 mm
and (B) 6.0 mm segments studied in this work, and (C) 8 mm ’scgments
studied in L. Nord, K Bickstrom, L-G. Daniels'sor-lﬂ, F ’Ingma.n and B.

~ Karlberg, Anal. Chirﬁ. Acta .19.87..194, 221-233.
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the rate determining mass transfer process occurs in the non-film forming aqueous phase.

Thus for corrcsponding‘scgmcm lengths, & will be greater in liquid s;:ginéntcd flow.

R Y

4.4.8 Tube diameter

The effect of varying tube diameter on the 6bserved extraction rate is strongfy
dependent on the scgmcni length, as can be seen by intercomparing the curves in panel A of
Figure 4-11. For long segmcms >4 mm, the extraction rate 1ncreascs as the tubmg
dlamctcgs decreased. Howcvcr a Crossover is observcd so that for shorter segments the
extraction is fastest in the wider tubing.

Convérsion of the observed extraction rates into the corresponding mass transfer

coefficients eliminates this crossover and greatly simpliﬁcs the observed trends, now

shown in panel B of Fi gure 4-11. This indicates that to a large extent the behavior of kobs
results from the increase in 3/, as the segment length is decreased. However, while [3 does
appear to become mdcpcndent of the tubing diameter for extremely long segments, ~ 8 mm,
it still incrc‘ases with incfeasing tubing diameter for shorter segments.

The hydrodynamics within a segment are determined by boundary conditions defined
by the walls and the ends of a segment. In reflection of this, solutions of the Navier Stokes
equations use the dimensionless segment aspect ratio, which is the segment length divided
by thc_ tubing diameter, fathcr than the segment length. Horvath er al [24] observed two

regions of behavior in plots of radial mass transfer in air segmented flow versus the

Y

segment aspect rau'on. For large segment aspect ratios down \”3-5, the mass transfer
was approximately constant, but when the aspcqt.raﬁo was reducod\Bé?ow about 3-5 the
- radial ';nassvtransfcr increased rapidly. Figure 4-12 is a replotting of the mass transfer
coefficients of Figure 4-11B versus thé scgmcnt aspect ratio. In this plot ihe data collected
" at the four tube diameters follow the general trends observed by Horvath et al [24]. This

behavior is consistent with the hydrodynamic studies discussed in Sec. 4.2.1.1 in which it
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Figure 4-11 Observed extraction rate constants (A) and the mass transfer coefﬁ;:ients B) in
‘ four different diameter extraction tubes; (@)0.3mmi.d. (a); (b) O.§ mm i.d.
(% (c) 0.8 mmid. (x); (d) 1.0 mm i.d. (o). Experimental conditions are:
linear velocity, v, 13.3 cm/s; phase ratio, 1:1; FO,HJFO, 0.35-0.65; tube
orientation, straight; sample, 5 x 104 M caffeine in pH 4.0 citrate buffer;
injection volume, 10 uL; wanlcngt{m, 278 nm and absorbance range, 0.4 AU.
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Figure 4-12 Mass transfer coefficients at diff;rcm segment aspect ratios in four different
| diameter exuaéuogmbcs: 0.3mmid.(a); 0.5 mmid. (e); 0.8 mm i.d.
(%) LOmm id. (w). Experimental conditions as described in Figure 4-11.
Segment aspect ratio is the segment length relative to the inner diameter of the

tubing.
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was found that when the segment length approaches the tube diamctcr, the segmentends '

interact hydrodynamically to enhance convection [130,131] and mass transfer.

4.4.9 Coiling

For a homogeneous single phase fluid flowing through a coiled tube, the secondary
flow is well dcvélopcd when De2Sc > 104 [126]. For caffciné, under the segmented flow
conditions used in this study, De2Sc ranged between 105 to 105, so coiling of the
extraction tube is éxpccte,d to strongly effect the extraction rate. In Figure 4-13 are shown
the rate constants observed for caffeme extracton in coiled tubing. The reciprocal of the
coil dxamctcr is used as thf abscissd since the sccondary flow is related to this tcrm
[126,133], as is shown in equation 4.6. Three segment lengths were used, correspondmg
to the steeply rising region, to the "knee" region and to the flat reglon in Fxgurc 4-12, The
resalts shown in Figure 4-13 are phenomcnologlcally similar to the results of a study of the
effect of coﬂmg on radial mass transfcr in air segmented flow [24]

In Figure 4-13 two classes of behavior are evident. For the longer segments (curves b

and ¢ in Figure 4-13) kgp rises rapidiy as coil diameter is decreased to reach a final
limiting value, whereas for the short segments (curve a) there is a slight decrease in kg,
- between 1/d. of zero (uncoi‘le‘d)‘a-nd 02@Wd:.=5 cm), followed by a rapid rise to a final
limiting value. The values of kqpg and B obtained with a Sn'aight extraction tube and the
éonespondin g v_alhc of kg and E obtained at the limiting plateau for the tightly coiled tube
are presented in Table 4-5 for each of the thn:c segment lengths.

The differences in behavior for the long and short segments in Figure.4-l3 éan be’
~ understood in terms of thé two regions of the cuﬁc in Figure 4-12. In long segments,
whose aspect ratio is gn:atcf than 3 (cur\)c b and ¢ in Figure 4-13), the mid-segment axial
velocity di.tribution in a straight tube approaches the parabolic profile characteristic of
Poiscui]]p flow, with the highest velbcity along the center of ﬂl; tube. When the tube is

‘coiled the ccnt:ifugal force acts upon this flow in the same way that it does in single phase
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Fi gure 4-13 Observed ,extmct%n rate constant for Qarious degrees of cqiling at three
different segment lengths: (a) 1.6 mm (o); (b) 2.8 mm (Io); (c)7.9 . (x).
Experimental parameters: F,, 2.0 mL/min; Fo, 2.0 mil/min; Fg, py/F, 0:50-
0.58; tubing diameter, 0.8 mm i.d.; linear velocity, 13.3 cm/s; sample,

5 x 104 M caffeine in pH 4.0 citrate buffexﬁ injeéu'on volume, 10 pL; -

wavelength, 278 nm and absorbance range, 0.4 AU. -
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Dependence of extraction rate constant and mass transfer coefficient on

Segment Length in Straight and Tightly Coiled Extraction Tubes?
Straightd Tightly CoiledC
Lag (mm)  kgpg (s1) B (crm/s) kobs (51 B (cm/s) . .
f |
\\\y
1.34 4 0.08

1.6 0.39+0.04 o.oos\i: + 0.0005
2.8 0.22+0.03 0.0037 % 0.0005

7.9 0.16 £ 0.01 0.0031 % 0.0002

0.020 + 0.001
1'21‘60'05 0.020 + 0.001
0.83 £ 0.049 0.015 + 0.001d

a. Experimental conditions were: Fy, 2.0 mL/min; Fy, 2.0 mL/min; Fo,m/Fo.

0.50-0.58; tubing diameter, 0. 8 mm i.d.; linear velocity, 13: 3 cm/s; sample, 5 x 10’4

M caffeine in pH 4 O citrate: buffcr mjectlon volume, 10 HL; wavelength, 278 nm and

absorbance range, 0.4 AU.

b. Data at 1/d. = 0 in Figure 4-13.

- ¢. Refers to the plateau .observcd for each segment length; j.¢. 1/d; > 0.15 for 7.9 mm

segments, 1/d¢ > 0.6 for 2.8 mm segments and 1/d; > 0.8 for 1.6 mm segments.

Thc mean value of the poims oﬁ this platcah are mportcd.

d. The data point at 1/d; =0.25 was excluded i in calculating the mean for the plateau on

the basxs of the Q-test [148]; Qups = 0.81, Qo0 n=4 = 0. 76
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| flow, generating a secondary ﬂow'which enhances thcéss transfer from the s;émcm. |
Hcwever, while the intensity of the secondary flow contin’uc‘s to increase as the coil is
made tighter (i.¢. Dézsé oc 1/dc' from cqpation.4.6), the cx.trac‘:'ti'on ratéj constant increases
more gradually, so tl;at the plots of kqps vs-}/d. in Figure 4-13 tend to flat’tch out at large '
1/d, values. In the studms of the effect of flow rate on the extraction rate in mg_h_ t tubes
(see Section 4 4. 7) Kobs Was related to v where @ < 1. It might then also be cxpectcd
that kopg would be related to (1/d.)® The a would have to be lower than in the flow rate
“case, however, in order to produce the flattening bchaﬁor observed in the curves in Figure
413 | N
For sﬁort 1.6 mm segménts i‘n straight tubing (1/d; = 0), there is considerable radial
;'convcc'tioAn w1thm ihé‘:' segment due to the hydrodynarnic inicraction of the segment ends,
: resultm g ina rnorf: uniform axial flow proﬁ]c.,(Fxgme 4- 2) Coxhng of the tubmg will then
gcncratc much less intense sccondary flow wnhln these segments since the cemnfu gal
-~ forces will be weaker. Tt can then be spcculatcd that 2 much greater De2Sc than 104 would
,b’(‘z required to aéhievc a well developed sccz)ndary flow within“ the short segments. This
~would then account for the delay i in the curve a in Figure 4-13 in which the coiling had no /
effect on kobs for the short segment. A similar gencral behavior has bccn observcd for the
radial mags transfcr-m an'segmcntcd flow [24]. .
It would further be cxpected then that, once thc secondary ﬂoWs were well developed
in the short segments, the sccondary ﬂow effects would still not be as significant for the

short segments as the lon g. In Table 4-5 are shown the rate constants and mass transfer

coefficients for extraction within suﬁjgﬁt and tightly coiléd tubing In straig'ht tgbing;both

- kobs and B increase rapldly wnh decreasing segment lcngth when the scgmcnt lcngth is

" below abouq three times thc tube diameter (Section 4.4.8). In contrast, in ;g_mng
kobs increases only 11% when the segment length is reduced ﬁn@b&to 1.6 mm (Laq/dl

3.5102.0), and thc mass transfcr coefﬁcwnt% for’ thcsc two scgmcm lcngths are the same.

For the 7.9 mm scgmcnt in the coiled tubc B is sxgmﬁcamly lowcr than for the sh%rter

TR
q¥
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' scgmcnts; These observations 1'or a coiled tube are similar to results reported for‘mdial :
mass transfer in air scgmcntcd flow, where the Nusselt number was approximately
constant up to a segment aspcct‘rano of about 4 and then dccrcased g!adually with

-

increasing segment length [24]. ,
In the studjcs by Nord et al [29] on the rate of cx'traction in segmented flow, the
segments were between 3 and 40 mm in length. For thcse long segments’ almost any
curvature in thc tubin g would be sufﬁc1cm to induce a strong secondary flow. Thus, in
- spite of the fact that thc extent of coiling was not specified for their coiled extraction tube it
' is clear that the data Nord et al should be. 1ntcrprcted in terms of the effects of both the
toroidal and secondary flows. In thls hght the mﬂucncc of scgmcnt Iength on the

extraction of bromocrcsol green which they observed (Figure 4 of ref. 29)is analogous to

the results shown in Table 4-5 for the & ghtly coﬂcd tubmg
4.5 Conclusions

The cxpcnmcnts rcportcd in this chapter, in which both strax ght and coiled extraction
tubcs are used havc shown that the rate of cxtmcnon of solutc from the aqueous into the
orgamc phase in SE- FIA can bc quanmanvely understood in terms of. the cstabhshcd

. principles of hydrodynamxcs Thc results obtamcd herein allow a reﬁnerncm of the
guidelines of Nord et al. [29] for cxpenmcnta]ly mcreasm g the rate of extraction in SE- FIA
(i) The cxtracuon rate is increased by i Increasing the interfacial area to volume ratio which
can be best accomphshcd by decreasmg the tubing dlameu;r (ii) Dccreasmg the segment
lcngth increases the extraction rate. (iii) Incn:asmg the lmcar velocity increases the
extxac;uon rate with respect to nmc butina less than linear fashlon (iv) Tlghtcmng the ‘
coﬂmg of thc tubmg Increases the extraction rate with. Tespect to time, in a much less gan :
lmcar way and 0 a greater extent for short segments than long, although for short segments
it may mmally dc?masc the extraction rate. (v) Dccrcasmg the hncar vcloc1ty or tightening

the cmhng will increase the extraction rate bascd on the tube length. Howcvcr dccmasmg

/

s
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the linear velocity is not recommended sm;ic experimental studies [33,48] have shown that -

the band broadening produced in the extraction coil is overshadowed by that produced in
thc‘phasc separator, injector and detector. Since these components contribute a constant

volume variance, their effect would be magnified when the'ﬂow rate is lowered [33).



~ Chapter 5
Mechanism of Solvent Extraction and Band Broadening within

Segmented Two Phase Flow

5.1 Introduction

Studies of liquié:iiquid segmented flow streams have established that extraction octurs
across the interface at both the ends (axial extraction) and the sides (radial extraction) ofthe -

i\
\
\

aqueous segments [29,38,149]. Experimental techniques which measure the total con- .

centration of solutc extracted as a function of time [29,149] permit a dctcrminau'on of the \\ .
- overall extracnon rate constam, Kobs, which is the sum of the products of the axial (B,xia]) \

and radial (ﬁradJaJ) mass {ransfer coefficients times the respecnve ratios of- interfacial area
and segment volume:

' aends B asxdc

kobs = axial + Bradxa] BN CRY l't .

4

Here ag;,4; is the combined interfacial area of the segment ends, a4, is the interfacial area of
the side of the cylindrical aqueous segment and Vseg is t}ie volume of an agqueous segment.
In this chapter only the practical analytical siruan'bn in which, at equilibrium, the solute is
'quanu'tativcly extracted into the organic phase will be considered. ‘
 While previous studies have permitted measurement of kobs; they have nof addressed
.the relative vmagni'tudes c;f the axial and radial extraction rate‘s In the prﬁsem chapter thxs '
qucstlon is probcd using a solvent cxgracnon flow mJectxon analysis (SE- FIA) system
employing on-tube photornctnc detccuon and single segment injection. On tube detectors
have been uscd in studies of band broadcrun g in air-water [26,27 122] and liquid-liquid
[22_] segmented flow, as well as m a routmc ﬂuorcsccncc‘SE-;FIA instrument [38]. In an
on-tube p'ndtomem'é detector the absorbaﬁcé .duc to solute in individual segments is
measured a: the segments pass through the section of extraction tubé m the dctccgr |

,
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It is observed that solute in an aqueous scgmcnt extracts into the organié segment just
ahead of it, as wcll as into the organic scgmcnt bchmd it. Once in the organic phasc the
solute is dlspcrscd backward (band broadened) into trailing organic segments via the
stagnant wetting film along the walls of the tubing [21-23]. The solute which is obscrvcd
in the organic segment ahead (downstrcam) of the aqucous injection scgmcnt must have

_cxtractcd through the front end of the aqucous scgmcm Le. only the axial mass transfer
process. Thus, if the loss due to band broadcmng 1s accounted for, the amount of solute
which has cxtractcd into this downstream segment will reflect: the r rate of the axial mass

transfer process relative to the overall extraction rate.

5.2 Experimental

5.2.1 Chemicals and Solvents

Double Distilled Water and Chloroform were as described in Chapter 2.
Reagent grade acetone e was used as received from BDH.
Thienine, which was used as an unextracted marker was supphed by Eastran Kodak

/: : Nj ;\\ |
H,N S NH

! . ° . & . ‘ ‘
Reagent buffers used in the iodine clock reactionkinetic studies were prepared by

and has the structure

combining the appropriate vdhimcs of 2 M NaOH and 2 M citric"acid to provide solutions

of pH 2.1 to 4.0 [97].

<
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I_QL; was analyncal rcagcnt gmdc and was*used as received from BDH. Thc

spcctrum of iodine in chloroforrn has absorpnon maxima at 284 (e=50 L mol1 cm-1) and
512 nm (890), and in water it absorbs at 274 (17,200) and 460 (746) rim [150]
| Qgh;r gh;rmgg s, such as NaHSO; (J. T. Baker) KIO; (Flshcr) and K1 (Flshcr) were

analyncal reagent grade and were used as received.
5.2.2 Iodine Clock Reaction

Studies of the kinetics of the iodine cloék reaction in homogeneous aqueous solution -
were conducted in a stirred 1.00 cm cuvette, thermostatted to 25.,°C in a Hewlett Packard
8451A diode array spectrophotometer. The iodine absorbance was measured at 420 nm at
an acquisiu'on-rate of one point every 2 seconds for pH < 2.5 and one point every 5
seconds for higher pH solutions. Buffer solutions (1800 pL), 0.023 M KIO5 (100 uL)
and 0.048 M NaHSOj3 (100 pL) were introduced i'rnq the cuvette using an autqrnatic pipette
(Micropipeﬁc 821, Socoréx, Renens, Switzerland). Data écqxﬁsiﬁon was started

_immediately after the the bisulfite was mixed with the rest of the reaction solution. ’

-

5.2.3 Apparatus

A schematic diagram of the. SE-FIA instrument used in these studies is shown in Figure
| 5-1. Solvents are pumped using two liquid chrdmatographic pumps, Py and P, (Model B-
lOO S, Eldex Laboratoncs Inc San Carlos, CA) equipped with pulse dampcrs (Model |
LP 21 LO-Pulse, Sc1ent1ﬁc Systcms Inc., State Collegc PA). Restrictor columns (15 cm
| x lmmid. x 1/4 inch o.d. packed wnh 40 um glass beads) -not shown in diagram, cnsure |
\'sufﬁcmnt backprcssure for proper action of the pumps and puls¢ dampers. All conn;cung
tubing dbwnstream of the restrictor columns is 0.8 mzf i.d. Teflon tubing. Valves V are
three-port valves (part no. CAV303 1, Laboratory Data Co‘ntrol (LDCQ), Riviera Beach, FL)

* which direct flow to either the extraction system or to waste.

