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VARIABLES AFFECTING PRECISION AND ACCURACY IN HIGH-PER-
FORMANCE LIQUID CHROMATOGRAPHY

STEPHI;EN R. BAKALYAR and RICHARD A. HENRY
Spectra-Physics Inc., 2905 Stender Way, Santa Clara, Calif. 95051 (U.S.A.)

SUMMARY

Quantitative analysis by peak height or peak area measurement using a UV
photometric detector can be performed with a high degree of precision, by both iso-
cratic and gradient methods, if variables such as mobile phase composition and flow-
rate are carefully controlled.

If fiow control is poor but composition can be maintained precisely, peak
height measurement yields better quantitative results because height is relatively
independent of flow-rate. This may be 2 common condition with older iiquid chro-
matography pumping systems. If flow control is good but solvent composition cannot
be maintained precisely, peak area measurement is better because arez is relatively
independent of composition. This may be a common condition in adsorption chro-
matography where trace water and polar contaminants in the mobile phase are diffi-
cult to control, and in any type of affinity chromatography where mobile phases com-
prise volatife solvents.

Retention time is strongly affected by both composition and fow-rate, but re-
tention time precision can be inherently better in gradient elution than in isocratic
analysis.

INTRODUCTION

Analytical precision and accuracy in high-performance liguid chromatography
(HPLC) depend on the reproducibility of peak retention time, peak height, and peak
area. This peak behavior is a function of many chromatographic variables, including
sample size, mobile phase composition, mobile phase flow-rate, and column temper-
ature. .

In this study, mobile phase composition and flow-rate were systematically
varied in both isocratic and gradient analysis, while sample size and column temper-
ature were held constant. The resulting peak behavior was observed and compared
with theory. General guidelines were developed for guantitation techniques, depend-
ing on the equipment avaifable.

Theory suggests that the composition and flow dependence of peak bshavior
will be different for peaks with different capacity factors (£') and for packings with
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different chemical functionality. Therefore, the experimenis attempted to define re-
Iationships for peaks of widely varying &’ values on the most commonly used new
packing, hydrocarbon reversed phase.

EXPERIMENTAL

Columns, solvents, and samples

250 x 3.1 mm I.D. Type 316 stainless-steel columns (Li-Chroma I.D.™
. tubing; Handy and Harman, Norristown, Pa., U.S.A.) were packed by a partial
balanced density slurry technique®. The packing used was 10-um Spherisorb*™ ODS,
a totally porous spherical material with covalently bonded octadecyl functionality
{Spectra-Physics, Santa Ciara, Calif., U.S.A.).

Mobile phases were prepared from distilled-in-glass solvents (Burdick and
Jackson Labs., Muskegon, Mich., U.S.A.). No drying or adjustment of water content
was undertaken. Water was glass distilled. Trace organics in the water were not re-
moved. All solvents were degassed prior to use.

Multicomponent samples were prepared by adding enough of each pure com-
ponent to a 1:1 mixture of water and methanol to produce approximately equal
peak areas. The approximate concentration was 0.1 mg/ml for each component.

Control of flow, composition, temperature, and sample volume

A Spectra-Physics Model 35060B gradient liquid chromatograph was used. It
employs a continuous-flow, reciprocating-piston pump for Solvent A zand an identical
but independent one for Solvent B. Each pump has its own electronic flow feedback
system for precise flow control. The two pump outlets are mixed at high pressurc in a
dynamically stirred chamber. The mobile phase composition and the flow-rate through
the column are determined, respectively, by the ratio and the sum of the A and B
pump flow-rates. This two-pump architecture has become the most common type in
HPLC.

The flow feedback restrictors were placed in a 3-1 insulaied container of water
to eliminate minor fiow changes caused by any large ambient temperature fluctuations
in the laboratory. Under these conditions, the flow-rate can be maintained to 4- 0.2
or better. The temperature dependence of flow-rate produced by the pump due to the
feedback system is typically 1% change ia flow per °C change due to a combination
of viscosity, pressure, and compressibility effects in the flow restrictor and the chro-
matographic column. The flow-rate was volumetrically measured at each setting to
confirm accuracy.

