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GRADIENT EI.LTIOh' ANALYSIS 
AhD 

PREDICI'ION IN HPLC 

S. I .  Dnlkc and ILD. Pitcl 
Xcror I<csc;IrLh Ccntrc of Canada 

2480 Diinwtn Dnve 
Missiswitga. Ontano U L  1J9 

Canada 

ABSTRACT 

Gradient Elution (programming of thc carricr sol\ cnt composition u i th  timc) is incremngly 
uscd in HP1.C to !mpro\c rcsolution. Mixin$ cffef:c :n thc chromatographic systcin houcvcr. cause 
thc actual gradicnt to bc different ai thc columns than t h n t  progranimed. 

emplqcd  to charactcnzc and predict actual gradicnts in a Spccua Pnysics SP8000 HPLC. 
Th#s papcr Sho*j how rhc conccpts of rcsidcr,.: tiin2 disrriburinn and zupcrpocitton wcrc 

IXTRODUCI'ION 

In ordcr to utili7e grhdicnt cluuon in HPLC the Sradicnrc should be both reprciduciblc and 

prcdicrable. The degrec to uhich thcsc qua!irics are rcqutrcd depends upon the final analysis 

requtrcmcnts and IS a hnction of rhe components malyzcd as well as thc chromatographic systcm 

cmployed. 

l h c  gradicnt systcm for thc Spccua PhSsics SPSOOO HPLC is shown in Figurc !. 71ic gradicnt 

is formulated at rhc mixing talvc but is altcrcd b! mixing cffccts in orhcr parts of thc sptcrn. such 

2s pump. mucr. ex., on i t s  way to rhc column(s). 

741 

Copynght 0 1980 by Marcel Dekker. Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



74 2 BALKE ANTI PATEL 

a m 0  
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2 1 

FIGURE 1: GRADIENT SYSTEM FOR THE SP8000 HPLC 

The two pracucal aspects of utilizing gradient clurion dealt w i t h  in this report are: 

(1) "Univerd" Charactenr.ition of Gradienrs: 

(a )  discerning whcrc thc acrual mixing charactcns1i:s of rhc system h a w  changed: 

(b) identifying dclay rimes and "timc constants". 

(2) Prediction of the actual gradient reaching the columns as opposed to that programmed at 

h e  solvent racnoirs'  exits. 

These aspccu are not well examined thc currcnt HPLC litcrature. l l i c  usual approach is LO 

assume that a particular rypa of mixing is present (Refs. 1 and 2). 
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GRADIENT ELUTION ANALYSIS 

THEORY 

7 4 3  

To characterize gradients. rcsidcnce time distnbution tcchniqucs can be applied. 

If mixing is unchanged. the response LO a step input of concenvation of a tnccr (which does 

not affect fluid mixing propcnies) can be superimposed for differcnt flow ram and fluids (Ref. 3). 

For a unit step. the response is plotted Venus tv/V where t = time from application of the 

step: v = volumctric flow rare and V is volume of the system. For a fucd system of unknown 

volume a plot versus "tv" will suffice. Then the abscissa is interpreted as a "retention volume'' 

rather than as a dimrnsion~ess time. 

Mixing m y  be unchanged despite variation in fluid propcrtics bccause of the compensation for 

such variations which is incorporated into the control softu,are of the chromatograph's pump. If 

variations are obsen-ed. mixing model development could be undertaken to account for diem (Ref. 

3). 

In attempting to prcdict the output (actual) gradicnt given the input (programmed) gradient. the 

principle of superposition can be employed. By this principle. the response [R(t)] to programmed 

input e(t) up to time t can be considered as the sum of the responses to a series of unit step inputs 

up to that time. 

That is (Ref. 4): 

t 

R(t) = e(0)Wu(t) + lim ArWu (t-r) 
AT AT-0 r = O  

where: 

WJt) = response to a unit strp 

c(0) = iniual value of dt) 

In the casc of HPLC, the programmed gradicnt can be considcrcd to have a zero concentration 

value at time zero. That is. concentration values are considcrcd zero at the baseline and only 

deviations from the baseline are considcrcd. Thcn Eqn. (1) becomes: 

t 

R(t) = 2 he(t)Wu(t-r) 
r = o  
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744 BALKE AND PATEL 

R 

1 
13 t 

C. 

Now. to use this equation, thc inmurncnt's mixing is first characrcrized by determining 

cxpcnmcntall) ahat  the actual rcsponsc is to a step change in conccntration ( I n  practice, the 

rcsponsc is coniencd to that from a "ucii" step h)  normalime, c x h  conccntmion point detected 

by dividing each b} the hcight of the concentrauon step uscd as input.. Knowlcdgc of this "unit 

S K C ~  rcspcnsc" proiides rhc W u ( t - ~ )  in Eqn (2). The A c ~ T )  is thc height of each small 

conzcnirnum step into u hich rhe desired (prOgmnmCd) gradicnt is dccomposcd. Figure 2 

illustrates h e  cakulauon. 