~
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The chloroform phase meets the aqueous flow at the tee-segmentor, S (part no. CJ- #

3031, LDC), the channeis of which have been‘bored outto 3.0 mmm diameter. The
length of the segments was varied by tilﬁhg the tee fitting, since grjévity, as well as the
hydrodynamics and interfacial tension [31], plays a role in the forc,hation of these large
segments. , ' | |
~ The segmemed flow passes through 60 cm of 3.0 mm i.d. FEP Teflon tubing in order |
10 stabilize the flow streamﬁnes within the segments, and then ehters the segment injector, '
d V,. This valve is based on a slider injection valve (part no. CSVA, LDC) and has been’
modified to inject into a smgle moving segment. Figure 5- 2 shows a top (A) and cross
sectional side (B) view of ths injection valve. The valve contains a slider (C) having twg
3.0 mm diameter holes cut Lhrough a7x25x 1.8 mm Kel-F slab molded into a 1.5 mm |
ihick stainless steel frame. The steel frame of the slider provides sufficient structural
subpo?‘t for it to be mc_)ved rapidly between the Load and Inject positions. The slider moves
between two Teflon blocks (shown in.‘A‘ and B). ‘Staihless steel pressure plates press the
flared ends of the connecting tube, the Teflon blocks and the slider toéether making a seal -
berween these parts. Four set screws adJust the force of this seal. e
When lhe slider is in the Load posmon as is shown in Figure 5-2B Lhe segmented
flow stream passes through the upper hole of the slider. At the same ume,l sample can be |
syn'h ged throu gh the iower hole, which is the sample chamber. When the slider is pushed
~into the Inject position (upward in Figure 5-2B), the contents of Lhe sample chamber are
inserted into the segmented flow stream. The volume of the sample injected is®
approximately 14 pL.. The injector was manually switched to the Load posmon, but a
pneumatic actuator (part no. PA-875, LDC) connected to an air solenoid valve (part no.
SOL-3- 24VDC, LDC) was used to swnch the slider to the InJect posmon to ensure
sufficient speed to inject into the middle of a single segmenL -
At the start of each Load cycle the sa.mp]e feed tube and the lower hole of i m_]cctor V2

were rinsed with acetone, which could be selected using the three port valve V3 shownin
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Figure 5-1. If this rinse was not used the relative standard deviation of replicate injections
of nonextracting thionine into a single aqueous segment was large (4.0%) as a result of
chloroform adhering to the walls of the slider hole. With the acetone flush the injection
relative standard deviation improved to 1.1%.
After exiting injector V; the segmented flow enters the 3.0 mm i.d. FEP Teflon

extraction tube, E, wﬂicﬁ is held strai g-}'n in all experiments. Ata variable.position along
this tube, transmittances of .t.h.c segmented flow stream are measured using an on-tube
photometric j@ctor, D. The effective extraction tube length is varied by rdpoéidoning the
detcem@ g the 3.0 mm i.d. tui)ing. The detector was based on a design described in the
ljterature {151,152] and is shown sch'einatical]y in Figure 5-3. A green GaP LED (pan no.
H‘S'BG 5701, Stzinlcy Electnic Co., Tokyo), with an emission maximufn of 555 nm and a
bandwidth of 30 nm, and a phototmnswtor (part no. MTH 3206, General Instrumcnt Palo
Alto CA) are mounted opposnc one another in a black Delrin block. The extraction tube
passes thrpugh a snug cylindrical channel drilled through this block between the LED and
phototransistor (PT). The faces of the LED and PT were loéatcdz mm away from the
walls of this extraction tube channel and bpcnned into it via a l.O‘mm light channel. The
signal from the phototransistor is amplified (part no. MPOPO?, Precision Mgnolithics Inc,

'Santa Clara, CA) and feed into an analog-to-digital converter (Lab Master, TM-40-PGL,
Tecmar, Clcvclaﬁd, OH) in an IBM-XT microcomputer. Déta acquisitdon is controlltv:d by
the program DATACQASY (Appendi%B). - - '
Absorbancesb of the aqueous and 6rgahic segments were calculated from the transmittance
signéls, using the signal measured for the organic segments before thé peak as the 'mcidem.’{ |
light intensity (I5). A typical scgmcnt absorbance profile measured with this detector is

- shown in Flgurc 5-4. The ends of the segments dcﬂcct the light causing the sharp

" absorbance spikes in the signal. The aqueous and organic segment absorbances are the

plateaus berween these spikes, ‘with the aqueous segments having a highér background. -

“absorbance. fhc absorbances of the orgariic_scgments within this complex signal were

- -~
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into a single chloroform segment, with the on-tube photometric detector

positioned some distance downstream of the injector.
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= Figure 5-4 . Absorbance versus time profile obtained after injectin g iodine with injector V,
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obtained semi- automancal]y using the program SEGMENT ASY (Appcndlx 8] wnttcn in
ASYST (Macrmllan Software Co.). This program first located the absorpnon splkcs due to

the segment ends, and then calculated the mean for each plateau, which was defined as

 starting 4 data points after the spike. Plateaus extended from 14 points for the 5.4 mm

segments to 32 points for the 14. 3 mm segments. The program then identified the first

orgamc segment, which was on the baseline, and defined the organic segment absorbances

"as being lhat of every sccond plateau after the initial organic segment. The aqucous

segment absorbances were not used in this work.

N

'5.2.4 Extraction Studies

For these experiments, the aqueous carrier solution contained iodate, and the i chcnon

SOlUthﬂ contamed bisulfite and iodide. The conccntmuons of these solutions were adjusted

* 50 that upon mjccnon thc reagcnt conccntranons within the i m_]ccuon segment were O 02 M

KIOs, 0.03 M NaHSOj and 0.03 M KI. The pH of the i injection solution was adjusted to
6.0 by adding NaOH and sparged thh water saturatcd Ny to prcvcnt air omdauon of

iodide. All solutions were prepared just prior to use.
.. Injector V; was first flushed with acetone and then rinsed and loaded with the

bisulfite/iodide solution. The pneumatic actuator was manually triggered bascd on visual

) observation of the segmcnts flowing into mjcctor V5. A number of criteria were used to

tvaluatt if the i mjccuon had been made cleanly into a single aquéous segment (designated as
scgmcm numbcr 0) - These were: i) no changes in segment length and no droplets of |
chloroform within the 1 mJecnon scgmcnt ii) I3” formation was observed aftcr thc corrcct :

time delay (8-9 s) and iii) no I5” was formed in any other aqucous segment. For the 9.6

‘and 14.3 mm Jong segments, the i 1nject10n efficiency was almost absolutc but for the 5.4 - |
- mfa segment only about a quancr of the attcmptcd mjccuons wcnt clcanly into a smgle
| segment to yield uscahlc data. The minimum scgmcnt length wh1ch could be studch using
E thxs technique was limited by the dxfﬁculty of i mjcctmg into a single scgmcnt.
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The point at which the yellow color of the I3~ was first observed in the 'injcction

'scgmcm was recorded as the reaction point (time=0) and was typically about 30 cm from
V,. Data collection was initiated when the i mjcctmn scgmcnt was 5 cm from the detector
and connnued for20s at a rate of 100 pt/s. The lcngth of the extraction tube is taken as the |
distance betwccn the reaction point and the on-tube dctcctor and rangcd from 10 to 200
cm. The detector was positioned between these cxn'cmcs at approximately 10 cm intervals.
- Thé segment absorbanccs m;asumd in these experiments were treated in two ways. . In-

the first, thc absorbances of all of the orgamc scgmems ‘obtained with the detector at each

. pa.rncular locauon for the mjectlon into a smgle segment were summed together. The

- vananon of thcsc summed absorbance with dctcctor position (i.e. time) was used to

determine the overall extraction rate, kqps, using equation 5.9 in Section 5.3.4.2. In the

second procedure, only the absorbanéc of segment -1 (i.e. the segment imrnediateg;heaa
(downstream) of the aqueous injection segrnent) at each.detector bositjon was used. These
»d.ata were fit to bquaﬁon 5.16 using the nonliﬁear least squares program KINET [153],
with the absorbaﬁc;: of iodine in segment -1 at time zero, A ; ,_o, the band broadening rate
constant, ks, and the rate for extraction into segment -1, k;, as variables. ‘Thvc overall

- extracton rate, kobs’ and thc concentration of 1odme in the aqucous scgment at time zero,

‘ [Iﬂaq t=(5'fx“’fr° usa@&s constants, since thcsc were obtained from the total absorbance of

i :"ms using equation 5. 9 In equation 5.16, all conccmranons »;/cre
converted to thcxr coth'tspondmg orgamc phase absorbance. For [Iz]aq 1=0 this concsponds
to the total organ_xc phasc absorbance at cthbnum, Aorg t=oe minus the organic phase
absorbance at time 210, Agpp 1=0- All data points were equally weighted and timc o
convergence criterion was a maximum relative change of 0.01 in any of the vaﬁaElcS

-

between successive iterations.
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- The aqueous carrier reagent was the same as in the extraction studies described in
Section 5.2.4. The injection solution was iodine in chloroform, at the concentration
required to match the maximum absorbance observed in the corresponding extraction
study. This ranged from 0.012 to 0.043 M_, depending on the segment length. Injection
was made into a single chloroform segment, desi gnated as segment number 0. As in the
extraction studies,‘ inj:ector V; was ﬂushed with acetone before being loaded with the

“injection solution. Triggering of the pneumatic actuator was based on observation of the

. segments entering the injector. Since no reaction occurred in this study, the only criteria of
proper injection which could be used were no changes in segment length and no droplets of
chloroform within aqueous segments adjacent to the chloroform i mjecnon segment The

" distance If::tween ¥V, and the detector was recorded as the extraction tube length, and ranged
"‘betwecn 10 and 200 cm at 10 cm interval_s. The data acquisition conditions were as in the

extraction srudies Van'ances were calculated as the second central moment, m,. Since the

signals observed in this work were discrete dJstnbunons summanons were used in the

calculation of the, moments, rather than the Slmpson s rule integration Wthh was used for

the continuous distributions Studlcd in Chapter 3.

n

' 5.2.6 Meas_urement of Segment Shape

Segments ﬂowmg through the extract10n tube at 3. 5 cm/s were photographed usinga -
35 mm Cosina SLR camera fitted w1th a 50 mm lens and a%cm cxtensmn tube f-stop, 2.1
and shutter speed 1/500 s. “The tubmg was lllummated at an oblique angle usmg two 100W
incandescent lamps. ‘ The film used was black and white wnh an ASA of 400 (HPS) The
‘ shape of thgzsegment end was measured dtrectly from the photographs such as that shown

‘in Flgure 5
of tube (0.15 cm) and the minor axts b being meas: as 0.097 + 0.006 cm,

The scgment cnds were scxm—elhpsmds with the: ma)or axis being the radius
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Figure 5-5 Pho'tograph of 5.4 mm Jong aqueous segment flowing through the 3.0 mm
id. Tc.ﬂon“tubing at a linear velocity of 3.5 cm/s. Organic phase is |

- chloroform. -See Section 5.2.6 for details. ™
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mdcpendcnt of the scgmcnt lcngth Thc cxpncssmns for segment mtcrfacxa] area and

" volume based on thxs scm:clhpsoxd end shape are:

. v(
as‘!g 2{aaﬂ)+agde Z(nrl+%ml £

‘\.*’4.
7

— +{Lg-b)2m)  (5.2)

Vseg = 2(Vmﬂ+vcyhnda"2(/3mlb) (tL “rz) (5.3)

where € is the eccentricity of the ellipsoid, and is given by:

_ V'rlz-b2 ’ o
= - (5.4)

These expressions are used in all interfacial ared and volume éalculado-ns in this chapter.

5.3 Results -and Discussiqn

From Chapter 4, it is évident that the behavior of ségment's both longer and shorter than
about 2-3 times the tubing diametcr must bc studied in order to chaxﬁctcrizc the processes -
oécumn g wn}u?n the scgrnentcd flow fully. In this work the extraction of solute froma
smglc aqucous segmcnt and ifs subscquent band broadcnmg among trailing orgamc

scgmcms was studJed In ordcr to be able to m_]cct 1nto single segments which were less

‘ than thoe the tube dJameter in lcngth 1t was ncccssaxy from a practical pomt of view to

employ an cxtmcnon tube with an mtcmal diamctcr of 3 0 mm, wluch is wider than is

typically used in SE FIA [18]. Howcvcr previous studies of cxtracuon (Chaptcr yard

band broadcmng [22] in SE-FIA have mdxcatcd that rcsults obtained in wider tubing

: .[24 26 27] such as uscd in ch,hmcon Auto—Analyzcrs, is applicable to the narrower

tubmg, smcc it is the scgmcntlcngth relative to thc tube diameter (segment aspect ratio)

" which is the 1mponan_;.pa‘ramctcr of flow in a segmented stream (see Scction 4.4.8).

133



Therefore the results obtained herein in wider tubing are relevant to the extraction and band
" broadening processes occurring within the extraction tube in S\E-FIA»._
5.34 On-Tube Detection. oo _ Lo

S
7 . f
o
i

The light from’ thc LED passes perpendicularly throu gh thc center of the 3. 0 mm i. d
= =P Teflon cxtracuon tube and is detected by the phototrans1stor wluch produccs a current
proportional to: the amount of‘ hght incident upon it. Since the dark current of this
photometer was ncghglblc ( .5 mV fora 10V full tmnsnuttance signal), absorbances were /
' calculated dlrectly from the. transrmttance usmg :hc pure chlarofonn scgmcnts prior to the /
peak as the 1nc1dcnt light, L. As an cxample the absorbancc versus time proﬁle obtamed
aftcr injection of. 1od1nc into a smglc chloroform scgmcm is shown in Figure 5-4, and is |
similar to the output of the transverse photomcters used in a study of band’ broadcmng 1n{a1r
segmented flow [26,27, 122] Asa scgment end passes through thc light beam, it deflects
~ the beam, causmg a sharp absorbance sptkep 'I'hc width of this splkc reflects thc phy51ca e
dlmcnsmns of the segment end and the dctector slit, and not the responsc nrne of the .

detector componcnts whlch for both thc LED and phototransxstor are on the order of |

.hanoseconds. Thc absorbance of the bulk pomon of the scgm;:nts appear as plateaus in |

Figure 5-4, w1th the aqueous scgmcnts havmg a back und absorbance about 0.05 AU

hi gher than the orgamc segments.
Usmg the apparatus as shown in Figure 5\1 -a Beers Law plot was conductcd for
chloroform solutlons of jodine between 0:006 to 0. 040 M Samp]e solunons were injected
via valve V2 mto a smglc 9 9 mm long orgamc scgmcnt within the ‘segmented flow and the
absorbance of the 1n1cct10n segment (scgment number 0) was monitored W1th thc on- tube
dctcctor posmoncd 10 cm from i mjcctor V2 Iodmc m_]ccted into chloroform segment 0, is
carned ba(._k into followmg upstream scgtncnts (scgmcnt numbers > 0), for reasons to be
discussed in Section 5.3.2. At a distance of 10 cm about 82% of the injected iodine

remained in the injection segment. Five rtpljcatcs_ were made of each standard. Imponant



'mstmmcnta] pammctcrs were: chlomfom) flow rate, 7.5 ml./mm aqueous reagent ﬂo{w

.ratc 7 5 mL/mm of 0.025 M KIOg; i chcnon volume of Vj, 14 pL; data aoqulsmon rate,

135

lOO pts/s and the number of poxnts collected, 800.

" The plot of absorbance of i mjccuon scgmcnt 0 versus 1od1nc conocntrauon mjcctcd 1é_
shown in Figure 5-6. It is rccnhncar with a relative standard deviation for the slopc of .
1. 5*% and an mtcrccpt cqual to zero w1thm thc 95% confidence hrmt The precision of the

ivabsorbance of segment O for replicate i mjccuons was 5.4%.

1

5.3.2 Band Broadening

Band broadening occurs within the organic phasé in liquid-liquid segmented flow,

" “through Teflon tubin g as a result of the formatjon of an organic wetting film élong the walls

| of thc tubing [21-23]. In this study, iodine in chloroform was chctcd into a single organic

scgmcnt segment number 0. As segment O travels down thc tube, fluid from it will be left
behind as a stagnant film on the tube wall ?d_]aocnt to the trailing aqueous scgment. This

stationary film is thcn"ovcnakcn by the next organic segment (number 1) and mlxcd within
it THus iod.in; is transferred 'from‘ scgrnent 0 to the upstream segment 1. This pnoccss is

repéat’cd for transfer ﬁ'c')m”s'c:'g'mem 1 into segment 2, and so on along the train of organic

| segments. The scgment profiles which result from this band broadening pf‘occss are

shown in Figure 5-7 to 5-9 at various points along the extraction tube for three segment

lengths. In these graphs the organic phase absorbances are indicated by the solid bars and

~ the interface and aqueous phase absorbances are omitted. The absorbances have been

normalized so that the total absorbance of all of the organic segments cqnals 1. The

position of the detector along the extraction tube is given at the top of each graph. The

profiles in Fxgurc 5-7to 59 dlsplay a Poisson-type distribution not unhkc that observed for
| air segmented flow [26,27]. Tha;,ls, the profile is exponential at short extraction tube
v Icngﬂls but gradually becomes more Gaussian as the segments flow further down the tube.

This is most clearly illustrated by the band broadening of the 5.4 mm segment (lfigurp 5-9).
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aqueous reagent flow rate, 7.5 mL/min of 0.025 M KIOj3; segment length,

9.9 mm; injection volume of Vz, 14yl of I in ‘CHC1_3; number 6f replicates,

- 5; data acquisition rate, 100 pts/s and the number of points collected, 800.
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Two limiting models have been developed to describe the band broadening in zir
segmented flow [26,27]. In the Ideal model [26], it is assumed that the organic segments
‘act as mixing chambers, such. that all of the nqmd in the wetting film ad_]accnt to the
| agueous segment mixes oomplctcly and mstantly with the next orgamc segment that comes
along. The vanancg predicted by the Ideal nindel is: .

2 Vi 4dL o S
6 =g—=a (5.5) -
Veg, Lsdy . | |

a

-

where Vi is the total volume of film deposited from any ségmcnt during its passagc through
| a given length of tube L; Vscg and L, are the volume and lengthof a single organic S‘Egmem
df 1s the thJckncss of the wcttmg film and d, is the i inner dlarncter of the tube. In Figure

5. 10, the Ideal model is comparcd wnh thc cxpcnmcntally dctcrmmcd variances for the
band broadenmg proﬁles shown in Figures 5-7 to0 5-9. The pomts are the cxpcnmentally

’ determined varlances for tube lengths between 10 and 200 cm and the salid line marked 1
indicates’the vamancc prcdlctcd by the Ideal model for df = 14.6 um. This film thickness

was ca]culatcd usmg muauomﬁ)é for N.=0.0058 P; y= 32 8 dyn/cm [154] and v = 3. 5 .