The Model 3500B forced-air oven controlled column temperature at 40.0 4
0.1°. No attempt was made to compensate for changes in the internal temperature of
the column due to mobile phase composition and flow-rate changes?.

The sample injector employed was of t‘le 101 external loop type. The loop
was filled slowly, taking care not to form micrcbubbles inside the loop. Volumetric
precision was determined independently to be about 0.059 relative standard devi-
ation.

The detector was a Spectra-Physics Model SP 8208 multiple-wavelength UV
photometer operated at 254 nm.
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Measurement of peak retention time, height, and area

Peak behavior was measured by computing integrators —the Minigrator® and
the SP 4000™F Chromatography Data System (Spectra-Physics)— which are capable
of retention time, peak height, and peak area determination with a precision of better
than 0.1 93. The SP 4000 built-in program for calculating relative standard deviations
of peak areas from several runs was alsc used.

Selection of chromatographic conditions

Fig. 1 shows the chromatogram and operatmc conditions of the isocratic
analysis on the Spherisorb ODS column. The conditions were chosen to be representa-
tive of current practice. For example, although the 7.090 p.si. (478 bar) capability
of the chromatograph would permit a faster fiow-rate and faster analysis, most workers
continue to operate in the 1-2 mi/min range. Sample components and solvent com-
position were chosen to provide a range of &£’ from 0-8 in order to provide data on
the peak behavior for this variable.

2

UL -

0 2 %
MINUTES

Fig. 1. Isocratic analysis. Column, 250 x 3.1 mm I.D.; packing, 10-um Spherisorb ODS; solvent,
water—-methanol (1:1); flow-rate, 2.00 ml/min; pressure, 1840 p.s.i.; temperature, 40°; detector,
Model SP 8200 multiple-wavelength UV.photometer operated at 254 nm; sample size, 10l 1 =
Tartrazine; 2 = methyl p-hydroxybenzoate; 3 = ethyl p-hydroxybenzoate; 4 = propyl p-hydroxy-
benzoate; 5 = butyl p-hydroxybenzoate.

. Fig. 2 shows the chromatogram of the gradient analysis on Spherisorb ODS.
Again, conditions are representative of current practice. The speed of the anaiysis
can be improved by starting the run at 389B. However, the intention here was to
provide large k' valucs. An extra component, benzyl alcohol, was added to the test
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Fig. 2. Gradient analysis. Column conditions, same as for Fig. 1, except: Solvent A, water; Solvent
B, methanol; gradient profile, 0 — 99 9B in 10 min. 1 = Tarirazine; 2 = benzy! alcohol; 3 = meth-
¥l p-hydroxybenzoate; 4 = ethyl p-hydroxybenzoate; 5 = propy! p-hydroxybenzoate; 6 = butyl
p-hydroxybenzoate.

sample for this analysis. The small peak at 5.3 min and the small peaks which inter-
fere with the last major peak are impurities in the water which are concentrated at the
top of the column and subsequently eluted by the gradient. These impurities can be
removed, but were intentionally allowed in order to study their effect on the precision
of observed peak behavior.

RESULTS

Isocratic analysis: Effects of flow-rate variations

Table I shows the effect of flow-rate variations on retention time, peak area,
and peak height, respectively. The 2.00 ml/min is the reference flow-rate, the other
three representing successively 4, 8, and 129/ reductions from the reference.

Fig. 3 presents the following data for one compound, propyl p-hydroxyben-
zoate: per cent change in retention time, peak area, and peak height versus per cent
change in fow-rate. The other compounds with different &’ values exhibited similar
behavior.

Results show that retention time and peak area are inversely proportional to
flow-rate, while peak height is relatively independent of flow-rate.