EXPER I hl ENTA L 

Four stc? responses and rhree tcst gradicnts were run (Tablc 1). Only binan gradients were 

cxmincrl. Acetone was used as a UV absorbing dopant in one of the mobile phases. Use of a 
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GRADIENT ELUTION ANALYSIS 

TA 111-E 1 : G lbI1)1 EN’T EXPERIMENTS 

Gradiciit Mobile Phase 
# A B 

Waier Water 

3 I 
4 Methanol Watcr 

5 Methanol Water 

6 Mcthanol Water 

7 Methanol Water 

Dopant 
Conccntration 
(in Phasc B) 

1% 

1% 

0.5% 

0.5% 

0.5% 

I y p c  of 
Gradient 

Step Input of Phase 
A (0 to 100% A) 

Step Input of Phase 
A (0 to 5 % )  

Various Gradicnts of 
Phasc I3 (Fig. 4) 

Various Gradicnts of 
Phasc I3 (Fig. 5 )  

Various Gradicnts of 
Phasc B (Fig. 6) 
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Mabilc Phase 
Flow l h t c  (cclrnin) 

1 .o 
2.0 

3.0 

3.0 

2.0 

2.0 

2.0 

variable wavclength dctcctor sct a t  a \aluc bclow thc UV cutoff of one of thc mobilc phascs without 

using a dopant was bricfly explorcd. Usc of the dopant and the fixcd wavclength (254nm) SP8310 

detector was inconvcnicnt but was found to provide a more stable bascline. 

A 1.5 cc column fillcd with glass bcads was uscd in thc system to raisc prcssiirc drop across thc 

pump to 2: 2 3  psi at 1 cclmin. solvcnt flow. 

Thus thc rcsulrs arc likcly typical of what an anal!ucal column w u l d  sce part way down its 

lcngth or  aftcr a guard column. 

Tcinpcrmrc of  :hc ovcn was sc[ a[ 40°C f 0.loC. Outputs from thc printcr plortcr w r c  

digitized manually. 

RESUI.TS AND DISCUSSION 

Figure 3 shows h a t  all four step responscs supcrimposcd when pldtted versus retention volume. 

No significant variation with flow rate or fluid properties was evident. The response is not that of a 

fist order system. That is, mixing is not the same as that of an idcal stirred tank. This was 
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FIGURE 3: S U P E R P O S I T I O N  OF S T E P  RESPONSES 

undcntandablc since mixing occurrcd in man:; and w i c d  pans of the gradicnt systcrn (Figure I) .  

For d first ordcr system. the time required for Lhc rcsponse to progrcss from 0 to 50% would equal 

rhc time from 50 to 75% In this system. even aftcr subtracting out a purc rctcntion bo!umc dclay 

of 3.5 c;. thcsc valuzs are 2.9 i t  and 1.4 i c .  rcspccthcly. The lagging rcsponse uid tlic sprcad 

rcsidcncc timc distribution of rhe systcm docs place constraints upon what gradicflts arc attainable. 

If the programmed gradicni dcrnands thar the systcrn changc conccnuation faster than its rcsponsc 

will a l lw.  a distortion will rcsult. Also. rhc umc rcquircd to actually achicvc programmed 

concentrauons uill have to bc considcrcd when sripulating prcnin dclay timcs. run timcs and 

rccquilibration times. 

Figurcs 4. 5 and 6 show programmed gradicnts along w i t h  rhe predixcd and actual gradicnt 

obtaincd. Thc prcdicted values were obtained through a compurcr program implcmcntinq Eqn. (2). 

A s  cxpcctcd from Figure 3. wi th  pure umc dcla) and mixing effccts d time delay of > 1.7 

millutes (1.7 to 4 minutes) between programmed and actual gradicnt is evident at 2 cc/rnin. In 

addiuon. howe\w. m e  durauon at platcau concenuations arc somctimes considcrably shorter than 
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GRADIENT ELUTION ANALYSIS 747 

RETENTlON TIME (1) 

FIGURE 4 :  GRADIENT 1 5  - PROGRAMMED EXPERIMENTAL AND PREDICTED 

that programmed. In Figure 4 for example, the response barcly had time U, reach 3% 

concentration. rhcn it was d l e d  upon to proceed to 4 and then 59 concentration. Finally. at the 

5% Icvcl. it spent only about 1 minute rather than the programmed 5 minura Figure 5 shows a 

similar result However, in this latter case the gradicnt surprisingly appears to level off briefly at 

FIGURE 5 :  GRADIENT 1 6  - PROGRAMMED EXPERIMENTAL AND PREDICTED 
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BALKE AND PATEL 

239 rathcr than 25% conccnuation. Figures 4, 5 and 6 show that gradients arc generally very well 

prcdicrcd by Eqn. (2). Thc stcp rcsponse at 2 cc/min and the prognmmcd gradient wcrc rhc only 

&la required for prcdiction of any gradient. This step rcsponse could havc bccn calculatcd from 

any of thc other flow rates' stcp responses in this systcm (Fig. 3). Dirrcpancics bciwccn prcdictcd 

and measured gradicnn arc likely due most to detector measurement error. Figure 6 particularly 

shous what is likely baselinc noise on thc plateau levcl of 1% conccnrrauon. I t  is worth iioting that 

such "noise" could also bc due to the cycling action of the programmcd mixing valve as it switches 

from one solvcnt reservoir to the other. Other similar valves how been reported to exhibit such 

charactenstics (Ref. 5 ) .  T h e  programrncd gradient shown in this Figure is suficicntly slow to allow 

the plateau value to he obtained for -12 of the required IS minutes. 

CONCI.USIONS 

7'hc concepts of residence time distribution and thc superposition integral for a rcsponse to a 

j[cp input were used to characterize and prcdict actual grodicnt elution profiles in High 

Pcrfonnancc Liquid Chromatography. Experimental verification of the thcory was obtained using a 

Spccua Physics SO00 HP1.C. No assumptions regarding thc ideality of the mixing othcr than the 

ialidity of the superposition principle arc inbohcd. An cxpcnmcntally obraincd response to a stcp 

input of uaccr conccntrauon for the system inwlvcd, provides the basis for the analysis. 
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