Cm/s. Itis clearly cyldcm ;Ehat.the Idcal model undcrcstlmatcs the band bmadcnmg in the”
chloroform/water segmented flow, as has been observed to be the case in air segmented

- systems as wéll ‘F%] .
4
- To accoui%‘bfof‘ the addmona] band broadcmng, ovcr-and~above that predicted by the

‘ Ideal modef a smond model was dcvclopcd which assumes instant and full mixing within - |

¥
‘the bulk orgamc segment, but no mixing bctwccn thus bulk fluid and the wctnng film.

| : A'I'hus in thls Iimd;a]_mgdglﬁ?] solutc transfcrs from thc film into the bulk orgamc ‘

'scgment only vm dlffusmn The variance’ prcd:ctcd by this model is thc variance due to the

E dxffusmn from the stagnant film (%) along wnh that predicted by the Ideal model (0;2):

e by

2 2 z'vf _Lszdtz
1

i T 0 =——+
“Vs. 36D sz2

.6)

e
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whcn: v is the linear velocity, Dy, is thc dlffuswn cocfﬁcxcn(t of thc solutc in the organic
‘ solvent and V is the internal volumc of the tube of lcngth L. ‘ ‘
Variances predicted by the Nonideal model are also compafcd with the expcﬁincntal

\

variances in Figure 5-10. Thc solid line marked N mdxcatcs the variance prcdxctcd by thc
Nonideal model based on a diffusion coefficient of 2 1 x 10-5 cm?/s for Iin chloroform at
20°C[154]. For all three segment.lengths studied the observed band broadening lies
between the behavior predicted by the Ideal and the Nonidca] models, as s been observed |
for air segmented flow [26,27). Thi; ?ndjcams that cohvccn'on dpcs play a significant role
* in the mixing between the wetting film and the bulk of the organic segment (6%5ps <.
02n0n'jdeél) as has been noted previously [22], but this con;/cction 1s not strong enough to
- mix the film completely with the bulk fluid (62 > Ozldeal) For the two longer segments,
9.6 and 14.3 mm, the band broademng appears to be more nomdeal (024ps = 0.45
02nomdea1) than for the 5.4 mm segment (062, = O 18 czmmdea]) This difference in band
broadcmn g behavior can be undcrs’iood in terms of thc mcmascd radial convection with -
’ segmcms of small aspect ratio (Section 4.4.6). -In segments whose length is many times
thc dxameter of the tubmg, the ﬂow at mid- -point of the segmcnt is largcly parabolic and has
no radial componcnt However, whcn the scgment length is on thc order of Lhe tube
| d1_ametcr, the ends of the segment interact hydrodynarmcall‘y to generate a much stronger
radial flow [130], Wthh cnhances mixing betwcen the bulk organic phase and the stagnant
film, Just as it enhances the mass transport w1th1n the aqueous scgmems Thus with the
short segmcnts there is less band broadening because of the grcatcr corlvective mixin g

between the film and the bulk hquld in the scgment

For the mixing chamber proccss assumcd in the Ideal model, the conccntmnon of solute

G 1?!;24;' segment following thc injection segment is:

n! | 5T

i
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The right hand sidc of this'equation is the discre e Poisson distribution, whchc gsﬁhc :
number of dcgrecs of freedom. This equation pmd:cts an cxponcnual dccmasc (Poxsson

with n=0) in thc conccmmtmn of solute in the i njection segment (segment num?m 0)

- where the rate of dxsappcarancc follows mixing chamber behavior. The Nomdt:z;l1E modcl
would predict a slower rate of loss from the i Injection scgmcnt, but the general exponé’ngﬁwf“‘

behavior would still be expected since the bulk of the segment is assumed to be well rmxcd&' L

‘The experimentally observed dependence of iodine absorbancc ofzsegmcm 0 on tube '
length is. shown in Figure 5-11. Itis an exponental decay. The observed rate constants
for these expenmcmal results and thc rate constants predlcted using the Idcal modcl for the

Lhroe segment lcnths are given in Table 5-1. Asexpected, the obscrved loss of iodine was
slower than predicted by the Ideal model for 5.4 mm ki, was 65% of that predicted and

~ for the longer segments it was 49%. This is another way of showing that the band

: 2 2 ' :
broadening is greater than predicted by the Ideal model (¢ = (l/kbb) ), as was obs_orvcd in
‘Figurc 3-10. ' (;’ :
A sccond 1mportant feature of Fi gurc 5-11is Lhat the nonlinear (cxponcnoal) lcast ‘

squares rcgressxon curves do not have an 1mercept of 1 .Oon thg normallzcd absorbance

axls This md;cates that there must be a rapxd loss: of 1od1ne from segrnent 0 gver the first

10 cm. It is believed that this is an amfact of the injection. As was statcd in Sccuon 5.2.3

some chloroform adheres to the hole of the slider. This, w0uld cause some of the samp]e to
trail thc injection segment. Also, thc sliding of the i mjcctxon valvc gives an extra convecove

-"kick" to the chloroform solution in the injection segmcnt which requues a short time to

4

settle down. - Visual studies mdlcqgé thgt me-chCUOn plug 1s not fully homogcmzcd within

.- asegment until it has passes throughi 15 cm of tubingv.

An alternative means of increasing the radial convégtion.within a segmorit is to coil the

tubing (Secton 4.,’;.;1.3). Indced,;in air segmented flow coiling greatly reduced the band |

o - broadening [27]. Also, in a study of band broadening in pcntanol-watcr scgmcnlcd flow, -
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onyahzzd by dmdmg them by the absorbance summed over all the orgamc :

segments.
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Table 5-1 Ratc Constants Obscr\%cd and Prcdlctcd by the Ideal Modcl for Iodmc leavu/) g

the Injection Segment
: .

Expcﬁnfntally | Ideal Model's

Segment Length Observed Rate -~~~ Predicted Rate

(mm)  Constant (s°1)2 Constant (s-1)b

54 . 0.077 £ 0.002 0.118 + 0.006

9.6 0.034 £ 0.001 0.069 + 0.003

143 0.023+0.001  0.047 + 0.002

A
-

a. From linear Jeast squanes slopc of the plot of In (absorbance of the mJecuon scgmcnt)
Vs time for extraction tubes from 10 to 200 cm in lcngth Plots wcre hnear w1th

regression coefficients better than O 99. Unccnamues are thc Standard dcwanon of

the nonlinear regress. on coefﬁcxcnt o {'. L
b. The band broadening rate, kbb, predicied by the Ideal Model is given by: .
' V;u i T
kbb (pl’ﬁd ) V
seg

- where V¢ and Vseg are the film and scgmcnt‘ volumcg as d'cﬁhcd m -Sccﬁoh 5.3.3 and
v is the linear vcloc1ry of the scgmcnted ﬂow Unccrtamty 1s that assocxatcd with the
theoretical film thlckncss ‘which was quoted as 5% 1371 |
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Nord and Karlbcrg [22] noted that in uncoiled tubmg the i mjecuon segment was washed o\ut
slowly, rcsultmg in a distribution with a spuriously high absorbancc in the i mJecuon
segment, but when the tubmg was coﬂed this injection segment maximum disappeared as a
result of the lmproved convection wn}un the segment.* Unfonunately, the tangent method
was used to calculate the variance of the dual- -maximum peak. This method neglected to
| include the contribution of the high injection segmem absorbance in the variance, wh1ch
would have greatly influenced the peak variance.
Thus, the general conclu.ﬁﬁg,nrc;n Q: drawn that the band broadening in. segmented flow |
will be reduced by any e:@enmcn}ﬁ* Rarameter which increases the radial flow within the

segment. However the precxse role of secondary flow in reducing the band broademng has

~yetto be ful]y illustrated.

'5.3.3 Iodine Clock Reaction

Any study of the extraction process within segmented flow will be comph'cated by the
extra; momentary convection induced by the i 1n_1ecnon process, as was discussed in the
preceding section. To avoid this problem in the SIUdlCS of the extraction of I, the
bisulfite/iodate (Landolt) clock reacnon [155) was used in this work to form iodine in situ
‘within the segmented flow. The delay between the mixing of the reagents upon injection
and the formanon of ?(;dlne allo:vslthc‘si:gmcnt sufficient time for the reagents to become

: fully mixed wnhm the segment and for the toroldal circulation sueamhnes tobe
re-estabhshed before the extracnon process commences. After this delay, the 1od1ne must
be fonned rapidly, so that the kinetics of iodine extracted are a function of only the mass

transfer processes, and not of the chemical processes involved in the c'lock reaction.

AX: 3

‘*; ) ) “~

* 'Ihe film thicksiess for the pemanol/waler scgmemcd flow was 8 times thicker than for correspondmg v

chloroform/wate: ﬂow



150
A proposed rcactlon sequence for the iodine clock rcacuon is given in Figure 5-12

[155] The first two-clcctmn reduction step to iodite is spcculanvc as other iodine oxides
i /may be involved in a more complex reaction sequence. The disproportion of iodous to
.hypoiodops acid is the slow step. The delayed appca-rin_cc/_o\fl:{ m the clock reaction
results from the hypoiodous acid produced by this slow step being rapidly consumed by
the blsulﬁtc Once the bisulfite has been exhausted, thc‘@poxodous acid reacts with iodide
to form iodine (actually present as I3").
| The results of a study of the dependcnce of the lodmc clock reaction on pH are given ;n _
Table 5-2. The reaction was momtored by following the absorbance at 420 nm after
mixing of the reagents. An example of a typical tracmg observed in this srudy 1s gwcn n
Flgﬂm 5 13 The delay is the time between m1x1ng of reagents are mixed (t=0) and first
appearance of the 1od1ne absorbancc The rate constant for the forrnanon of iodine (kj,),
after the delay was rccordcd as the initial reaction rate constant. |
Mc reaction of blsulﬁte with 10date has prewously been shown to follow the rate law
- [156): "

d[10,]
dr

= 5.3x 105[H*][105-][HSO3] + 6.7 x 102[163-][so3=]2 (5.8)

(Units for the rate constants were not stated.) For acidic conditions, then, the first term of
this expression should predominate. For [H+] bétwcén 104 and 6. 5x 10‘3 M thc

: observcd delay was found to dcpend inversely on the hydrogcn ion concentration (Flgure
5-14), in agreemem with equation 5.8. Given reactant conccntranons of 24x 103 M for
NaHSO3'and 1.2 x 10-3 M for KIO3 the rate constant for this reaction would be

(79iO4)x105 -1, 3

Ene

In the same experiment, it was observed that the initial rate of iodinc'forn‘:ation after
the dclay, had a larger (absolute) dependence than 1.0 on the hydrogcn 10n concentration
As is shown in the logarithmic plot in Figure 5- 15 thls depcndcncc was 1.5. ThlS was of
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2105 -

+2HSO, [ (2¢" step)

210, + 2HYi250,"

R4
”H+‘ (disproportionatibn) ' . o "
+ (slow) - i 90
- HOI + 104

+ HSO3- Q2e- stép)

I +2 H+‘+ SO4:

L—  H" +HOI | e step)

Iz+H20 ,

—» + 1. (complexation)

I

Figure 5-12 Reaction sequence of the bisulfite/iodate clock reaction. Initial coefficients are
| doubled for stochiometric reasons. Based on scheme proposed by J. L.

Lambert and G.T. Fina, J. Chem. Educ. 1984, 61, 1037-1038.
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Table 5-2°  Dependence of the Iodine Clock Reaction on pHa
_ : Observed Delay ki,
pH MM (9 GO
219 00065 65 0.10 R
260 0.0025 o193 0.013
305 000089 400 0.0024 :
3.58 - 000026 805 0.00053
400 © ° 0.00010 1710 0.00015
40b - ~10:4b - 680b 0.016b

a. Expenmental condmons [NaHSO3] 24x 103 M; [KIO3] l 2x103 M; tcmp

25. 2°C X(nrn) 420 buffcrs citric acid/ NaOH.

b Reacuon solution docs not contam buffcr Inmal pH is that mdlcatcd in the table and

is dctcrmmcd by the blsulﬁte reagent. Thc final pH of the solution was 2.7.
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Pl

1.0
0.8
0.6

0.4t

Absorbanc‘e

0.2f

Time (s)

Figure 5-13 Iodine. formation via the Iodme Clock n*:acuon undcr the condmons used in
' the extraction studlcs Expcnmcntal condmons [N aHSO3] 0 030 M

[KIO3] 0.020 M; [KI] O 030 M initial pH ad_]usted usmg l .OM NaOH /

tcmpcrature 25.02°C; wavclcnght 556 nm and pathlcngth 1.00 cm.
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0.020 1 T T

0.015
)
S~
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S
,_?; 0.010
Q
B
™

0.005

0.000 - " I L - 1 : 1 .

0.000 - 0.002 0.004 0.006 0.008
4
[H ], M

4

Figure 5-14' Acid ca@ysis of the delay period of the bisulfite/iodate clock reaction.
' Eipcrimcntal conditions: [NaHSO3), 2.4 x 10-3 M; [KIO;], 1.2 x10-3 M; -
tcuip., 25.2°C; A(nm), 420 and pH buffers, citric acid/ NaOH solutions from
2.1104.0. The slope and intercept are 2.3 £0.1 and (3.1 £ 3.2) x 104, |
r=0.997. | |
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1gure 5- 15 Dependence of iodine- formauon rate of the blsulﬁtcfxodate clock reaction on
the pH. Expenmental conditions: [NaHSO3] 24 X 10- 3 M [KIOs],
1..2 x 10-3 M; temperature, 25.2° C,vl(nm), 420 -and pH buffers, citric acid/
NaOH sblutions from 2fl to 4.0. The slope is -1.55 £ 0.10; r = 0.993.



r
. : , : , 156

importance since, for the concentrations of KIO; and NaHSOj that had to be used to form

a measurable amount of iodine, the delay was too short to ensure thorough mixing wnhm

the segment before iodine formauon This reactant solution was buffered by the blSlﬂﬁtC to
apH of 4.7. vaen that the post-delay reaction shows a stronger dependence on [H¥] than
does the delay time, it would not be possible to prolong the reaction by increasing the

buffer pH of the solution without also slowing down the rate of the post-delay reaction. |
However, if unbuffered high pH reactant solutions are used, it is possible to obfajn a
reasoriable delay and fzk{ iodine formation since H*’, }foi'med as a by-product of the

bisulfite oxidz;don, will lower the pH of the solution during the delay period's'uch that ‘
acidic conditions are present for the iodine formation. For the reactant ooncemmtjons

quoted in the last paragraph, the pH was observed to decrease from an initial value of 4.5
t0a final value of 2.7 at the end of the delay period. The effect of this pH shift can be seen

in Table 5-2, where the gnbgffgfggl solution shows a delay corresponding to a buffered
solution of a pH of 3.3 but has an iodine formation rete which is more typical of pH 2.6.
-~ Thus, using the reaction conditions listed in the experimental section, where the

bisulfite solution is adjusted to pH 6, the iodine forrning reactjon prooeeds from initiadon to .
97% completion within 1.5 s, after a time delay of 8-9 s, as 1s shown in Figure 5-13. The
delay of about 8.5 s, corresponded to a distance from injector V, of about 30 cm, Wthh 1s
more than sufficiént to ensure homogemzauon of the reaction mixture throu ghout the
segment before the reaction occurs. Also since the fastest extraction studied herein has a
half-life of 5.3 s, the iodine formed under Lhese reaction condmons can be consxdered

mstantaneous
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5.3.4.1 Extraction Profiles

In Figure 5-16 to 5-18 are presented the absorbance Vs scgrﬁcnt number profiles for the
organic segments, resuldﬂg from the extraction of iodin¢ that was produced in aquéous
injection scgment (segment 0) by the iodine clock reaction. The distance indicated at the
top of each bar graph is the distance between the point at whxch the iodine is formed and the'
detector. From these profiles 1t can be seen that iodine has extracted from the aqueous

chcuon segment into the leadmg (i.e. downstream) organic segment, -1. Since the band

broadcnmg process in scgmcmcd flow results only in upstream movement of ana.lyte this
1od1nc could only have cntcred scgmcm -1 by extracting throu gh thc front L of the

aqueous mjccuon segment. Also the absorbance of scgmcm +1is of much  greater
magmtude than that of segment -1 becausc 10dine entenng it has bcen extracted from Lhe
aqueous injection scgment through both its side and back end. Thus extractmn occurs at
both the ends and sides of the aqueous segments in SE- FIA. Howevcr in order to -

quantify the relative magnitudes of these two modes of extracnon it is necessary to account |
for the band broadening which accomparues the extraction process in. segmcnted flow.

Th1s will be dlSCUSSCd in Secnon 5.3.5. - - ‘ ot
5.3.4.2 Overall extraction rates

As the jodine extracts into the organic phase the total absorbance of the organic phase

.increases. This total absorbance is the sym of the absorbances of all organic segments. -

The overall cxtracuon rate constant (kgp) can be dctcrmmcd by using the mtegratcd foxm

.. of the extraction rate expression [140, 149]

Aeqo :
Inf—530 [y t : (5.9)
[Aeq,o‘At,oJ obs 5-9)
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where Aeq 0 and At o &re the total iodine absorbancc at cquxhbnum and at time t,

rcspcctwcly The slopes ﬂ‘obs) and i mtcrccpts of thc kmctlc plots for. the three segment

lcngths studled are pmscntcd in Tablc 5 3. The increase in kopg with dccrcasmg segment

ilcngth 15 analogous to that obsctvcd prcvmusly for thc extraction of caffeine in segmented
o j ﬂow through mh_ tubmg (Section 4. 4 6) and is explained in the same way.
: Posmvc 1intercepts were observed in thc lcmcuc plots These result from a rapld
nonsteady state componem of the extraction. Typically, in oases such as dlffu51on across a
membrane [157] or exmcnch.o{zyrcacuon product which is fogﬂcd only in the bulk
aqueous phase [140] thc cstabhshment of steady state Qlffumgn condmons results in a ume
lag [158]. However, in thc present experiment 1odme'1s formcd sunultancously both in the

bulk aqueous phase and in the Nernst film. Thus rather than a nme lag, a h’ "cf pcnod of

‘accelerated extraction occurs, as a result of the nonsteady state dlffusw (A ndlx D).
This would appear in the kinetic plots as a rapid initial slope followed byl o
one reported in Table 5-3. However, no such feature was observed for the st order plots |
.a't short extraction times and So thé’stcady statc‘extraction conditions must have been
established prior to the first mcasummfnts “Under these conditions, the true mass transfer

~ behavior (nonstcady stszlgmen‘f) ollowed by steady statc) can be accurately |

approximated by an assumpnon of stcady state cxtracuon with a posmvc mtcrccp\[l 58].
5.3.5' Successive Reaction Approximation

In the above discussions it has been shown that extracti

‘exponential processes. Thus, the behavior of the. absorbanceNn segment - -1in the iodinc -
) cxtracnon studlcs (Figure 5.16 to 5- 18) is formal]y analogou to that of thc concemranon of

an mtcrmcdxatc species formed bctwocn succcsswc first order chcmlcal reactions:

Lk k .
L (aq) —————p 1, (0rg, -) ———2p I, (1, +) (5.10) °
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Table 5-3  Observed Rate Constants for Extracnon of Iodine formed wnhm the
Segmented Flow ' '
Lag (mm) ' Kobs (s71)2 _‘ Interceptd Agrg=0°
54 013+ 003  042+032 0.80+0.49 -
9.6  0092+0014  041%027 0.73+0.39
14.3 0.082 0014  0.18%031 0.32+0.42

«

- a. Calculated using equation 5.9, with A; beiné the tdia],absorbance of all the organic

segments at nme tand Aeq,o estimated by the éyéi'age total absorbance observed after
~ 5 half lives. Uncertainty is the 95% confidence interval of the slope of this plot.
b. Intercept.of the plot of ln(Acq,é/(Aeq,b'At,o))n vs tirpe, which reflects the initial
, nbnstgadS' state cxtmc_tion Of iqdinc. ' Ungenai‘nty is the 95% confidence intival of
the intercept of this plot. See Section 5.3.4.2 for details. | |
c. Total absorbancc of the 1odmc in the orgamc phase at umc oqual to'zero which would

corn:spond to the mtcrccpts observcd in thc kmcnc plots..