Isocratic analysis: Effects of composition variations
Table I shows the effect of composition variations on retention time, peak
area, and peak height, respectively. The 50.0%B is reference composition, the other
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Fig. 3. Retention time, peak area, and peak height versus fow-rate in isocratic analysis.

four representing successively 2, 4, 6, and 8 rel. ¢ reductions from the reference.
Since the absolute value of composition itself is expressed in per cent, the following
nomenclature clarifica:.on is made: 2% relative reduction from 507/B means 27;
of 50% = 1% absolute reduction, or a drop from 50 to 49 9/B.

Fig. 4 presents peak area data for propyl p-hydroxybenzoate as a graph of
per cent change in composition; other compounds with different £ values behaved
the same. Fig. 4 also presenis the retention time and peak height data for the other
four compounds.

Results show that retention time is inversely proportionai to composition.
However, the dependence increases with increasing k'. Peak height is directly propor-
tional to composition. However, the dependence increases with increasing &', Peak
area is independent of composition for all &’ values.

Gradient analysis: Effects of flow-rate variations

Table ITT shows the effect of flow-rate variations on retention time, peak area,
and peak height, respectively. The 2.00 ml/min is the reference flow-rate, the other
four representing successively 2, 4, 6, and 8 % reductions from the reference.
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Fig. 4. Retention time, peak area, and peak height versus composition in isocratic analysis.

Fig. 5 presents peak arsa and peak height data for propyl p-hydroxybenzoate
as a graph of per cent change in retention time, peak area, and peak height versus
per cent change in flow-rate; it also presents retention time data for several other com-
ponents. The peak height data are only for the adjusted 1.84 ml/min conditions as
noted in Table IT1.

Results show that retention time is inversely proportional to flow-rate. How-
ever, the dependence decreases with increasing k’. Peak area is inversely proportional
to flow-rate and peak height is relatively independent of flow-rate, for all &’ values.

Gradient analysis: Effects of composition variations

Table IV shows the effect of composition variations on retention time, peak
area, and peak height, respectively. The /B composition of 49.5, 5 min after the start
of the gradient run from 0-99% B ia 10 min, is the reference coiaposition, the other
three representing successively 3, 6, and 9 rel. 9 reductions from the reference. All
compositions are expressed as %B 5 min after the start of the run.
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Fig. 6 presents data for propyl p-hydroxybenzoate as a graph of the per cent
change in retention time, peak area, and peak height versus the relative per cent change
in composition. The other compounds with different &’ values exhibit simifar behavior.

Results show that retention time is inversely proportional to composition,
peak height is directly proportional to composition, and peak area is independent of
composition.
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Fig. 5. Retention time, peak area, and peak height versus fiow-rate in gradient analysis.

Precision of gradient analyses
The inherent precision of the flow-rate and the composition of the experimental

system was measured by a series of gradient runs, as shown in Table V. Data show that
the precision of the expemments was sufiicient to validate the data obtained in the

previous tables.
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Fig. 6. Retention time, peak area, and peak height versus composition in gradient analysis.

DISCUSSION
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Isocratic analysis

It is possible to explain the results observed in terms and equations that are
familiar to the chromatographer. In the case of fiow-rate dependence, peak behavior
can be defined generally as follows

Peak bebhavior = f(F)

~3

-6

-9

COMPOSITIOR CHANGE {%RELATIVE)

where Fis the mobile phase flow-rate in mi/min. In the case of composition dependence,

peak behavior can be defined as follows

Peak behavior = £(S)

where S is a.mobile phase composition parameter intended to be directly related to
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the %B of a binary solvent mixture. Since here the B solvent is always ccnsrdered
the stronger of the two, S may be thought of as a solvent sirength parameter.

Of the different types of peak behavior studied, retention time is the easiest to
understand, and is explained below.