<L '\;\
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where the bracketted terms (aq), (org,-1) and (org,+) refer to the iodine conccnt:ratioh in the

- aqueous segment, organic segment -1 and all the organic segments trailing the .injecti‘on

segment (segment numbers > 0) respectively. The extraction rate constant, k;,
éom:sponds to thc.cxtraction through the front end of the aqueous segment, since this is the
only means by which iodine can enter this segment, and the rate constant k, is associated
with the rate at which iodine leaves segment -1 due to band broadening. The differential

equation describing the change in concentration of iodine in segment -1 with time for this -
' - . .

d[1,) | ,
[d[] 1 = ky[I],, - k[T, - D

However jodine also extracts from the aqueous segment via the rest of the interface
(Section 5.3.4.1). This simultaneous extraction of iodine from both the front end and the

rest of the interface of the aqueous segméent is analogous to parallel first order reactions:

k  k
L (org, +) «——=2— I, (aq) ———» 1, (org, -I) (5.12)

and'so the concentration of iodine in the \iﬁjecu’on segment at time t is [159]: _
— -(k;+ka)t ‘ '
(1], = [Iz]aqwe.( 1% k3) (5.13)
where (k1 + k3) is equal to the observed extraction rate constant, kgp, discussed in’
Section 5.3.4.2.
.Thus the overall scheme governing the concentration of jodine in segg)\gnt -11is:

I, (org, -1) ‘ ’ e

V' ‘2‘ . (5.14)
k
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where, as above, k; and k3 are the extraction rate constants for the front end and for the

rest of the segment interfa;c respectively, and kj is the band broadening rate at which
iodinc leaves an organic segment. Combining cquau'onYS.ll and 5.13, and solving the
resulting differential equation gives [159]: |
e kot KT agig [ kopt ko] (5.15)
[12) .1 = [12] .10¢ + e © e
k= Kops
The term [I5] 4 [=0' sorresponds to the iodine which extracts into orgénic phase via the r\apivd '
transxent nonstcady 9tate process, which was discussed above with regard to the positive
mtcrccpt of the kmcuc plots Using the steady state extraction approximation of an
exponental (steady sb:ate) some xodmc will be in the organic phase at t=0. Iodine present
in scgmcnt at tlme zero, [12} 110 wﬂl subscquemly leave segment -1 via the band
| broademng process (e l‘:2t) The second term on- thc nght hand side of cquanon 5.15
corresponds to thc succcsswc reactions approx.lmauon for the sunultancous extraction
( O‘?St) and band broadening (c 2t )pccurnng in segmcnt -1. Thc amount of iodine
present in the aqueous injection segment at time zero, [I7Jaq' 1=0» 15 equal to the total iodine
minus that cormspondmg to the i 1nterccpt from the kmctlc plots (Table 5- 3).
Thc absorbanccs in the organic phase were uscd in place of the conccmranon terms in.
equation 5.15 i in all calculauons |
AT A=0 c-kzt + %ﬂ [C-kObst "' C-kzt] . .(5.16)
‘ k- kobs

-

Since the molar absorptivity of iodine is not the same in both the agueous and organic
phase, Agq (-0 is taken as the organic phase absorbance which would correspond to the
iodine present in the aqueous injection segment at time zero. Absorbances of scgmcm -1

- from the segment profiles shown in Figures 5-16 to 5-18 were fit to equation 5.16 usmg
the nonlinear least squares program KINET [153]. The terms Ay 4—q'and kobs were -
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treated as constants, since thcy"d\m determined using the total absorbance in these same . {
cxpcrimcms.- The terms A} =0, kj and k, wért the variables té be fit by the least squares H
prograni. The results for the three segment lchéths studied are shown in Figure 5-19. The
points are experimentally observed absofbanccs of écgmcnt -1 and the linés are the best fit
curves bésgd oh equation 5.16. 'In general the fit between the "Successive Reactions
Model" and the gxpcﬁrncntal data shown in Figure 5-19 is quite good for all three segment
lengths. However, at short exn‘écﬁ(;n tube lengths the theoretical curve does not fully
follow the extremes of" the cxpenmcnta] behavior. This may be a result of the band

' broadening not being ; "inqrcly exponential process. In Figure 5-11 it was observed tha_f
ihcre is an initial very rapxd loss of 'matcrial from the segment. This is bclichd vto be due to
: n;orncmari]y enhariced convection (;auscd by the injection, but it can not be ruled out that at

_wlcast.a portion,of this mightbe due to a ;%pid band broadening proccss. However, this

possible additional band broadening character is too speculative to be incorporated within
. N B /\.__4, .
the model. " : )

The regression values of A_j 1, k; and k, are given in Table 5-4 for all three se
lcngths. The uncertainties are the square root of the sum  of the squares of the regressign
’ standard. dcyizition and the smmﬁéﬁo‘n resulting from the uncertainty in the
constants, Aaq =0 and kobs The mést significant result in Table 5-4 for SE-FIA is tha{ the
ratio of ki/kobs» ::vhich corresponds to the ratio of.ﬂthe rate of extraction out the front end of
ah aqueous segment to the total rate of extraction from the segment, is ide’nficaJ to the |

Anterfacial ratio, agng/agey. This means that the mass transfer ¢'octfﬁ¢icnt throu gh the front

end of the segment must be equal to the overall mass transfer coefficient,and so Baxia] must
cqual [3rad1al (see equation 4. 14). This cquahty 1s observcd for segments whosc m1xmg 15

rypxcal of long segments, short segments and in transition between the two bchavxors

(Flgurc 4-12). Thus, the enhance radial which is introduced i into the segment as 2 result of

the hydrodynamic mtcracnon of the segment cnds is reflected in an increase in thc

extraction rate through all pans*of the scgmcnt cqually \\
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Figure ﬁ—lb Absorbance of éegment -1 observed after iodine formation within a single
aqucous segment within: (a) 5.4 mm (o) segmented flow; (b) 9. 6 mm (m)
scgmentcd flow and (c) 14.3 mm (a) scgmcnted ﬂow Thc lines are the

" nonhnear least squares best fit curve for equatlon 5. 16 Thc regrcssmn |

coefﬁacnts are glvcn in Table 5-4. See SectJon 5.3.6 for further details.
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In addin"oﬁ, the band broadening mtcs; kj, determined from the absorbances é)f segiment -1
using the MM@Q_QQM should be the same as the rates observed in the _band’ |
broadening studics:, kpp, discussed in Section 5.3.2. This compérison is shown in Table

5-4. For the 5.4‘and 14.3 mm segment lcngthsi the twb sets df yalues are within one
standard dcviatipn. For the 9.6 mm segment length the two measures of the band |

4

broadening rite agree within three stand deviations of each other. ’ . -
. It has been observed that the steady-state extraction occurs uniformly across all parts‘of 7
Athe iﬁterface (e kl/kobs = aend/aseg) It would be assumed that the nonsteady state
extraction should also occur umfomﬂy over all of the interface, both the ends and sides.

| Thc absorbancc in scgment 1at time zero, A _; =0, dctcrrruncd from the segment -1

absorbances using the Successive Reactions Model is shown in Table 5- 4 Also shown in

the last column of this same table is the 1od1ne absorbance Wthh would be predJcted for

umform nonsteady state extraction across all of the 1nterface It can be seen that thes¢ two

sets of values are in excellent agmcmem.

5:4 Conclusions

* In'this éhapter it Has been demonstrated, using a “Successive Reactions Model”, that in
- segmented flow solute extracts from segmcms'of the diSperscd aqueous phasc uniformly
through all of the interface, both at the ends and the side of the segment, independent of
segment length. 'hius the cnhénced mdié.l mixing ncsultin‘g from the hydroc'lynamic‘
mtcractlon of thc ends of a shon segment, discussed in Chapter 4, will result in a umform
increase in the mass transfer across all of the interface. |
Also, the band broadt:mng in the chloroform/water scgmcmed flow is mtcrmcdmte

| bctwecn that predlctcd by the Ideal mxxmg chamber model: [26] and the Nonideal model
r27] The gencratlon of greater rad1a1 rmxmg upon shortcmn g the scgmcnt length reduced .

e band broadcmng to on]y 18% of that predicted by thc Nomdcal modcl oompared to
N \
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45% for longer segments. This indicates that any experimental parameter which generates
radial convection will reduce the band broadening within segmented flow. -

N
)



Chapter. 6

Future Studies \

A better undcrstandmg of the phcnomcna affecting the spccd of analysxs of SE-FIA has
"been gained from the studigs discussed in this thesis. In this chaptcr additional studies
designed to further this ﬁndk(rstandmg are discussed. Also some potential applications of
this understanding and of the experimental techniques developed.in this research to new

analytical methods are suggested.

6.1 On-Tube‘ Detection
» |
In Cha'pt_c_r 3, it was shown that a sample plug flowing through a SE-FIA instrument
undergoes severe Band bfoadenin g in the phase separator and during unsegfnentcd flow
' through the connecting tubing. In order to increase the sampling frequency of this
tcchniqﬁe, these contributions to the ovcfall peak variance must be réduced. ;Ihc on-tube
photométn’c detcctor used in Chaptcr 5 offers a means by which these sources of band
broadening could actually be clirninaté_d The on-tube detector displayéd rapid reSp(;;‘ e
‘nmes and excellent: hncanty, but the complexny of a typical signal, such as is shown i in
Figure 6—1A seems to reqmrc the use of an on-line computer, which makes the dctc;:{or
_ much less attractive for routine use, However, the spikes resulting from the dcﬂectmn of
the hght.beam by the segment ends are merély-aform of structured noise supcrimposcd on
‘a pcak Consequently, low-pass filtering of the on- tubc detector signal should reveal the
underlymg peak, devoid of thc otherw:sc ovcrwhelmmg noise, makmg it possible to
eliminate the n_ecd for an interfaced computer. For an analytical instrument, the on-tube
detector signal could be low-pass filtered using a simple RC circuit such as is shown in
Figure 6-2. Alternately, if a sharper frequency cutoff is required then higher order low
pass filters [160] copl.d be used. | | .
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Figure 6-1 On-tube detector signal of iodine injected into a single organic segment

displayed as: (A) the‘ raw absorbance si gnal. The segment absorbances are the

short plateaus between the sharp absorbance spikes caused by the deflection of

the light beam by the curved ends of the segment; (B) the smoothed signal

obtained using a digital lbw pass filter with a cut-off frequency of 3 Hz. See

Scc;i_on 6.1 for details.
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As a feasibility study, and since the detector was already interfaced io a computer in this
research, the concept of ldw-pass filtering the data was tested using a nonrecursive digital

.

filter [161): o ‘

Yn= J, WiXpyk | T 6.

- k:-oo 3

where y,, is thé filtered signal, wy are the,convolution weights,f)i)taincd from the inverse
Fourier uﬁ;isf‘onn of\t/}ic Blackman window, and x, are the raw aata poims. This filter
was defined as the word SMbOTH in the ASYST Scientific System (MacMillan Software
Co.). 'vFigure'6-lB shows the effect of this digital ﬁltef, with a cutoff frequency of 3 Hz, -
| on the raw on-tube detector si gnal. The peak underlyin g the segmentation noise is now
' ciearly evident. Some sensitivity has been sacxjﬁccd, but the most irnp;rtant feature is that
the signal to noise for Figure 6-1 was increased from about 0.7 to ~90, and thus is an
analytically useful signal. Also, in an analytical SE-FIA mcthod the(sarhplc would be
' distxibuted over many more scgménts‘than in Figure 6-1, rnaking thé frequency difference
between the peak and noise much greater than in this test case, and consequently the
filtering much easier. | ‘o

Pnicu'éal on-tube photometric detection of a segmented flow stream would be of great |
benefit for tw.o rczisons. Fi}st,‘ the use of the on-tube detector would reduce the
instrumental band broadenin g,"and conscque.ndy‘wduld lead to"an incfeas; in the sampling
frequency. Second, on-tube detection would remove the need for phase separation, thus

making the instrument simpler and more robust.
6.2 FdEMStudies of Extraction Rate in SE-FIA

The studies of extraction kinetics presented in Chapters 4 and 5 havc'lcd to the
developerent of a physico-chemical model by which the extraction occurring within the

segmented flow in SE-FIA can be interpreted. One factor, ‘howcvcr,, which was not

179
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considered in these studies, is the effect of surface active compounds on the extraction rate.

Many of the analytical methods based on SE-FIA are either for the determination of

surfactants [32,36,53- 55] or involve ion-pair reagents whla\are potentially surface active .

[38,53,57,85, 87].

Surface active comeunds have been observed to reduce mass transfer from fallin g and
, n'sing drops [30, 144]' and in segmented flow they havc bccn observed to produce
anoma]ous behavior. A monolayer of surfactant at the hqu1d liquid mtcrface is swept to the

back of the segment resultmg in this portion of the segment bccommg stagnant, while the
| front of the segment is stirred by the toroidal flow. This causes the segment stratification
ich has been observed previously [53], resulting in, speculatively, tu/o extraction
Zrloicsses - arapid extraction from the front portion of the segment followed by a much
slower extraction as material diffuses furward from the stagnant portion of the segment into
*the well stirred front. Such a dual extraction rate behavior has'beén obécrved for the
extraction uf the gallium-lumogallion complex from water into isoamy! alcohol [38].

The cxpgﬁmcnta]_variat;les which would effect the extraction rate in the presence of a
surface active compound are the linear vc]ocity,the ucgment aspect ratio, the interfacial
area, coiling and the fraction of‘ the interface covcred by the monolayer of uurfactan“t“. The
importance of the first four parameters has been demonstrated in this thesis. The final
parameter, the fractional coverage of the interface, would be important for it would

determine the proportion of the interface by which extraction would occur unimpeded, and

‘what proportion of the segmbsat would be stagnant.

A second area wluch warrants study is the effect of the cxpcnmcntal vanables on the:
rate of back-cxtracuon i.¢. from the film forming phase to the non-film formmg phase. In
all of thc studies conductcd herein, the rate determining mass transfer step oocum:d within
the dlspcrsed aqueous phasc throughout which the convection was homogcncous This

‘would not be the case for the film forrmng phase in which there would be two distinict

\ .
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rchons the bulk phase in the scgmcnts and the more or less stagnant ﬂmd along the walls

of the tubing. Thus cxtracuon would not be. cxptcted to occur at the same rate through ghe
' 51dcs and the ends of the segment for thlS extraction process. ‘The band broadcnmg studies

conducted in Chapter 5 dcmonstratcd that thcs: two regions are not fully mixed with each

other. .

| In this thesis and the study suggested in the last paragraph the extractions are

quantitative. It would also be of interest to study the bchavmr of a solutc which is not
) quantitatively extracted. The rate of extraction of such a compound should be affectcd b'y v
| thc factors which affect the cxtmctlon in the quantitative extraction system. The more
interesting behavior, however, wouId be the band broademn g bchav1or where the material
tralhng back it following segments of the film forming phase could distn'bute back into the

faster flowing nonfilm forming phase. ~

Finally, in Chapter 4 it was shown that coiling of the extraction tube is far and away the
most powerful means of increasing the rate of extraction. " However, the studies were ‘
conducted at only a single linear velocity and so could not fully characterizé the transition in.
the extraction behavior exhibited when the ségment 1s shortchc’d. .Khowledgc of the
position of this transition behavior for vainag linear velocities and coil diameters would be
crucial for analyst trying to optimize the dead time of their SE-FIA instruments. Until this
work has been done, the experimentalist will have to il;ilizc segments of >3 times the tube |
diameter to cphﬁdem]y assure rapid extraction in coiled tubing.

‘The variables which would be most important to study are believed to be the linear
velocity, the tightness of coiling and the éoiﬁng shape. The first two parameters arc. related
to Vthc secondary flow in Section 4.2.1.2 and the last parameter has been shown to be au
important factors in studies of radial mass transfer in air segmented flow [24], If studies

| are to be conducted at higher linear ve]dcities than utilizcd in Section 4.4.9, a slower

extraction process than distribution of caffeine from water to chloroform would be required
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to ensure mcasurablc extraction rates. This could best be achieved by using a solute w1th a
greater molecular weight (ise-fecrease Dm) or a smaller distribution. cocfﬁmcnt. Slow

extractions due to c1thcr slow chcmxcal loncncs or mtcrfacm] adsoxpnon could not be used

for obwous reasons.
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 Appendix A

Moment Analysi.s. Program

PEAK MOMENT ANALYSIS PROGRAM -

Program name:
Directory: AS
Updated by: C.
( This pro
Module

MOMENTS.ASY (ASYST Version 2.0)

YST2

Lucy, 18 September 1987 :

gram is based on XYDPP.DMO shown in the ASYST
1 manual, pg. 1-20-16 t0 1-20-23. )- ,

The program is designed to calculate the moments of data entered manually or. -
recalled from previously written files. Graphical displays are provided to aid the
- operator. Various operations - smoothing, baseline set, derivatives - are available

for use.

Program Structure

~

The program is designed to be menu driven. The menus are two-tiered. The upper
most menu is Main Menu, from which either the Plot Menu or Summary menu can be

accessed.

Main Menu

Fl)\Quit - exits operation from the moments pi‘ogmm and from Asyst‘.

F2) Plot - plots the data on the screen alon g with its baseline. Accesses the Plot 'Mc,nu -
' where data massaging options are available. ' '

. F3) Emcr data
F4) Read file -

F5) Save file -
F6) Edit data -

F7) Moments -

- sets up the input array for manual entry of data.

scrolls all files with the extension .DAT on the screen, and then reads
the file requested.. o
stores the current daté’-ﬁlc. "I‘hc filename shbuld ihcludc the extension
"DAT". _ : :

displays the cum':nt data arfay on the scfcch and allows editing of the
data. Three columns appear; the retention time, the signal, and the
baseline. o o

calculates the first five moments for the current data, j.c. the
unnormalized peak area, the center-of-gravity, and the variance, and
from the third and fourth moments the skew and excess are calculated,,
The asymmetry factor (10%) is also calculated. : |

F8) Summary - hcccsscs the Sumﬁxary Menu. Purpose is to produce a hard copy of

the moments.

199



\ Pldt Menu |

F1) Exit - will return operation to the Main Menu, |

F2) Plot - plots the signal on the 'sc‘rccn.' ‘ |

F3) Plot baseline - plots the baseline onto the signal plot.

F4) Change symbols - allows selection of the symbol to be used for the signal and _

"

baseline data. Default values are "." for signal and "." for baseline.
F5) Lin. Reg. Baseline - sets bas: line by performing linear regression on the data
-~ before and zier the peak. The before/after limits are set using
manually controlled cursors. ’

F6) Derivative - calculates the derivative of the Sighal and automatically sets the baseline
' by drawing a straight line between the first and last data points.

F7) Smooth - applies a low pass filter to the data to remove noise.

F9) (hidden function) - stalls the comp‘utcr until the baseline limits for F5 have becn set.

\ Summary Menu : ' - | -

PVl -~ ~ 7

A\

F1) Exit - returns operation to the Main menu.
F2) Print summary - prints out the data file specificatioris and the calculated moments.
F3) Print data - pri s out the data file specifications and the data.

F4) Plot summary - prints outa copy of the data plot along with the file identification
. ~ - specifications, and the calculated moments.

\ Overlay check

ECHO.OFF
: OLOAD?

CR BELL ' ‘ o :
- ." Are the overlays AR-EDIT.SOV, DATAFILE.SOV, MATFIT.SOV and
WAVEQOPS.SOV" : o
CR ." in the system (Y/N) ? " .
KEYDUPEMIT - ; -
DUP 90 > IF 32 - THEN 89 = NOT S o ‘
IF .
CR CR." Please use the Configuration menu <F2> to load the Array Editor,"
CR . ." Data File, Matrix manipulation and Waveform analysis overlays" -
-CR ." permanently in the system before continuing."
CR _." The last two overlays are located in Analysis overlays." CR CR .
57ERROR - : o B o
N

200



OLOAD? \ 201
ECHO.ON | ' | | .