Retentzon time versus ﬁow—rate. Retention time can be exprﬂssed by the fun-
damental chromatography equation*

te = -fl—(l + &) (1)

where L is column length in cm, # is mobile phase linear velocity in cm/sec, and &’
is the capacity factor. # depends on the flow-rate F in ml or cm?/sec and on the average
cross-sectional area of voids between packing particles 4., in cm?

u =—£~ 2)

A,. and L are constants for a given column and %' is constant for a given sample
component and mobile phase composition. Substituting eqn. 2 into eqn. 1 and group-
ing constants into a new constant K
X

3)

t R = T"

For small changes, a per cent change in flow-rate causes a per cent change in retention
time of the same numerical value but of opposite sign. This is consistent with the data
in Fig. 3.

Retention time versus composition. Referring to eqn. 1, retention time is seen to
depend on &', which is a function of mobile phase composition. The relationship of
k' to composition is complex and not well understood; therefore, a noarigorous
statement will suffice as follows

=X )

Substituting eqn. 4 into eqn. 1, considering L and « constant for a given column and
flow-rate, and grouping constants
K, K
=K, + ——r~ — 5

e )
A per cent change in composition ( 9,B) causes a change in refention time of opposite
sign. The magnitude of the change can be small or large, depending on the nature of
the mobile and stationary phases, and depending on the &’ of the peak. The exneri-
mental results of Fig. 4 agree with the description. The reason for the X’ dependence

is related to the dependence of resolution on &'°. )
Peak area versus flow-rate. In order to understand the effect of variables on

peak area, it is useful to refer to the concentration profile of a component zone, in-
dependent of detector considerations, 2s illustrated in Fig. 7. In this concentration—
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€ = Solute concentration _
{grams/oilliliter} A &= &re2 (g)

l<;— W = Pask width (1) ——>i

¥ = Volume {mlliliters)

Fig. 7. Volumetric peak behavior.

volumetric type of description, the area of the peak can be expressed as the integral
of concentration C with respect to volume, from the volume ¥, at peak onset to the
volume ¥, at peak end

V2
dy= § C4av {6)
Vi

The concentration profile may change shape due to any number of causes, but the total
weight of sample component remains constant, and thus the peak area remains con-
stant. For example, the peak may become taller and narrower due to a decreased &’
caused by a stronger mobile phase. Or it may become shorter and wider due to a de-
crease in efficiency caused by increased flow-rate. But the area, expressed in terms of
(g/ml) (ml) = g, remains unchanged for a given column and is independent of boih
flow-rate and composition

Ay =K (7N

Because we musi depend upon a detector to monitor the compounds as they emerge
from tiie column, Fig. 8 defines a peak in terms of detector signal and time as opposed
to the ierms of concentration and volume in Fig. 7. The detected zrea of the peak is

|e———1y = Reteation tire (sec)-—»l
sec)
R = Detector
response
{milTivolts} P = Pzak haight {zV)}
|e— N = Pa2ak uidth_>I -
! {sec}
2]
o t = Tize {seconds)————

Fig. 8. Detected peak behavior.
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expressed as the integral of detector signal R with respect to time, from the time 7,
at peak onset to the time £, at peak end

A= [®Ras @®
1

The photometric deatector insiantaneous signal R in mV is directly proportionai to
the instantaneous solute concentration C. Since there is a one-fo-one correspondenca
between R and C, detected peak area will behave the same as actual peak area insofar
as detector response is concerned; however, eqn. 3 shows that retention time iIs in-
versely proportional to flow-rate. This applies to all retention times, including peak
onset and end. Thus, the time 7, — #, over which area integration takes place expands
or contracts inversely with flow-rate changes. As a consequguce, egn. 7, expressing
the volumetric area dependence on flow-rate, must be modified fo convert it to an
expression for detected area dependence on flow-rate. The modification simply takes
into account the inverse dependence of reteation time on flow-rate

K

A= ©
For small changes, a per cent change in flow-rate causes a per cent change in peak
area of the same numerical value but of opposite sign. The experimental resuits of
Fig. 3 agree. It is obvious that this conclusion would be different for a detector whose
signal is proportional to mass rate instead of concentration.