\

\ Variable declarations

INTEGER SCALAR MAXSETS
SCALAR MAX.IN.SET
SCALAR #SETS _
SCALAR COL# < ,
SCALAR LIN.END \End of baseline before peak
SCALAR LIN.REG.# \ No. of data points defining baseline.
SCALAR FIRST# \ First data point of the peak.
SCALAR LAST# \ Last data point of the peak.
SCALAR #IN.PEAK \ No. of data points defining pe
SCALAR ARRAY.SIZE ’ _
. \ N
2000 MAXSETS := \Either of these lines may be changed
3 MAX.IN.SET := \ to allow larger data sets to be used.

AY

DIM[ 2 ] ARRAY HOLDIT \ Output buffer for #SETS & MAX.IN.SETS

REAL SCALAR DELTA.T \ Interval between successive data points.
- SCALAR PEAK.LIMITS  \% of max that defines the peak edges
SCALAR PEAK.AREA \ - zeroth moment
SCALAR PEAK.CENTER \ Moments variables - first moment
SCALAR PEAK.VAR N - second moment

- SCALAR PEAK.SKEW A\ - from 3rd moment
SCALAR PEAK.EXCESS \ - from 4th moment
SCALAR ASYM.FACTOR \ Asymmetry factor at 10% maximum
SCALAR W(1/2) \ Width at half height
SCALAR %MAX

0.1 PEAK\LIMITS :=

25
25
25
- 25
10

1

1
14

DIM[ MAXSETS, MAX.IN.SET ] ARRAY PEAK.DATA \Crt;,ate the peak.data

- \ set(s) buffer
DIM[ SETS ] ARRAY CONC.I \ Net peak intensities
DIM[ 4] ARRAY BASELINE.LIMITS \ Coordinatés of markers.

DIM[ MAXSETS ] ARRAY LIN.REG.X \ x values of baseline
DIM[ MAXSETS ] ARRAY LIN.REG. Y \y values of baseline

DIM[ 2] ARRAY PEAK.MAX \location & mag of max
S'I'RING OP.NAME \ Opcrator s name.
STRING TITLE \ Experiment title.
STRING EXP# \ Experiment number.
STRING XLLBL \ X-axis label - ‘
STRING YLBL ‘ \ Y-axis label

STRING DATA.SYM.S \Data symbol for signal
'STRING DATA.SYM.B \'Data symbol for baseline
STRING FILENAME v ' ‘ .



" 202
\ : ' : ]

\ Window definitions

\ Divides screen into small windows which are used to present plots, incnus and specs.

00 079 WINDOW {TO ) \Top banper line across screen. -
"1 0 619 WINDOW {SPECS} ™~ \Top left window for experiment specs.
8§ 0 17 19 WINDOW {SPECMOM]} \Mid left window for moments.
19 0 1979 WINDOW (SPLIT1} \ Middle window for menu banners.
20 0 21 79 WINDOW {SPLIT2} . \Middle window for menus. ST
24 0 24 79 WINDOW {BOTLINE]) \ Bottom line of screen for prompt.
10 2479 WINDOW {DEF-1} \ Excludes top banner line.

\ -

: DATA.VU \Defines plotting parameters for graph.

.270 .300 VUPORT.ORIG * \Defines the position and
.730 .650 VUPORT.SIZE ‘ \ size of the plot window.
HORIZONTAL AXIS.FIT.OFF GRID.OFF \Removes the grids from
VERTICAL AXIS.FIT.OFF GRID.OFF \ the graph.

180 .210 AXIS.ORIG \ Sets the graph position and
.800.740 AXIS.SIZE = \ size with the window.
.025 .008 TICK.SIZF

S .8 TICK.JUST

-
y .

\ ' R —

\ Screen Messages

: BANNER \ Program banner
{TOPLINE)} SCREEN.CLEAR
25 SPACES ." Peak Moment Analysis Program"

: PROMPT \Prompt on bottom line while menu is “splayed.
{BOTLINE) SCREEN.CLEAR ."  Your choice please "

-

.
b

: WAIT - \Message signifying that the computer is performin g calculations.
: (BOTLINE) SCREEN.CLEAR .* ~ Please wait "

.
9

.\ ) ) _




\ Screen Menus _ " - ?0’3

: MAIN.MENU

{SPLIT2} HOME SCREEN.CLEAR

13 SPACES ."F1)Quit  F2) Plot F3) Enter data F4) Read file"
CR 13 SPACES ." F5) Save file F6)Editdata F7) Moments F8) Su
{SPLIT1} HOME SCREEN.CLEAR 32 SPACES ." ** Main Menu ***
PROMPT .
CURSOR.OFF

: PLOT.MENU

{SPLIT1} SCREEN.CLEAR

- 32 SPACES ." ** Plotting menu  **"

{SPLIT2) SCR.‘EEN CLEAR

8 SPACES o

"F1) Exit F2)Plot F3) Plot baseline F4) Change symbols "
CR 8 SPACES ." F5) Lin. reg. baseline F6) Derivative .. F7) Smooth "

. SUMMARY.MENU |

-~

{SPLIT2} HOME SCREEN.CLEAR

10 SPACES ." F1) Exit F2) Print summary F3) Print data F4) Plot summary"
{SPLIT1} SCREEN.CLEAR :

27 SPACES ." ** Summary Menu **"

{BOTLINE) SCREEN.CLEAR

Data Plotting functions

: DATA.VU.SET \ Word to setup data viewport axis a.re;}'
PEAK.DATA XSECT[ 2]SUB[1, #SETS ] \ Sets the origin of the graph
OMIN/MAX . . \ Offsets the baseline from the
SWAP \ horizontal axis. The offset is
DUP ' \ calgulated by the expression -
ROT . \[Jmin - ([Jmax - Jmin )/ 5
5./

+ DUP
PEAK.DATA XSECT[ 2] SUB[ 1 #SETS]
OMAX
- WORLD.COORDS
VERTICAL WORLD.SET

PEAK.DATA XSECT][ 1 ] SUB[ 1, #SETS ] DUP
OMIN/MAX HORIZONTAL WORLD.SET
[]MIN SWAP WORLD.COORDS AXIS.POINT .
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: SHOW.SPECS '\ Displays experimental identification Specs on screen. :

{SPECS} SCREEN.CLEAR A ‘

"Date: " DATECR : : '

." Operator: " OP.NAME "TYPE CR

."Exp. title: "CR  TITLE "TYPE CR

."Exp. number: "  EXP# "TYPE .

-

('™

SHOW.MOMENTS \ Displays the peak moments on the left side of screen.
{SPEC.MOM) SCREEN.CLEAR .
." Area="4 SPACES PEAK.AREA .CR
." Center="2 SRACES PEAK.CENTER . CR
." Variance=" PEAK.VAR .CR '
." Skew="4 SPACES PEAK.SKEW . CR
." Excess="2 SPACES PEAK.EXCESS . CR
"B/A (10%)="  ASYM.FACTOR .CR

SW(2)y T W(1/2). -

b

: LABEL.PLOT \ Paxitions the x and y’labels for the plot axes.
NORMAL.COORDS ' -

-0250 .75 POSITION 270 LABEL.DIR \ Positioning the y label

YLBL LABEL , \ Writing the y label '

XILBL "LEN 2./ g \ 1/2 the number of XI_BL sets

0175 * .5 SWAP - \ the position of the y-label

.05 POSITION 0 LABEL.DIR _ _ :
ABEL \ Writing the x label
URSOR.OFF

: PLOT.DATA \ Command which plots signal data on the screen.

‘ DATA.VU \ ' : S
VUPORT.CLEAR \ Setting up the axes of the
DATA.VU.SET S \ graph based on the range
XY.AXISPLOT \ of the data.
DATA.SYM.S SYMBOL

PEAK.DATA XSECT[ 1] SUBJ[ 1, #SETS ]\

PEAK.DATA XSECT[ 2] SUB[ 1, #SETS ] \Plotting the signal data
- XY.DATA.PLOT - \
- LABEL.PLOT

OUTLINE

SHOW.SPECS
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PLOT BASELINE ' \ Overlays the bascline on the signal plot.” ™
WAIT S .
DATA.VU o :
DATA.VU.SET
DATA.SYM.B SYMBOL
PEAK.DATA XSECT[ 1] SUB[ 1, #SETS ] \ Plotting the baseline
PEAK.DATA XSECT[ 3] SUB[ 1, #SETS ] \ using the axes established
XY.DATA.PLOT \ for the signal data.’
PROMPT _

; ' «
: CHANGE.SYMBOL \ Changing the plotting symbol for data plots.
{SPLIT2] SCREEN.CLEAR ." Changc "DATA.SYM.S "TYPE
' to (enter character <c1j>) \

"INPUT DATA.SYM.S ": ‘ \ Changing the signal
DATASYMS" ""=1IF MYSELF THEN . \ plotting symbol -
PLOT.MENU :

- SCREEN.CLEAR ." Change "DATA.SYM.B "TYPE
." to (enter character <cr>)" \ .

"INPUT DATA.SYMB "= \ Changing the baseline
DATASYMB" ""=1IF MYSELF THEN \ plotting symbol
PLOT.MENU S

: SET.BASELINE \ Allows operate to declare the start and end of peak
0 BASELINE.LIMITS := L
BASELINE.LIMITS
READOUT>ARRAY

ARRAY READOUT  \ Activates the cursor controls for setting the baseline hrmts
{SPLITZ} HOME SCREEN:CLEAR o
" Use cursor controls to position markers at" _
" the baseline limits (left first)" '
CR." Review ARRAY.READOUT for listing of key functions."”
{BOTLINE} SCREEN.CLEAR
- ." Press F9 when done"  \ Purpose of F9 is to get the computer to wait for the
\ operator to declare the peak limits.

[ 4

: LINREG.BASELINE  \Calculates the best fit line through the

{BOTLINE} SCREEN.CLEAR \ baseline dcclarcd using SET. BASLINE
0 LIN.REG.# :=

#SETS1+ 1 DO ’ ‘ | S
PEAK.DATA [I, 1] DUP |
BASELINE.LIMITS [ 1] =
IF
I LINEND :=
THEN
" DUP BASELINE.LIMITS [ 1] <=
BASELINE.LIMITS [3] >=
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OR
IF
LINREG# 1 + LIN.REG.# := '
PEAK.DATA [I,1] LINREG.X [ LINREG.#] :=
PEAK.DATA [I,2] LINREG.Y [LIN.REG#1] :=
THEN j . _
LOOP / .
LINREGXSUB[I LINREG#] .
LIN.REG.Y SUB[ 1, LIN.REG.# ] '
1 LEASTSQ.POLY. FIT - \First order polynomial least squares <
DUP \ i.e. linear lcast squares.
(1] ‘
PEAK.DATA XSECT[ 1] SUB[1,#SETS ] * »
SWAP[2] + ~
PEAK.DATA XSECT[ 3] SUB[ 1,#SETS ]:=
- PLOT.MENU .

: DERIVATIVE  \Calculates the derivative of the- signal data using the
\ equation: f(x)=[f(x +dx) - f(x)]/dt
(Written by L. Amankwa for his research. Not used in C. Lucy rcscarch )
#SETS 1~

#SETS := .
PEAK.DATA XSECT[ 2] SUB|[ 2, # ETS ] \ Calculating change in-tesponse
PEAK. I)ATA XSECT[{2]SUBJ[1 ETS ] \ for a dt change in time
‘PEAK«ﬁATA XSECT[1][2] " \ Calculating dt -

PEAKDATA XSECT[1][1] \r '

/ ‘ \ change in response / dt

PEAK.DATA XSECT[ 2] SUB[ 1, #SETS ] :=
PEAK.DATA XSECT[ 2 ) SUB[ 1,#SETS][1]DUP \
PEAK.DATA XSECT[ 2 ] SUB[ 1,#SETS ] [ #SETS ] \ Calculating the

SWAP-#SETS 1. -/ \ baseline - setting
- PEAKDATA XSECT[ 3] SUB[ 1, #SETS ] [JRAMP \ a straight line
PEAK.DATA XSECT[ 3] SUB[1,#SETS] 1. - \ between the first &

* + PEAK. DATA XSECF[ 3] SUB[ 1,#SETS ] := ~ \last points

e .

: PEAK.SMOOTH \ Smoothmg of data by convolution with weights from a low
‘ \ pass BLACKMAN window frequcncy response (1 p filter)
- (Written by L. Amankwa for his research. Not used in C. Lucy research.) -
" PEAK.DATA XSECT[ 2] SUB[ 1, #SETS ]
SMOOTH
PEAK DATA XSECT[ 2 ] SUB[ l #SETS ] :=
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: PRINT.SUMMARY \ Prints out experimental specs and moments.
{SPLIT2) SCREEN.CLEAR
." <cr> when printer i$ ready..." BELL

. ." (Any other key aborts)"

e

PCKEY 7DROP 13 <
SUMMARY.MENU -
ELSE : '
{DEF-1} SCREEN.CLEAR OUT>PRINTER CR CR CR
4 SPACES ." Date: " .DATE 5 SPACES ." Time: " .TIME
8 SPACES ." Operator: "  OP.NAME "TYPE CR CR
4 SPACES ." Experiment name: " TITLE "TYPE CR
4 SPACES ." Experiment number: " EXP# "TYPE CR CR
4 SPACES ." AREA: " PEAK.AREA. CR
-4 SPACES ." CENTER " PEAK.CENTER. CR
4 SPACES ." VARIANCE " PEAK.VAR. CR
4 SPACES ." SKEW " PEAK.SKEW. CR
4 SPACES ."EXCESS " PEAK.EXCESS. CR
4 SPACES ." B/A (10%) " ASYM.FACTOR. CR
4 SPACES "W(1/2) " W(1/2). _CRCR
CONSOLE
CR ." Press any key to continue."
PCKEY ?DROP DROP '
{DEF-1} SCREEN.CLEAR
SUMMARY.MENU
THEN

.
’

: PRINT.DATA \ Prints out a full listing of the data

{SPLIT2} SCREEN.CLEAR

." <cr> when printer is ready..." BELL

." (Any other key aborts)"

PCKEY ?DROP 13 <

IF .

SUMMARY.MENU _

ELSE '
{DEF-1} SCREEN.CLEAR OUT>PRINTER CR CR CR
4 SPACES ." Date: " .DATE 5 SPACES ." Time: " .TIME
8 SPACES ." Operator: "  OP.NAME "TYPE CR CR
4 SPACES ." Experiment name: " TITLE "TYPE CR
4 SPACES ." Experiment number: " EXP# "TYPE CR CR

" X-values Signal Baseline"
CR CR
#SETS1+1DO
PEAK.DATA(1,3]
PEAK.DATA[1,2]
PEAK.DATA[I,1] |
. 18 7COL - SPACES . 36 7COL - SPACES . CR
LOOP ‘ '
CONSOLE _ (
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PCKEY ?DROP DROP
{DEF-1) SCREEN.CLEAR
SUMMARY MENU

THEN

: PLOT.SUMMARY " l \ Prints out a plot of the data with the moments

-
b

\

SCREEN.CLEAR

PLOTDATA

SHOW . MOMENTS

{SPLIT1} SCREEN.CLEAR

{SPLIT2) SCREEN.CLEAR

." <cr> when printer is ready . . ." BELL
." (Any other key aborts) "

PCKEY ?DROP 13 <

IF
SUMMARY .MENU

ELSE
{SPLIT2}) SCREEN.CLEAR
SCREEN.PRINT
CONSOLE ‘
'CR ." Press any key to continue. "
PCKEY ?DROP DROP
{DEF-1)} SCREEN.CLEAR
SUMMARY.MENU

THEN

\ Savin¥® the data in .memory. |
: WRITE.FILE \ Default drive for data storage is C (Hard Drive)

FILE. TEMPLATE ,
5 COMMENTS AN
INTEGER DIM][ 2 ] SUBFILE \Defines the format of
REAL DIM][ #SETS ] SUBFILE  \ the data file,
- REAL DIM[ #SETS ] SUBFILE \ Lo/,
REAL DIM[ #SETS ] SUBFILE N
END - - .
HOME

" Qpening file " FILENAME "TYPE
13 EMIT FILENAME DEFER> FILE.CREATE
" Writing file “ FILENAME "TYPE

13 EMIT FILENAME DEFER> FILE.OPEN

TITLE 1 >COMMENT \ _

OP.NAME 2 >COMMENT \ Outputs the variables to the
EXP# 3 >COMMENT \ appropriate positions in -
XLBL - 4 >COMMENT \ the data file.

YLBL 5 >COMMENT ' \
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MAX.IN.SET HOLDIT[2] :=

1 SUBFILE HOLDIT ARRAY>FILE

2 SUBFILE PEAK.DATA XSECT] 1 ] SUB[ 1, #SETS ] ARRAY>FILE

3 SUBFILE PEAK.DATA XSECT[ 2 ] SUB| 1. #SETS ] ARRAY>FILE

4 SUBFILE PEAK.DATA XSECT][ 3 ] SUB[ 1 . #SETS ] ARRAY>FILE
FILE.CLOSE-

ONERR: \ Error trap.
" Can't open file for wrmng '
" Typc any key to continue.” BELL PCKEY ?DROP DROP
VFILE OPEN IF FILE.CLOSE THEN .

S g
.,': 2

» : GET.FILENAME \ Requests name for data file.
. ."filename please ? " "INPUT

FILENAME ":=

SCREEN.CLEAR

~

: OUTPUT.DATAFILE ~ \Invokes the words above to save the data.
#SETS 0 > :
IF
SCREEN.CLEAR
{SPLIT2} SCREEN.CLEAR ." Ourput "
GET.FILENAME ' )
WRITE.FILE /
MAIN.MENU ‘
THEN ’

’

\Data input - either from memory (READ.FILE) or from the keyboard (ENTER. DATA)

: READ.FILE \ Must be in format used by DATAQQ, MOMENTS ’& SEGMENT

{SPLIT2) SCREEN.CLEAR }
" Reading " FILENAME DEFER> FILE. OPEN

FILENAME "TYPE 13 EMIT ,

1 COMMENT> TITLE ":

2 COMMENT> OP. NAME "=

3 COMMENT> EXP# ":=

4 COMMENT> XLBL ":=

5 COMMENT> YLBL ":
1 SUBFILE HOLDIT FILE>ARRAY
HOLDIT [ 1] #SETS :=

HOLDIT [ 2 ] MAX.IN.SET :="

2 SUBFILE PEAK.DATA XSECT[ 1] SUB[ 1, #SETS ] FILE>ARRAY
3 SUBFILE PEAK.DATA XSECT[ 2] SUB[ 1, #SETS ] FILE>SARRAY
4 Si"BFILE PEAK.DATA XSECT[ 3] SUB[ 1, #SETS ] FILE>ARRAY

FI?_.ECIDSE i

Assign values from the
data file to the
van'ous_ variables.