Peak area versus conposition. When mobile phase composition is changed to
a weaker eluting strength, peaks elute slower and occupy more volume. At constant
flow-rate, a direct translation can be made from C to R and from d¥ to d7 in egns. 6
and 8. As a comsequence, eqn. 7, which expresses the dependence of volumetric area
on composition, also applies to detected arsa

A=K - {10)

Peak area is independent of mobile phase composition. This was experimentally
observed in Fig. 4.

Peak height versus flow-rate. Fig. 7 shows that the peak height is the maximum
concentration of the peak, and Fig. 8 shows it as the maximum instantaneous de-
tector response

P, = Cmax (1 1)
P = Rmax (12)

R.... is independent of how fast the peak goes through the detector, cxcept for time
constant considerations discussed later. However, C.,.; has a smali flow dependency
related to column efficiency factors. By approximating the peak as a triangle of heigh«
P, width W, and area 4

24 7
P — 2 (13)
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Per eqn. 7 the volumetric area is constant, so we can express eqn. 13 as

K
P, = w3 ) (i4)
Pagk width W is related to efficiency by the definition of plate height H, the degree
of zone spreading per unit length of column®

G2

H = 7o

¢ = (LH)*® (15)
Since one ¢ is approximately /4, we can substitute into eqn. 15 and group constants
W = KHOS 16)

Most columns have a plate height dependence on fiow-rate which is approximated
by the empirical expression

H = Du" an

where D and #n are constants for a given column and mobile phase’. Normally 0.3 <
n < 0.6. Substituting eqn. 17 info eqn. 16, grouping constants, and using the 0.6
value for » since it represents the worst case of flow dependence

W = Ku®3 (18)

Substituting egn. 18 into egn. 14, using the relationship between linear velocity and
How-rate expressed in eqn. 2, and srouping constants

K

Py = — 19

v E‘O.; ( )

This expresses the relationship between flow-rate and peak height when the latter is in

concentration terms as in egn. 11. Since there is a2 one-tc-one correspondence be-
tween R and C, the relationship also applies in detector response terms

P=2 (20)
A per cent change in flow-rate causes a much smaller change in observed peak height
of oppeosite sign., For example, a 109 reduction in flow-rate causes a 39/ increase in
peak height. This is consistent with the experimental results in Fig. 3, which shows a
19, peak height increase for a 109 fiow reduction.

Peak height versus coinposition. It is well known that peak height, peak width,
and retention time change dramatically with composition. Eqn. 14 states that the
height in concentration is inverszly proportional to the width in volume. This relation-
ship is also true for detector signal and time, at constant flow-rate

& .
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The well known zone-spreading equation implies a direct relationship between width
and retention time®, since N is constant for all retention times.

2

= Iz
N =16 () e2)
W = Ktg @3
Substituting eqn. 23 into eqn. 21

p-X 9

Eqn. 5 expressed fg in terms of S

K
g = 5 &)
Substituting eqn. 5 into eqn. 24
P=KS {25)

A per cent change in compositicn causes a corresponding change in peak height. This
was experimentally observed in Fig. 4. As with retention time as a function of com-
position, a family of curves is produced.

Gradient analysis

The previously derived isocratic relationships can be easily modified to de-
cribe peak behavior in gradient analysis.

Retention time versus flow-rate. As in isccratic analysis, 2 reduction in flow-
rate during gradient eluticn causes an increase in reiention time. The isocratic ex-
pression

te =3 ®

must be modified, however, for gradient analysis because there are some important
differences. in gradient analysis, composition is not constant and the instantaneous
k’ for each peak decreases during the run. As an oversimplified but instructive model,
consider that a peak eluting with 2z = 10 min is not migrating at ail during the first
9 min of the run. During this time, flow changes have no effect on 7. Only during the
last minute, when the peak is migrating, do flow changes affect 7. A 109, fiow-rate
change causes only a 1% retention time change. This behavior is roughly approxi-
mated by the empirical expression

K

"= FA TR @20

At &' = 0 the numericzi value of the retention time change equals that of the flow-
rate change, and cqn. 26 reduces to eqn. 3. Ai large &' values there is less flow de-
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pendence of retention time. This relationship was experimentally observed in Fig. 5
and has often been seen in published data® without explasation.