P A A A A A
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." Can't open file for writing. "
." Type any key to continue." BELL PCKEY ?DROP DROP
“7FILE. OPEN IF FILE, CLOSE THEN

INPUT.DATA.FILE \Prints out a list of files available & requests choice
{DEF-1) SCREEN.CLEAR - ‘ : '
DIR *DAT .
CR CR ."Input "
GET.FILENAME
READFILE
MAIN.MENU

: ED.DATA \ Word allows editing-of the data array.
#SETS 0 > '
IF
"PEAK.DATA SUB[ 1,#SETS ; COL# , MAX.IN.SET ] ARRAY EDIT
INTEN.ON BELL
" Use the cursor keys to move cursor."”
CR CR -
" Press <cr> to exit back to main mcnu
ARRAY. EDIT.WORDS . \ Sets up array for editing
INSERT , A\ : :
GRAPHICS.DISPLAY ‘
BANNER . \Returns to main menu when done
MAIN.MENU \ editing file.
THEN i

: ENTER.DATA , - \'Word allows manual entry of data.
{DEF-1} SCREEN.CLEAR : .
." New data set:" CR CR
." Your name (or initials) please? " "INPUT OP.NAME ":= CR CR
" Title of experiment? (name for data set) " "INPUT TITLE ":==CR CR
." Experiment identification number? " "INPUT EXP# ":= CRCR -
." X-axis label? (15 chars. or less) " "INPUT XLLBL ":= CR
" Y-axis label? ( 10 chars. or less) " "INPUT YLBL ":= CR CR
BEGIN
~." Number of data sets in this cxpcnmcm ? " #INPUT CR CR

IF #SETS =

ELSE GRAPHICS.DISPLAY {SPLITI} HOME ." Press F1" EXIT

THEN

#SETS MAXSETS > ,

IF ." Maximum #sets allowable is " MAXSETS

- -1 0FIX.FORMAT MAXSETS .
-14 SCLFORMAT FALSE

ELSE TRUE

THEN
UNTIL
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2C0L# :=
1 MAX.IN.SET :=
PEAK.DATA XSECT[ 1] SUBJ 1, #SETS ] [JRAMP N
PEAK.DATA XSECT[ 1] SUBJ[ 1, #SETS 11.- \Filling in the
." The first x-value is: " #INPUT CR , \retention values
SWAP o \into the data array
." The interval between points is: " #INPUT \ o
* + PEAK.DATA XSECT[ 1] SUBJ 1, #SETS ]:= \

. EDDATA :

- 1COL# = . \
3 MAX.IN.SET := '

PEAK.DATA XSECT[ 2 ] SUB|[ 1, #SETS ][ 1] DUP \

- PEAK.DATA XSECT

SWAP - #SETS 1. - / ,
PEAK.DATA XSECT] 3 ] SUB[ 1, #SETS ] [JRAMP \ a straight line

PEAK.DATA XSECTJ[ 3] SUB[1,#SETS]1.-
* + PEAK.DATA XSECI‘[}B ] SUB[ 1,#SETS ] := ~ \last points
G ‘ :

——

’

P

1

[21SUB[ 1,#SETS][#SETS]  \Calculating the

\ baseline - setting

\ between the first &

: LOCATE.PEAK.MAX \Locates the maximum value in a data set. Stores the'

\array index and the intensity of this maximum in the
\ two-element array PEAK.MAX -

\Stackin : array containing peak
\ Stack out: empty
O0PEAK.MAX|[1]:=

1=

0 PEA

K.MAX[2

#SETS 1 DO

D

UP

(1] PEAKMAX[2] >
IF

DUP[1] PEAKMAX[2]:=
I PEAKMAX[1]:=
THEN

: FIND.2.%MAX

\ Stack in : array size -
% of maximum to be found -
array containing peak '
\ Stack out: empty
ARI'AY.SIZE :=
-1 FIRST# :=

\
\

PEAK

100./

PEAK
PMAX

\Locates the array index of the point along the front
\and tail of a peak which have an intensity of __% of the
\maximum. Stores these positions in the variables
\FIRST# AND LAST# '

\ The top number on the stack denotes the array size

\ Set variables to their default settings

MAX[1]LAST#:= \ -jc¢. the extremes of the array.

MAX[2]*

\The secgnd number on the stack is the percentage
\ of the'peak height. This % is converted to its
-\ numerical counterpart and stored in %MAX.



PEAKMAX[1] 1 DO 212
DUP[1] %MAX <
m 5

' I FIRST# :=

- THEN

LOOP

ARRAY.SIZE PEAKMAX[]] DO
DUP[I] %MAX >

ILAST#- 3 < AND

DROP
LAST# FIRST# -1 + # IN.PEAK :=

: PEAK.MOMENTS \ Calculation of the moments of the peak.

WAIT ' \

PEAK.DATA XSECT] 1] [ | !

PEAK.DATA XSECT[1][1]-

DELTA.T := -

PEAK.DATA XSEC’I’[ 21SUB[1,#SETS )

PEAK.DATA XSECT[ 3] SUBJ[ 1, #SETS ] -

DUP DUP ' !

CONC.I SUB[1,#SETS ] := ~
LOCATE.PEAKMAX ‘ -
PEAK.LIMITS '
#SETS :

FIND.?.%MAX ‘ X ¢

\ The zeroth moment = unnormalized peak area
\ Zeroth moment = summation( Cj *dt) -
\  Stack in: empty :
\  Stack out: (Gj * dt)
CONC.1 SUB[ FIRST#, LAST# ] DELTA.T *

- DUP \ approx integration
INTEGRATE. DATA [ #.IN. PEAK ] \ with 1/3 Simpson's
PEAK.AREA : : \ rule and store.

\ The first moment = pcak ccnter

‘\ First moment = 1/arca * integration( t * C1 *dt)
\ Stack in: (Cj * dt) _

\ Stack out: empty

PEAK.DATA XSECT][ 1 ] SUB| FIRST# ,LAST#]*  \t=time or volume
\ along the x axis

INTEGRATE.DATA [ #IN.PEAK ] \ approx. integration

PEAK.AREA/ - \divide by area.

PEAK.CENTER := o ) : \and store.
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\ The second moment = peak variance
\ Second moment = 1/area * [ integration( (t-tr)2 * C1 *dt))
\  Stack in: empty
\ Stack out: (t-tr)
PEAK.DATA XSECT] 1] SUB[ FIRST#, LAST# ] : -
PEAK.CENTER - DUP . \ save t-tr on stack’

DUP * ‘ \ calc (t-tr)2
CONC.I SUB{ FIRST# LAST# ] * \ and mult by Cj
. DELTA.T* \ and mult by dt
INTEGRATE.DATA [ #IN.PEAK ] \ and integrate
PEAK.AREA / \ and normalize.
ABS , , .
PEAK VAR = ) \ and store.

\ Third moment = 1/area * [ integration( (t- tr)§ *Ci*dt)]
\ Peak skew = third moment / variance3/2 Y
\ - Stackin: (t-tr)

\ Stack out: (t-tr) ‘ . ' ® '
DUP Co ' _ \save extra t-tr
ok \calc (t-tr)3
CONC.1 SUB[ FIRST#, LAST#] x| : \ and mult. by. Cj
DELTA.T * \ and mult. by dt
INTEGRATE.DATA [ #IN.PEAK ] - \ and integrate
PEAK.AREA / : ‘ \ and normalize
PEAK.VAR 1.5 **/ \ and convert to the

PEAK. SIGEW ' o : \ skew and store.

\ Fourth moment = 1/area * [ integration( (t-tr)4 * Cj * dt )]
\ Peak excess = fourth moment / vananc:e2 3

\ Stack in: (t-tr) -

'\ Stack out: empty

4 %% o \calc (t-tr 4 N

CONC.I SUB|[ FIRST# -LAST#] * ' \ and mult. by G
DELTA.T * \ and mult. by dt
INTEGRATE.DATA | #. IN PEAK ] : \ and integrate
PEAK.AREA / \ and normalize
PEAK.VAR DUP * /. : \ and convert to.the
3.- \ excess
PEAK.EXCESS := _ : \ and store.
: ASYM.MEAS \ Asymmetry factor (B/A) at 10% of the peak max. -
-CONC.ISUB[ 1, #SETS ] S 3
10 #SETS . ‘ - ’ o
FIND.?.%MAX \ Locates the points at 10% of the peak max

LAST# PEAKMAX[1] -
PEAK.MAX [ 1] FIRST# -
/ ASYMFACTOR :=
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: WIDTH,AT.HALF.HEIGHT \ Calculates the width at half height
CONC.I SUB] 1, #SETS ] o
50 #SETS - | S |

. FIND.2.%MAX | , .
LAST# FIRST# - . | .
DELTA.T *

w(iR2)= - o <:

: MOMENTS \ Primary word for initiating calculation of the moments.
PEAK MOMENTS ' , B

ASYM.MEAS

WIDTH.AT.HALF . HEIGHT : ,

SHOW.MOMENT S _ ' P
- PROMPT ‘ _

: SUMMARY.KEYS - \Redefines the keys to the summary options.
- F1 FUNCHON.KEY.DOES ESCAPE : :
F2'FUNCTION.KEY.DOES PRINT.SUMMARY
F3 FUNCTION.KEY.DOES PRINT.DATA
F4 FUNCTION.KEY.DOES PLOT. SUMMARY
F5 FUNCTION.KEY.DOES NOP
F6 FUNCTION.KEY.DOES NOP *
F7 FUNCTION.KEY.DOES NOP
F8 FUNCTION.KEY.DOES NOP
F9 EUNCTION.KEY.DOES NOP

.o®

: MAIN.SUMMARY - , -
SCREEN.CLEAR | - .
STORE.FUNCTION.KEYS -

SUMMARY KEYS
SUMMARY.MENU
INTERPRET.KEYS
" 0. PEAK.AREA =
- 0. PEAK.CENTER := ;
0. PEAK.VAR := , -
0. PEAK.SKEW := . L
- 0. PEAK.EXCESS := o

ONESCAPE: RESTORE.FUNCTION.KEYS MAINMENU

e
v

-..,,,:‘ : - A
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: PLOT.KEYS \ Redefines thc function kcy to the plotting options

F1 FUNCTION.KEY.DOES ESCAPE ' ‘
' F2 FUNCTION.KEY.DOES PLOT.DATA

- F3 FUNCTION.KEY.DOES PLOT.BASELINE o

- F4 FUNCTION.KEY.DOES CHANGE.SYMBOL S
F5 FUNCTION.KEY.DOES SET.BASELINE ' : ' o
F6 FUNCTION.KEY.DOES DERIVATIVE . ' _ L
F7 FUNCTION.KEY.DOES PEAK.SMOOTH
F8 FUNCTION.KEY.DOES NOP - ,
F9 FUNCTION.KEY.DOES LIN.REG.BASELINE

MAIN PLOT. DATA

#SETS 0>

IF N
SCREEN CLEAR '
STORE.FUNCTION. KEYS \ - 0
PLOT.KEYS | \
'PLOT.MENU . \ Sets up the plotting
PLOT.DATA. ' -\ screen and plots
PLOT.MENU — "\ the data.

, JINTERPRET.KEYS : \
THEN ‘

ONESCAPE: RESTORE.FUNCTION.KEYS MAIN.MENU

‘e
y

: PEAK.QUIT \'Word to qmt apphcauon of this program oo
SCREEN.CLEAR \ Clears prompt y
{SPLIT2} SCREEN.CLEAR BELL ." Quit 7" ‘
PCKEY ?DROP 89 = IF BYE THEN
MAIN.MENU

: MAIN.KEYS : - \Sets up functlon keys for MAIN. PROGRAM
F1 FUNCTION.KEY.DOES PEAK.QUIT
F2 FUNCTION.KEY.DOES MAIN.PLOT.DATA :
F3 FUNCTION.KEY.DOES ENTER.DATA o .
F4 FUNCTION.KEY.DOES INPUT.DATA FILE
F5 FUNCTION.KEY.DOES OUTPUT.DATA FILE
- F6 FUNCTION.KEY.DOES ED.DATA
F7 FUNCTION.KEY.DOES MOMENTS
F8 FUNCTION.KEY.DOES MAIN.SUMMARY
F9 FUICTION.KEY.DOES NOP
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: MAIN.PROGRAM

MAIN.KEYS 4 ~ \Defines the function keys.
MAIN.MENU ‘ \ Displays the selection menu.
INTERPRET.KEYS o .

; B

\ , : :

¢INIT : \ Starts the program once it has been loaded

- CLEAR.FUNCTION.KEYS ‘ '

GRAPHICS.DISPLAY
BANNER _
"."DATA.SYMS "= \ Default values for
"."DATA SYM.B "= \ plotting symbols.

-13 SCLFURMAT
MAIN PROGRAM



Appendix B

Data Acquisition Program

\ DATA ACQUISITION PROGRAM

\ ‘ .
\ Program name: DATACQ.ASY (ASYST Version 2.0)
\ Directory: ASYST2 .

The program is menu driven for ease of use and assumes nothing of the
- operator. The maximum number of data sets allowed in the present
version is 2000. This may be changed by editing the program and changing
MAXSETS to whatever value is desired.

\ Data acquisition is with a Tecmar LAB MASTER, configured as described
\ in Module 3 of the ASYST manuals with one exception - the data is unipolar.

\  Written by C. Lucy, 15 July 1985

\---- --- - -
\ Program Structure ‘ |

\ This program is dcsignéd to be menu driven and utilizes a

\  two-tiered structure. .The upper most tier is Main Menu from which
\  the Summary Menu can be accessed. Most primary functions are

\ available in the Main Menu

\ Main Menu

\  F1) Quit - exits operation from the acquisiu'ori program and from ASYST.

\  F2)Data Acquisition - will request 1}1fonnanon about the data  he acqﬁut:d and then
\ on manual initiation will collect data in the fore- ground mode.
\ F3) cheat Acq - will perform acquisition using the last stored acquisition -
\ parameters. Only the experiment 1denuﬁcanon number will be .
\ * requested.
\  F4)Plot - plots the data on the screen. Y-axis goes from 0 to 4096 to indicate how -
\ ‘ much of the ADC's dynamic range is being utiized.

\ F5) Savc Data - stores the collected data. The ﬁlcname should include the extension
\ " DATH '
\ F6) Summary - accesses the Summéry Menu for cn:ation of a hard copy of the c.'lata.‘
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\Summary Menu ‘ | | 218
\ F1) F.xit - returns opcrau'on to the Main Menu.
\ - F2) Print Summary - prints out the data file specifications and aéquisition settings.
\  F3) Print Data - prints out a table of the data points collected.
\

F4) Plot Summary - prints out a copy of the data plot along with the file specs énd
' the acquisition parameters.

\

\ Overlay check

\ Some functions used in this program are not available in the base ASYST system, -
\  soitis necessary to install the extra overlays into the system. These required
\ overlays are already installed in the system ASYST in Directory ASYST2.

ECHO.OFF
: OLOAD?
CR BELL : : ‘
." Are overlays DATAFILE.SOV, ACQUIS.SOV and ACQLM.SOV in the
system (Y/N) 7" '
KEY DUP EMIT -

DUP 90 > IF 32 - THEN 89 = NOT

IF : -

"CR CR ." Please use the Configuration menu <F2> to load the ,"
CR ." Data files, Data acquisition and Lab Master overlays in the"
CR ." system before continuing.”" CR CR
57 ERROR : .

- THEN .

" OLOAD?
ECHO.ON

\ ; _ S N

\ Variable declarations

INTEGER :

SCALAR MAXSETS ‘

SCALAR MAX.IN.SET" _

SCALAR #SETS ‘ "y

SCALAR COL# _

SCALAR ACQ.RATE \Time between successive data points (msec)

SCALAR ACQGAIN - \Programmable gain setting for Lab Master
2048 MAXSETS := - \Either of these lines may be changed .,

3 MAX.IN.SET := \to allow larger data sets to be used. ’

DIM[2] ARRAY HOLDIT  \Output buffer for #SETS & MAX.IN.SETS
DIM[ MAXSETS ] ARRAY ACQ.BUF \Integer buffer-for acquisition data
~DIM[ 4] ARRAY CAP.REQ ' \ Capacitances required for gains used:
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DIM[ MAXSETS , MAX.IN.SET ] ARRAY PEAK.DATA \Peak data buffer
25 STRING OP.NAME \ Operator's name.
25 STRINGTITLE _ \Experiment title.
25 STRING EXP# - -« : \ Experiment number.
'25 STRING XLBL \ X-axis label
10 STRING YLBL \'Y-axis label

14 STRING FILENAME :

\ T | e
-\ Data acquisition structure \
\Defining A/D template for input on channe! 0 of the acquisition board.
LAB.MASTER

0 0 A/D.TEMPLATE CHAN.0 \ Sets channel O as the input channel.
ACQ.BUF TEMPLATE.BUFFER \Data will be temp. saved in ACQ.BUF

A\ — e

\ Window defihitions -

\ Divides screen into small windows in which plots, menus and specs will be presented.

0 0 079 WINDOW (TOPLINE} \Top banner line across screen.
1 0 619 WINDOW {SPECS} \ Top left window for experiment specs.
g8 0 1019 WINDOW {SPEC.ACQ} \Lower left window for acquisition specs.
12 0 1220 WINDOW {SPEC.SAVE} \ Window to record saving of file
19 0 1979 WINDOW {SPLIT1} \ Middle window for menu banners.
20 0 2179 WINDOW {SPLIT2}. \ Middle window for menus.
24 0 2479 WINDOW (BOTLINE} \Bottom line of screen for prompt.
1 0 2479 WINDOW {DEF-1) \ Excludes top banner line. -
\ S
: DATA.VU '\ Defines plotting parameters for graph. ,
.270.300 VUPORT.ORIG \Defines the position and
.730.650 VUPORT.SIZE ~ \ size of the plot window.
HORIZONTAL AXIS FIT.OFF GRID.OFF - \Removes the grids from"
VERTICAL AXIS.FIT.OFF GRID.OFF \ the graph. , ,
.180.210 AXIS.ORIG - \ Sets the graph position &=
.800.740 AXIS.SIZE \ size within the window.
025 .008 TICK.SIZE _ @
5. .8 TICK.JUST S S
VERTICAL LABEL.SCALE.OFF \ Inhibits automatic printing

HORIZONTAL LABEL.SCALE.OFF \ of the scaling factor




- \Screen Messages 220

: BANNER \ Program banner
{TOPLINE) SCREEN.CLEAR
25 SPACES ." Data Acquisition Program"

: PROMPT \ Prompt on ‘bottom line while menu is dlsplaycd.
~ {BOTLINE} SCREEN.CLEAR."  Your choice please "

: WAIT o \ Wait-message on bottom line whllc program is being executed.
{BOTLINE] SCREEN CLEAR." Please wait" N

.
’

\ \ : e — S

\Screen Menus

: MAIN.MENU
{SPLIT2} HOME SCREEN.CLEAR
." F1) Quit F2) Data Acq. F3) Repcat Acq. F4) Plot "
" F5) Save Data F6) Su
{SPLI'I‘I} HOME SCREEN.CLEAR 30 SPACES " ** Main Menu **"
PROMPT N
CURSOR.OFF

: SUMMARY.MENU \ Presents & performs the surnmary options.
{SPLIT2} HOME SCREEN.CLEAR

10 SPACES ." F1) Exit F2) Print summary F3) Print data F4) Plot summary" :
{SPLIT1) SCREEN.CLEAR ‘

32 SPACES ." ** Summary Menu **"

{BOTLINE) SCREEN.CLEAR ‘ :

." For more than 50 data points, F2 or F4 are recommended. " ’ : (

.
9

\

\ Data Plotting functions

. ¢ DATA.VU.SET \'Word to setup data viewport axis area

WORLD.COORDS ‘ v

0.4095. VERTICAL WORLD.SET \ Vertical axis: 0 to 4095
PEAK.DATA XSECT[ 1 ] SUBJ 1 #SETS]

DUP \ Horizontal axis: length
[IMIN/MAX HORIZONTAL WORLD.SET \ set by x-value limits.
[IMIN 0. WORLD.COORDS AXIS.POINT \ Values at which axes meet.