Retention time versus composition. The purposs of gradient efution is to reduce
retention time by increasing solvent strength during the run. Egn. 5, which expressed
the inverse dependence of retention time on composition for isocratic anaiysis, also
applies to gradient operation

o= , ®
A percent change in composition causes a change in retention time of opposite sign.
The magnitude of the change can be smaall or large, but for a given corumn and set of
conditions it is relatively constant for any compound. This was observed in Fig. 6.
This k' independence is in contrast to the relationships in Fig. 4. Gradient operation
has a leveling effect, which makes all compounds behave as though they had the same
k' value.

Peak area versus flow-rate. Eqn. 9 expressed the inverse dependence of peak
area on flow-rate in isocratic analysis. Eqn. 10 showed that area is independent of
composition. The fact that composition changes throughout the rua does not change
the above relationships, so eqn. 9 is valid

K

A= ©)
For smail changes, a per cent change in flow-rate causes a per cent change in peak
area of the same numerical value but of opposite sign. This was experimentally ob-
served in Fig. 5.

Peak area versus composition. Eqn. 10 expressed the peak area independence
of mobile phase composition in isocratic operation. All of the arguments used to de-
duce this relationship also apply to the gradient mode.

A=K (10)

Peak area is independent of mobile phase composition. This was experimentally ob-
served in Fig. 6.

Peak height versus flow-rare. Eqn. 20 describes for isocratic analysis the small
dependence of peak height on flow-rate which is due to efficiency phenomena. The
fact that the composition is changing during the run should not influence efficiency
significantly, so this same expression applies

P = ?1{{_3 (20)
A per cent change in flow-rite causes a much smaller change in peak height of op-
posite sign. This was experimentaiiy observed in Fig. 5. We should note, however,
that peak height data for Fig. 5 were taken only from the adjusted values in Table III.
The adjusted ¥%B versus time gradient program was changed in proportion to fiow-
rate in order to hold the %B versus volume gradient program equal to the xeference
program. Without this adjusimznt, reducing the flow-rate causes an increase in the
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slope of thc composition versus volume program, cceasequently, causing peaks to
eiute earlier, narrower, and taller. Since, in practice, chromatographs do not make
such adjustments when fow-rate changes, there is usually a higher peak height de-
pendence on flow-rate than is indicated in Fig. 5 and by eqn.20.

Peal heighr versus composition. The reasoning employed in developing the
isocratic relationship also applies to gradient conditions -

P=KS et

A per cent change in composition causes a corresponding change in peak height. This
is consistent with the experimental results of Fig. 6. Again, as with gradient retention
time behavior, there is a leveling effect. All sample components exhibit the same de-
pendence.

CONCLUSIONS

We have demonstrated that high-precision quantitative analysis is achievable
with HPLC using a photometric detector for both isocratic and gradient operation.
During gradient analysis, the flow precision of the system is indicated by the early
eluting peaks, while the composition precision is indicated by the late eluting peaks.

With photometric detectors, as with all detectors responding to concentration,
it is important to contro! flow-rate when area is used for quantitation, and to control
composition when height is used for quantitation. Stated differently, peak height should
be used for quantitation if Sow-rate cannot be carefully controlled, and peak area
should be used if composition cannot be carefully controlled.

For detectors responding to mass rate, such as the flame ionization detector,
other relationships apply. However, the peak behavior dependence described herein
should apply to gas chromatography as well as liquid chromatography, when the
differences between detectors are taken into account.

Preliminary experimental work, not reported here, has indicated that the re-
tention time, peak area, and peak height dependence on flow-rate can be significantly
affected by the detector time constant. The semiquantitative expressions for flow de-
pendence presented here apply only when the rate of change of peak profile is small
compared to the detector time constant.
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