’ o



: SHOW. SPECS \Displays experimental spcc1ﬁcauons on screen

{SPECSY SCREEN.CLEAR
."-Date: " DATE CR

." Operator: " OP.NAME "TYPE CR
" Exp.title:"CR  TITLE "TYPE CR
." Exp. number: " - EXP#"TYPE
SHOW.ACQ - \ Shows settings for data acqmsmon on screen.

{SPEC.ACQ) SCREEN.CLEAR
" Acq Rate=" ACQ.RATE.CR .
" # Points=" #SETS .CR
."Gain= " ACQ.GAIN.

: SHOW.SAVE » \Indicates on screen that thc data has been saved.

." saved"

: LABEL.PLOT \ Positions the x and y labels on the graph.
NORMAL.COORDS ' o
.0250 .75 POSITION 270 LABEL.DIR \Positioning the y-label
YLBL LABEL ‘ \ Writing the y-label.

XLBL "LEN 2./ : \ 1/2 the letters\of XLBL sets
.0175 * 5 SWAP - "\ the position of the x-label -
- .05 POSITION 0LABELDIR !
LABEL \ Writing the x-1§be1
CURSOR.OFF ‘ ’ '

: PLOT.DATA \Routine to draw labelled graph on screen. -
DATA.VU ' ) ‘ \ _
VUPORT.CLEAR ’ \ Setting up the
DATA.VU.SET ' ‘\axes of the graph.
XY.AXIS.PLOT \

{SPEC. SAVE} SCREEN.CLEAR
FILENAME "TYPE-

PEAK.DATA XSECT[ 1] SUBJ 1 #ngs 1\
PEAK-DATA XSECT[ 2] SUB[ 1, #SETS | \ Plotting the signal data
XY.DATA.PLOT | \

LABEL.PLOT

OUTLINE

SHOW.SPECS

SHOW.ACQ

MAIN.MENU

22]
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MAIN.PLOT.DATA . \Checks data before plotting 222

..

#SETS 0 > . . \

IF .
SCREEN.CLEAR \Clears prompt and
PLOT.DATA - \ plots the data and
INTERPRET.KEYS \ specs.

THEN

ONESCARPE: RESTORE.FUNCI‘ION.KEYS MAIN.MENU

\ e ——

\Summary options

: PRINT.SUMMARY \ Prints out the file and acquisition specs.
{SPLIT2) SCREEN.CLEAR '
." <cr> when printer is ready..." BELL
." (Any other key aborts)"

KEY 13 <

IF
SUMMARY.MENU

ELSE
{DEF-1) SCREEN.CLEAR OUT>PRINTER CR CR CR
4 SPACES ." Date: " .DATE 5 SPACES ." Time: " .TIME
8 SPACES ." Operator: "  OP.NAME "TYPE CR CR
4 SPACES ." Experiment name: " TITLE "TYPE CR
4 SPACES ." Experiment number: " EXP# "TYPE CR CR
4 SPACES ." Acq. Rate: " ACQ.RATE. .CR
4 SPACES ." No. data points:" #SETS .CR"

Y

4 SPACES ." Gain: " ACQ.GAIN. .CRCR
CONSOLE =
." Press any key to continue."
KEYDROP = -
{DEF-1)} SCREEN.CLEAR
SUMMARY.MENU .
'THEN
; . ~
: PRINT.DATA \ Prints ¢t the collected data.

{SPLIT2} SCREEN.CLEAR

." <cr> when printer is ready..." BELL

." (Any other key aborts)" o ‘

KEY 13 : v ® g

IF ' . )
SUMMARY.MENU . ’ .

ELSE ’ . o
(DEF-1) SCREEN.CLEAR OUT>PRINTER CR CR CR
4 SPACES ." Date: " DATE 5 SPACES ." Time: " .TIME
8 SPACES ." Operator: ©  OP.NAME "TYPE CR CR
4 SPACES ." Experiment name:." TITLE "TYPE CR
4 SPACES ." Experiment number: " EXP# "TYPE CRCR



/

{

" X-values

CR CR. .

#SETS 1+ 1DO
PEAK.DATA[I1,2]
PEAK.DATA[I,1]

Signal "

.18 2COL - SPACES . CR

LOOP
CONSOLE

CR ." Press any key to continue."

KEY DROP

{DEF-1)} SCREEN.CLEAR

SUMMARY.MENU
THEN ,

;/\[

. _/

-7 PLOT.SUMMARY
SCREEN.CLEAR
PLOT.DATA
SHOW.ACQ
(SPLIT1} SCREEN.CLEAR
{SPLIT2} SCREEN.CLEAR

" {BOTLINE} SCREEN.CLEAR

." <cr> when printer is ready . . ." BELL

-." (Any other key aborts) "
KEY 13 <
IF
SUMMARY.ME
ELSE ' ' :
{SPLIT2} SCREEN.CLEAR
SCREEN.PRINT
CONSOLE ‘

CR ." Press any key to continue. "

KEY DROP
(DEF-1} SCREEN.CLEAR
SUMMARY.MENU

THEN

’

\

223

\ Prints out plot of data, with all relevant specs.

\ Saving the data in memory.

: WRITE.FILE
' FILE TEMPLATE
5 COMMENTS
INTEGER DIM[ 2 ] SUBFILE
REAL DIM[ #SETS ] SUBFILE
REAL DIM[ #SETS ] SUBFILE
- REAL DIM[ #SETS ] SUBFILE

\ Default drive for data storage is C (Hard Drive)
. N v

\ Defines the format of
\ the data file.

\ .

\

o
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." Opening file " FILENAME "TYPE

13 EMIT FILENAME DEFER> FILE.CREATE
" Writing file " FILENAME "TYPE

13 EMIT FILENAME DEFER> FILE.OPEN

N

TITLE 1  >COMMENT AN
OP.NAME 2 >COMMENT \ Outputs the variables to the
EXP# 3 >COMMENT \ appropriate positions in
XI.BL 4 >COMMENT \ the data file.
YLBL 5 >COMMENT -
#SETSHOLDIT[1] =

- MAX.IN.SETHOLDIT[2] :=

1 SUBFILE HOLDIT ARRAY>FILE :
2 SUBFILE PEAK.DATA XSECT[ 1] SUB[ 1, #SETS ] ARRAY>FILE
3 SUBFILE PEAK.DATA XSECT[ 2] SUB{ 1, #SETS ] ARRAY>FILE -

-4 SUBFILE PEAK.DATA XSECT[ 3] SUBJ 1, #SETS ] ARRAY>FILE
FILE.CLOSE '

ONERR: \ Error trap
." Can't open file for writing. "
." Type any key to continue.” BELL KEY DROP
?FILE.OPEN IF FILE.CLOSE THEN

: GET.FILENAME : - \Requests name for the data file.
." Filename please ? " "INPUT : ] o
FILENAME ":= ’
SCREEN.CLEAR

: OUTPUT.DATA.FILE ~ \Invokes the words above to save the data.
#SETS 0 >
IF
SCREEN.CLEAR
{SPLIT2) SCREEN.CLEAR ." Output "
GET.FILENAME '
WRITE.FILE
SHOW.SAVE.
MAIN.MENU
THEN




\ Performmg the data’ acqmsmon

: DATA.ACQ . \Pcrforms data acquisition using the Lab Mastcr ADC.
CHAN.0 A/D.INIT \Initiating the data
{DEF-1) SCREEN.CLEAR \ acquisition board.

{BOTLINE)} SCREEN.CLEAR .

CR ." <cr> to start data acquisition ..." BELL -
." (Any other key aborts) " _
KEY 13 <

ACQ RATE SYNC. PERIOD
#SETS1+ 1 DO : \ :
SYNCHRONIZE \ Collects data at the rate
A/D.IN>ARRAY \ specified by ACQ.RATE
LOOP N v
ACQ.BUF SUB[ 1, #SETS ] ~ \Stores the acquired
PEAK.DATA XSECT[ 2] SUBJ 1,#SETS J:= \ data.
BANNER
MAIN.MENU
PEAK.DATA XSECT[2 ] SUB[ 1, #SETS ] [IMAX
4095 =TF
{BOTLINE} SCREEN.CLEAR
" WARNING: The inputted 51gna1 has saturated the ADC." .

: ACQ.PARAMETERS \ Prompts operator for acquisition settings.
{DEF-1) SCREEN.CLEAR- ,
." New data set:" CR CR
." Your name (or initials) please? " "INPUT OP.NAME ":= CR CR
-." Title of experiment? (name for data set) " "INPUT TITLE ":= CR CR
" Experiment ident. number? " "INPUT EXP# ":= CR CR

BEGIN
" Number of data sets in this experiment ? " #INPUT CR CR
IF#SETS =
ELSE GRAPHICS. DISPLAY {SPLITl } HOME ." Press F1" EXIT
THEN

#SETS MAXSETS >
IF ." Maximum #sets allowable is " MAXSETS
: -1 0 FIX. FORMAT MAXSETS .
-14 SCLFORMAT FALSE
ELSE TRUE
THEN
UNIIL
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-" Data acquisition rate (msec) 7" o \ Input acquisition 226

#INPUT ACQRATE := ' ‘ \ rate.
PEAK.DATA XSECT[ 1] SUB[ 1, #SETS ][JRAMP . \ - ’
'PEAK.DATA XSECT[ 1] SUB[ 1, #SETS]1.- \Filling in the
ACQ.RATE FLOAT \retention values in

, 1000/ ‘ \ sec into the data file

PEAK.DATA XSECT [vl 1SUB[ 1, #SETS l:= ‘
CR CR ." Connect input leads to Channel 0 and Ground. "
CR ." Type any key to continue. " KEY DROP

CR CR ." Gain required ?" S \Input & store the

CR ."1=1X 2=10X 3=100X 4 =500X " \ programmable

#INPUT ACQ.GAIN := ~\ gain,

CR CR ." Require a " CAP.REQ [ ACQ.GAIN].. - \ Setting low pass
" " pico-farad capacitor on the daughter board ." \ filter on the ADC

-ACQGAIN 1- A/D.GAIN '
CR ." Type any key whén the capacitor is set. " KEY DROP
DATA ACQ ' '

- .
’ R Y

: REPEAT.ACQ \Repeats data acquisition using the last set of conditions stored
.{DEF-1} SCREEN.CLEAR v
CR CR ." REPEAT ACQUISITION "
CR CR ." New experiment ident. number? " "INPUT EXP# ":=
. DATA.AQQ -

.
b4

, : SUMMARY.KEYS \ Redefines the function keys to the summary options.
F1 FUNCTION.KEY.DOES ESCAPE : -

F2 FUNCTION.KEY.DOES PRINT.SUMMARY

F3 FUNCTION.KEY DOES PRINT.DATA

F4 FUNCTION.KEY.DOES PLOT.SUMMARY

F5 FUNCTION.KEY.DOES NOP '

F6 FUNCTION.KEY.DOES NOP

’

: SUMMARY A . S
{DEF-1} SCREEN.CLEAR : s
STORE.FUNCTION.KEYS
SUMMARY.KEYS : S
SUMMARY.MENU , o
INTERPRET.KEYS .

o . ‘ IR
ONESCAPI%: RESTORE.FUNCTION.KEYS MAIN.MENU

.
’

\---

¥



: ACQQuUIT \Word to quit application of this program.
SCREEN.CLEAR\ Clears prompt
{SPLIT2) SCREEN.CLEAR BELL ." Quit (y/n)?"
KEY DUP EMIT ,
.DUPS0 >TF 32 - THEN 89 = \ Checks if response is "y" or "Y"
IF BYE THEN
MAIN.MENU
MAIN KEYS - \Sets up function keys for MAIN. PROGRAM

F1 FUNCTION.KEY.DOES ACQ.QUIT

F2 FUNCTION.KEY.DOES ACQ PARAMETERS

F3 FUNCTION ""ZY.DOES REPEAT.ACQ Ry
F4 FUNCTION.AEY.DOES MAIN.PLOT.DATA

F5 FUNCTION.KEY.DOES OUTPUT.DATA FILE

F6 FUNCTION.KEY.DOES SUMMARY

; e
: MAIN.PROGRAM
~ MAINKEYS \ Defines the function keys.
. MAIN.MENU \Displays the selection menu.
- INTERPRET.KEYS
: :
\ - "
: ACQUIRE.DATA, \ Starts the i)rogram once it has been Ioaded.v

CLEAR.FUNCTION KEYS

GRAPHICS: mSPLAY

. {-;BA’&H’Z}R %% o | | .

* TIVME oK

xi?;ij"“:@;?{.-g]ENTEﬁ[o 0, 1500, 8200 ]
7 2 FIX.FORMAT
MAIN.PROGRAM W | N

2
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Appendix C
Segment Analysis Program
SEGMENT ANALYSIS PROGRAM

Program name: SEGMENT.ASY (ASYST Version 2.0)
Directory: ASYST2

\

\

\

\ This program is a se#ii-automated procedure for determining the absorbances of
\ the chloroform segments in chloroform/water segmented flow as measured using the
\ on-tube photometric detector. The data files 'ised herein must have been collected

\ - using the program DATACQ.ASY in order 0 be correctly formatted.
\

\

\

\

\

\

\

The program was tested against manual determinations of the segment
absorbances. The standard deviations of .each segment absorbance is printed out with .
the mean absorbance, and can be used as a check that the plateau absorbance was
correctly determined. About 5% of the time the program will fail to properly
identify the organic from the aquegus segment absorbances. In these case the array
SEGMENT.MEANS must be printed out and the organic absorbances manually
identified. : ' ' ' '

) 4
Written by: C. Lucy, 27 May 1987. S ‘
( This program is based on XYDPP.DMO shown in the ASYST
Module 1 manual, pg. 1-20-16 to 1-20-23.) . :

Program Structure

This program is designed to be menu driven. Some manual,opcrations%re
required in order to extract the organic segment absorbances from the on-tube detector
signal. ' -

n

AP A

\ Main Menﬁ

s

~ F1) Quit - exits operation from the acquisition program and from ASYST.

F2) Plot transmittance - plots the raw data as collected by the on-tube detector. The
vertical axis is auto-scaled to the signal intensity.

F3) Plot absorbance - plots the absorbance as calculated using. CALC.ABSORBANCE. !
: The vertica] scale must be set manually. Note, if the maximum

is set tob low the data is truncated at this point and, the
absorbances will have to be recalculated. o

F4) Re 1 file - retrieves data from disk (default drive is C (Hafd'Disk)).‘ :Ihc data must
v - be in the correct format (i.c. that set by DATACQ* SY).

F5) Save file - stores the data. The filename should include the extension ".DAT".

F6)’ Calc absorbance - allows you to mahuaily iden:  he 100% transmittance and
this is used to calculate the = sorbances. :

s S S S s
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F7) Measure scgmcms determines the mean absorbance of all the scgmcnts and then
prints out those corresponding to the organic segments.
Uses the spikes caused by the segment ends to identify the
start of a segment. The number of such spikes must be
specified (Does not have to be exact, but must err on the high
side.) Memory limitations restrict this programs to files
containing less than 60 spikes. Note the chloroform segments
are identified on the basis of its lower background absorbance. -

F8) Print screen - reproduces the contents on the screen on the printer.

\ Variable declarations

INTEGER SCALAR MAXSETS

SCALAR MAX.IN.SET
SCALAR #SETS
SCALAR FIRST#
SCALAR LAST#
SCALAR #SPIKES
SCALAR AVG.DELAY
SCALAR #POINTS
SCALAR SEG.NUM
SCALAR INITIAL

12056 MAXSETS :=
3 MAX.IN.SET :=

DIM[ 2] ARRAY HOLDIT

\ First data point of the peak. v
\ Last data point of the peak.

\ Max no.of meniscus spikes in data set
\Delay after spike before avg started

\ Number of points averaged on plateau

\ Counter for segments in array

\ Marker for first organic segment

\ Either of these lines may be changed

\to allow larger data sets to be used.

\ Output buffer for #SETS & MAX IN.SETS

DIM[ 60 ] ARRAY MAXIMALOCATION

REAL SCALAR IOO%T.MEAN
SCALAR PLOT.MAX
“SCALAR SEG.TOTAL

DIM[ MAXSETS , MAX.IN.SET ] ARRAY PEAK.DATA \Pcak data buffcr

DIM[ 60 ] ARRAY MAXIMA INTENSITY

DIM[ 60 ] ARRAY SEGMENT.MEANS \ Array of segment absorbances _
DIM[ 60 ] ARRAY STD.DEV.SEGMENTS \ Std. dev. of segment absorbances -

DIM[4] ARRAY LIN.REG.X

DIM[ 4] ARRAY LIN.REG.Y

25 STRING OPNAME .
25 STRING TITLE
25 STRING EXP#
25 - STRING XLBL
10 STRING YLBL
14 STRING FILENAME
1 STRING YN

\' Operator's name.
\ Experiment title.

\ Experiment number.
\ X-axis label

\ Y-axis label
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\ Window deﬁnitions '

\ Divides the screen into small windows in which the plot and menus are presenied.

/7 00 0,79 WINDOW (TOPLINE) . \ Top banner line across screen.
- 200 21 79 WINDOW (SPLIT2) "+ \Middle window for menus.
240 2479 WINDOW {BOTLINE) -\ Bottom line of screen for prompt.
10 2479 WINDOW {DEF-1} - - \Excludes top banner line.
" : DATA.VU ~_\Defines plotting pardmeters for graph..
.000 .200 VUPORT.ORIG ‘ \ Defines the position and
1.00 .750 VUPORT.SIZE : \ size of the plot window.

HORIZONTAL AXIS.FIT.OFF GRID.OFF \Removes the grids from
VERTICAL AXIS.FIT.OFF GRID.OFF \ the graph. _
.130.180 AXIS.ORIG . : : \ Sets the graph position and
.880 .820 AXIS.SIZE \ size within the window. -
.025 .008 TICK.SIZE

S5 .8 TICK.JUST

4 -
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\ Screen Messages:

£

“:"'B'_'ANNER = + \Program banner
{TOPLINE)} SCREEN.CLEAR'
25 SPACES ." Segment Analysis Program"

.
b4

: SHOW.FILEN AME_  \Places the current filename in the top line on the screen.
{TOPLINE) SCREEN.CLEAR o | ‘
35 SPACES FILENAME "TYPE

. . -3

y . .

: PROMPT ' \ Prompt on bottom line while menu is displayed.

{BOTLINE} SCREEN.CLEAR ." Your choice please "

.D
14

: WAIT "~ \Message i the computer is performing calculation<
- {BOTLINE) SCREEN.CLEAR‘;"" - Please wait " - :

-




: MAIN. MENU "\ Menu of function kcys available in this program. 231

{SPLIT2)} HOME SCREEN.CLEAR -
" Fl)th  F2)Plot transmittance F3)Plot absorbance F4)Read ﬁlc "
CR

." F5) Save file F6)Calc absorbance P‘7)Mcasurc scgmcnts “F8)Print screen”
‘PROMPT p _ b
CURSOR.OFF - o RN

O
A

 Data Plotting functions

1

: DATA.VU.SET "\ Sets the axis range of the plot

PEAK.DATA XSECT[ 1] SUB[ T, #SETS ]
SWAP :

OVER OVER WORLD COORDS :

OMIN/MAX " DUP’ D i '

100 < IF ' \Crypnc check on if the data i is-
DROP - \ absorbance or transmittance.
[BOTLINE} SCREEN CLEAR HOME

©." What is the max. absorbance of this plot?” #INPUT

PLOT MAX := ' \Note: If this maximum is set to
PLOT. MAX : \ thedata is truncated at this level.
THEN
VERTICAL WORLD.SET

OMIN/MAX HORIZONTAL WORLD.SET g
[JMIN SWAP [IJMIN SWAP WORLD.COORDS AXIS.POINT

3

: LABEL.PLOT \Positionin‘g the x and y laﬁcls)for the plot axes.

NORMAL.COORDS .
.0250 .80 POSITION 270 LABELDIR . \Posmomng the y label - .
YLBL LABEL \' Writing the y label o
XLBL "LEN 2./ o \ 1/2 the number of XLBL sets =+ -
0175 * 5 SWAP - . \ the position of the y-label
.05 POSITION OLABELDIR = _ ' o
LABEL ‘ \ Writing the x label
CURSOR.OFF o
: TRANSMITTANCE.PLOT \ Plots the raw transmittance data
WAIT : , '
" COUNTS" YLBL ":= o
DATA VU . N .
VUPORT.CLEAR - \Setting up the
PEAK.DATA XSECT[ 2] SUB[ 1,#SETS ]
DA'CA.VU.SET - \axes of thc graph.
XY.AXIS.PLOT . A

PEAK DATA XSECT [1] SUB[ 1 #SETS] \ -



wse

PEAK.DATA xsscn 2] SUB[ 1, #SETS ] \Plotting the data 232
XY DATA PLOT A\

LABELPLOT

OUTLINE

PROMPT

ABSORBANCE PLOT \Plots the absorbances as calculated by CALC.ABSORBANCE

- WAIT

“» ABSORBANCE" YLBL ":

DATAVU .
VUPORT.CLEAR

" PEAK.DATA XSEC’I‘[B]SUB[I #SETS ]

DATA.VU.SET
#SETS1+ 1DO
- PLOT.MAX PEAK.DATA XSECT{[ 3] [I] <IF

PLOT.MAX PEAK.DATA XSECT[3][1]:= _
THEN -
LOOP '
XY.AXIS.PLOT
PEAK.DATA XSECT[{ 1]SUBJ| 1, #SETS 1
PEAK.DATA XSECT[ 3} SUB[ 1, #SETS ]

XYDATA.PLOT

LABEL.PLOT |
OUTLINE - :
PROMPT

L

: PRINT SCREEN \Dumps a copy of whatever is on screen to the printer

- {BOTLINE} SCREEN.CLEAR
{SPLI'I‘Z} SCREEN.CLEAR ¥,
' <er> if plot is on the screen and the printer is rcady "BELL CR
" (Any other key aborts) " ‘ o
KEY 13 <

IF

- MAIN. MENU

ELSE
{SPLIT2} SCREEN.CLEAR
SCREEN.PRINT
CONSOLE
CR ." Press any key to continue. "
PCKEY ?DROP DROP .
{DEF-1) SCREEN. CLEAR -
MAIN.MENU

THEN




\ Saving the data in membry,.

" : WRITE.FILE \Default drive for data storage is C (Hard Drive)

FILE. TEMPLATE
. 5 COMMENTS \ ,
INTEGER DIM] 2 ] SUBFILE \ Defines the format of
REAI?DIhﬂ?#S TS ] SUBFILE \ the data file.
« REAL D_%L #SETS ] SUBFILE \
REAL DPM[ \

END
HOME | P
~ " Opening file " FILENAMETYPE

#SETS ] SUBFILE

13 EMIT FILENAME DEFER> FILE.CREATE

" Writing file " FILENAME "TYPE
13 EMIT FILENAME DEFER> FILE.OPEN
TITLE ~ 1 >COMMENT

»  OP.NAME 2 >COMMENT
EXP# . ~ 3 >COMMENT
XLBL ..4 >COMMENT
YLBL 5 >COMMENT
#SETS HOLDIT [ 1] :=
MAX.IN.SETHOLDIT[2]:=
1 SUBFILE HOLDIT . ARRAY>FILE

\

‘\Outputs the variables to the

\ appropriate positions in
\ the data file.

o\

2 SUBFILE PEAK.DATA XSECT{ 1] SUBJ[ 1, #SETS ] ARRAY>FILE
3 SUBFILE PEAK.DATA XSECT[ 2] SUBJ[ 1, #SETS ] ARRAY>FILE
4 SUBFILE PEAK.DATA XSECT[ 3 ] SUB[ 1, #SETS ] ARRAY>FILE

FILE.CLOSE

ONERR: . . \Error trap
." Can't open file for writing. "

." Type any key to continue." BELL KEY DROP

?FILE.OPEN IF FILE.CLOSE THEN

.
’

: GET.FILENAME ..
" {SPLIT2} SCREEN,CL.EAR
." Filename please ? 5% 8NPUT
FILENAME "= °"
SCREEN.CLEAR

. OUTPUT.DATA.FILE ' \ Invokes the words above to save the data.

, #SETS 0> ¢
IF :
SCREEN.CLEAR

\Requests name for the data file.

{SPLIT2} SCREEN.CLEAR ." Output "

GET.FILENAME A .
' MAIN.MENU
THEN

233
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: READFILE . . \Retrieves a data file from disk storage (drive C is default)
(SPLIT2) SCREEN.CLEAR . N U
." Reading " FILENAME DEFER> FILE.OPEN . ' o
FILENAME "TYPE 13 EMIT o
1 COMMENT> TITLE ":= Ny
2 COMMENT> OP.NAME ":= ». N
3 COMMENT> EXP# ":= S
4 COMMENT> XLBL ":= \ Assign values from the
5 COMMENT> YLBL ":= ' \ data file to the
1 SUBFILE HOLDIT FILE>ARRAY \ various variables.
* HOLDIT [ 1 ] #SETS = ‘ \ ‘ -
.HOLDIT [ 2 ] MAX.IN.SET := ‘ \ _
2 SUBFILE PEAK.DATA XSECT[ 1] SUB[ 1, #SETS ] FILE>SARRAY
3 SUBFILE PEAK DATA XSECT[ 2 ] SUBJ 1 , #SETS ] FILE>SARRAY .
4 SUBFILE PEAK.DATA XSECT[ 3 ] SUB[ 1 . #SETS ] FILE>SARRAY
FILE.CLOSE -
SHOW FILENAME '
ONERR: \ Error trap
." Can't open file for writing. "
." Type any key to continue.” BELL KEY DROP
?FILE.OPEN IF FILE.CLOSE THEN
: INPUT.DATA.FILE \ Uses the words above to request and retrieve a file
" {DEF-1} SCREEN.CLEAR \
GET FILENAME -
MAIN.MENU
\
: CALC.ABSORBANCE - \Calculates absorbance using: A = log 2%

. \ i.c. assumes no dark current.
{DEF-1} SCREEN.CLEAR

PEAK.DATA XSECT[2]SUB[ 1, 100] = .. \
ARRAY.EDIT AN
- {SPLIT2) SCREEN.CLEAR HOME _ \The first 100 transmittance .
." First index of 100% transmittance? " o -\ points are displayed for
#INPUT FIRST#:= CR - ) ~\ manual identification of
~ ." Last index of 100% transmittance? " o '\ an organic plateau as the

- #INPUT FIRST#- 1+ LAST# := . ~\ 100% transmittance.

PEAK.DATA XSECT] 2 ] SUBJ[ FIRST#,LAST#] \
MEAN 100%T.MEAN := , ’



WAIT = 235
STACK.CLEAR | @y |
100%T.MEAN PEAK DATA XSECT[ 2] SUB[ 1 ,#5ETS ].1 +/ \Calculating

LOG 1 ) \ absorbance
PEAK.DATA XSECT{ 3] SUB[ 1,#SETS ] := \ using above
' ' \ equation.
- GRAPHICS DISPLAY . _
SHOW . FILENAME RN

MAIN.MENU

: MEAS.SEGMENTS  \ Semi-automatic method for measuring the organic %?
\ segment absorbance. Tested against manual procedure.
\ Note: About 5% of the runs will not correctly identify all -

~\ of the organic segments as a result of agdouble spike due

\ to a single meniscus. In these cases you must print out’

\ the array SEGMENT.MEANS and total the absorbances

, "\ manually. T

0 SEGMENT.MEANS := ‘

0 STD.DEV.SEGMENTS :=

{SPLIT2} SCREEN.CLEAR HOME

iwghe data ? " #INPUT

#SPIKES := ' \ Nolefinsufficient memory for > 60 -
#SPIKES SET.#.OPTIMA \ Sets up conditions {or the search for
3 SET.#.POINTS , '\ the spikes causedlby the meniscus
SCREEN.CLEAR ' \"passing through the detector.

." Delay how many points after maximum before averaging ? " #INPUT '
AVGDELAY := : \ i.e. how many points after spike
SCREEN.CLEAR \' before the plateau starts
WAIT ,
PEAK.DATA XSECT[ 3] SUBJ[ 1, #SETS ] \ Search-for the spikes in the
LOCALMAXIMA _ \ absorbance signal.
MAXIMA.INTENSITY SUBJ[‘1, #SPIKES ] := \ Stores the intensity and
MAXIMA.LOCATION SUB[ 1, #SPIKES ] := \ the location of the spikes
MAXIMA LOCATIONDUP[2] SWAP[1]- - '
.6 * #POINTS := \ Sets the number of points in plateau to be averaged.
- \Note: may have to be changed for different experimental conditions. ,
0 SEG.NUM := ? t;\ B
#SPIKES 1+1DO  \Starts calculation of absorbance of all segments (org’& aq)
. MAXIMA.INTENSITY [1].3> _ _
MAXIMA LOCATION [ 1] 4SETS #POINTS 4 +- <ANDIF - _
- SEG.NUM 1 4+ SEG.NUM := , o
PEAK.DATA XSECT][ 3 ] SUB[ MAXIMA.LOCATION [ 1]
AVG.DELAY +, #POINTS ] . <

MEAN SEGMENT.MEANS [ SEG.NUM | := |
SAMPLE.VARIANCE SQRT STD.DEV.SEGMENTS [ SEG.NUM ] :=

THEN
LOOF , - ' -

0
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1 INTTIAL :=
SEGMENT.MEANS [ 1 1.02>TF
2 INITIAL :=

THEN ‘ i

\Figuring out if the first absorbancc 236
\ is an organic or aqgus segment.

\ Based on higher background

\ absorbancc of aqueous phase.

SEGMENT.MEANS [ SEG. MM ] 02>n= \ . .
SEG.NUM 1 - SEG. -3 & %‘ ,

THEN R .

LIN.REGX @[ 1 ] ENTER| mrhAL NITIADWERER . - ‘\Takccvcrysccond

SEG.NUM 2-, SEG. é}g) N absorbane

SEGMENT.MEANS B{INTTIAL 2,2 0 -\ he fig

LIN.REG.Y SUB[ 1,2] := \ Use firs

SEGMENT.MEANS SUB[ SEG. NUM 2-,2, 2 ]

LIN.REG.Y SUB[ 3,2]:=

LIN.REG.X LIN.REG.Y 1 LEASTSQ.POLY.FIT

.gl;) I
SEGMENT.MEANS SUBJ[ 1, SEG.NUM ] SWAP -

DuUP
SEGNUMREALRAMPSWAP[I]*
SWAP[2]+

SEGMENT. MEANS SUB[1,SEG.NUM ] :=
0 SEG.TOTAL :=
{DEF-1} SCREEN.CLEAR OUT>PRINTER .
" File: " EXP# "TYPE CR CR
K Seg mean Std. Dev."
CR CR
6 4 FIX.FORMAT .
‘SEG.NUM 1 + INITIAL DO
- STD.DEV.SEGMENTS [1]
~ SEGMENT.MEANS [1]DUP
SEG.TOTAL + SEG.TOTAL :=
.5 SPACES CR.
2 +LOOP
" Total =
CR CR
CONSOLE
-1 3 SCLFORMAT
. CR." Press any key to contmuc
> KEY DROP
{DEF-1} SCREEN. CLEAR
MAIN MENU

" SEG.TOTAL.

d
\ ofganit’ﬁégmems
\ for linear regression
\ determination of
\ organic baseline.

\ Subtract the ;
\ background abs
\¥and print out the

\ absorbances and
\ associated std.dev.

CR CR CR

\ Std. dev. can be used as a check that the
\ scgmcnt absorbancc was correctly mcasumd

A\

\ Printing out the mean

\ and standard deviation

\ of the organic segments .
\ Also calculate overall total
\ organic absorbance.

: PEAK.QUIT
SCREEN.CLEAR
{SPLIT2) SCREEN. CLEAR BELL ." Quit ?"
KEY 89 =IF

\ Command which quxts application of thls program

\ Checks if answer is "y




: MAIN.KEYS ! \ Sets up function keys for MAIN.PROGRAM 23
F1 FUNCTION.KEY.DOES PEAK.QUIT
F2 FUNCTION.KEY.DOES TRANSMITTANCE.PLOT
F3 FUNCTION.KEY.DOES ABSORBANCE.PLOT
F4 FUNCTION.KEY.DOES INPUT.DATA .FILE
F5 FUNCTION.KEY.DOES OUTPUT.DATA.FILE
F6 FUNCTION.KEY.DOES CALC.ABSORBANCE
F7 FUNCTION.KEY.DOES MEAS.SEGMENTS

-F8 FUNCTION.KEY.DOES PRINT. SCREEN

F9 FUNCTION.KEY.DOES NOP
F10 FUNCTION.KEY.DOES NOP

s

5 - (S

: MAIN.PROGRAM ‘ 4
MAIN.KEYS ' \ Defines the function keys. -
, MAIN.MENU \stplays the selection menu.
" INTERPRET. KEYS

-y
: INIT , \ Stat¢s the program.
CLEAR.FUNCTION.KEYS
GRAPHICS DISPLAY
'BANNER
-1 3 SCLFORMAT
CURSOR.OFF
MAIN.PROGRAM



APPENDIX D

Nonsteady State Extraction

It must be kept in mind dunng tlus discussion that the terms "steady statc" and
"nonsteady state' uscd hcrem refer to the mass transfer processes, and so are dependent on |
the form of thc concentration gmdxcms at the interface. Thus these tcn:us do not have the
meaning rypxcally applied to them in dmcussmns of chemical k:mctlcs o

In order treat the time lag and the accclcrated extraction which occur due to the

_nonsteady state extraction, the related case of nonsteady state diffusion through a plane -
sheet will be discussed here. The sheet has a finite thickness, /. If one face, x=0, of the
sheet is kept at a constant concentration, Cy, and the other face, at x=/, is a different )
concentration, Cy, and the sheet is initially at a uniform concentration Cp. there is a finite
interval of time before the stead')?state condition (i.¢. linear concentration gradient across

the sheet) is established. The total amount of diffusin g material Q; which has passed

through the sheet in time t is given by [158]:

+a

2

| S C' cosnm - C -. N
Q = Dm(Cl - C2);+—%1§ 1 2{1 - cxp(-Dmnznzt/Iz)>
: n n:] n .

®.1)

+ 4 CO.I i L } 2{1 - cxp(’-Dm(im-%- l)zﬁztlilz)}

2
T m=02m + 1)

where g, is the diffusion coefficent of the substance and / is the lcharactcn's.tic icngth
over 1ich diffusion must occur, thc~ thickness of the sheet in this case.
1 solvent extraction process can be viewed most simply usihg the Wlutman two film
ory [141,142,144]. In a typical éxu-a;:u'on, the solute is either injected into or formed
within the bulk agueous phase (CD diffuses ~through ﬂxc Nernst film whose initial
conccntmnon is zero (Co=0). and is then extracted i mto the orgamc phasc:. wlnch fora-

quanmatwc cxtracnon process will act as an mﬁmte smk (C2=O) Undcr these conditions

7
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- equation D.1, written in terms of the dimensionless parameters Qy/Cy! and D, /2, for the

" total amount of diffusing substance and time respectively, reduces to [158]:

Q _Dpt 1 2 ) 2 2[Dyt '
_17'_2"'6'_22 g KPS ©-2)
T ye1 N _ l .
which as t - oo, approaches the line [158] :
3
2 _Dnt'1
C11— 2 6 -(D.3)

whic;h is the expression for the stczidy state approximation for the nonstcédy state behavior.
In thdéxpeﬁmemal arrangement considered in Chapter 5, the concentration®of iodine is
initially the same in the bulk aqueous phase and in the Nernst film(Cq = C;), since the
reactants have hadr sufﬁcicnf time to diffuse intov this film before the iodinc formatjoh
reaction occurs.. As in ihccxtnfac»n'on case discussed above C, is effectively zero sinéc the
, ofganic phase acts as é ,‘,fsink" for the extracted material (Scctibn 4.2.2). For this case the

expression is:

) PR A . oo n . ’
- Q _ Dy 2 (-1 2 2(Dpt
“C—l_l\—‘—b"2#3 '——Z—c2 Xp|-n X —-———2
) I T n=1 N : I
‘v&, v oo L '
4 1 e 2 2(Dpt
SR Jbnrcrid Raat 1 ) IS
% ) X m=0 (M.*. 1) I .
which as t - oo, yields the steady state approximation:
‘ Ql I)mt 1 ; o
- » _— = —+z . 5
& Ci1= 2 *3 | _®3)
4 » T
o A graph of Q/C,! as a function of D t/12 is shown in Figure D-1 for the case of

C0=C2=O (equations D.2 and D.3) and for the case of Cy=Cy and C, = 0 (equations D4
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Fgggg; D-1 Approach o steady state dlﬁ‘usmn through a planc shcct for the case when: (a)

thg initial conccntrauon with the shcct is zero (Co 0) and (b) the initial
concentration of the sheet is cqual to that in one of the phascs (Co CI)
| . These cases are plottcd in terms of thc dJmcsmnlcss parameters Q,/C;/ and
D,,V12, for the amount of material WthhphaS passed through the shcct and the
time, respectively. The sohd lmcs rcﬂect thc true diffusion bchavxor and the -
dotted lines are the stcady{-rs_:atg‘ approximation to this behavior. - |



and D.5). To within the accumcy of plotting the Stcady state in both cases is achieved by
N \ .
D V2~ 0.4. At greater times than this the use of the steady state approximation accurately

predicts the diffusion behavior.

24]

In extraction studies involving a lag time[140,157], the steady state approximation has

been sucocésfully applied to the extraction data after the injtial period. Thus in this work it
would be appropriate to use the stcady state approximation to the data collected after the

" initial period of rapid extraction due to the nonsteady state conditions.

-



