
SUMLMARY 

A device is described that makes use of an eight-port motor valve to generate 
step gradients tin the low-pressure side of a piston pump with a Low dead volume. 
Such a gradient device with an automatic control unit, which also permits repetition 
of previous steps, can be .buiEt for about half the cost of a gradie& system with two 
pumps. 

Applications of this gradient unit to the separation of compIex mixtures of 
giycosides and atkaloids are discuss&and compared with separations with commer- 
cial. _mdient systems using two high-pressure pumps. The gridients that are used on 
reversed-phase mat&at with solvent mixtures of water and completely miscible or- 
ganic solvents are suitable for quantitative routine control of pharmaceutical prod- 
ucts. me reproducibiiity of reTe:ntion data is excelient over several months and, with 
the use of loop iirjectors, major components can be determined quantitatively with a 
reproducibility of better tharn 2 % (relafive standard deviation). 

The step gradient selector valve can also be used as an introduction system for 
very itige sample vofumes. Up to 11 can be injected and samples with concentrations 
of less than I- ppb can be determined with good reproducibilities. 

KNTROEXJCFION 

Gradient dution techniques in liquid chromatography are of prime importance 
&r the se&ration-of complex &tires with widely varying polarities. A review on 
gtadient rzlrrriora systems _fog high-performance @id -chromato_mphy (HW_.C) was 
ptibfished by Yyeeting’. Most commercial gradient systems generate the gradient on 
tEt~._&g&p%ss side, w&h requirti two high-qrr&y pumps. Less costly devices 
-& p&.sibte wth the generation of the gradient on the few-pressure (atmospheric 
.preSsUre> side. 

I --. = To wliom csq&Q&iene shodd be ad-d- : 



Low-pressure gradient de-vi& have ‘been discussed2 but few commerciaf sys- 
tems are ready applicable to HPLC. Probabiy the most ~~seful_approach-is that-pro- 
posed by Scott and Kucera3-j and can be termed incremental .gr#i&nt ehrtion. &Jp 
to 20 solvent reservoirs IXAQ~ been Connie td 8 2O-port PTFE rotary valve and 
mixing chamber. With such a device, separations ranging from squalene to sugars 
were possible in one shromato_m3*4. 

The system discussed in this work operates on a simihzr principle; it is dem- 
onstrated, however, that step gradients can be carried out in a much simpler fashion, 
at reasonable cost and with sufficient reliability for routine quantitative work. 

INSTRUMENTATION 

A scheme of the apparatus is shown in Fig: 1. It consists of a multi-port valve, 
preferably a motor valve for atrtomation, a pump and a gradient control unit or pro- 
grammer. No additional mixing chamber is required. The special requirements for 
these components are as follows. The valve should be suitable for automatic opera- 
tion. It shouId have a small dead volume, a short switching time, be ,m-proof when 
operating below atmospheric pressure and have as many ports as possible. For the 
pumps, it is important that the dead volume of the total system, including the pressure 
damping device, is small. The dependence of the flow-rate on the viscosity of the 
mobile phase should be negiigible. 
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Fig. I. Schematic diagram of step gradient system. 

In this work, 2 Waters MHKKI (Waters Assoc., Milford, Mass., U.S.A.) or 
an Altex Mode! IO0 piston pump (Aitex, Berkeley, Calif’., U.S.A.) was used in 
combination with a Lahotron S-port motor valve cat. No. 002581 (Kontron, Ziirich, 
Switzerland). An Alter Model 153 UIV detector and a W -f- W Model 600 recorder 
(Kontron) were rrsed in the chromatograph. 

For automatic controi of the gradient via the motor valve, meChanical or 
electronic timers can be used These timers should possess the functions shown in 
Fig. 2. The first timer is started manually or by an automatic injection devices The 
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Fig. 2. Functional diagram of the step gradient programmer (control tit for Labotron valve). 

starting impuke for the second time relay has to be given by the first and for the 
subsequent relays always by the preceding one. Type R.S. 21-XP 9 time relays (0.05 
to 300 min) (Comznefectric, Worb, Switzerland) were used. 

The studies on gradient pefiormance were carried out with solutions of caf- 
feine as the UV chromophoz in methanol, n-propanol and acetonitrile (analytical 
grade; Merck, Darmstidt, G.F.R.). Gradient profiles were measured without the use 
of a chromato_maphic column. 

For practicai applications, a plant extract of senna glycosides was separated 
on the reversed-phase material Nucleosil CL*, particle size 5 pm (IMachery, Nageel & 
Co., Dilren. G.F.R.) with Uvasol-,orade acetonitrile (Merck) and a 0.01 M soIution 
of sodium hydrogen carbonate. Direct injection of the extract was effected with a 
Valco loop, 7000 p.s.i., 30 ~1. 

A mixture of ergotamine (ergot alkaloid) and accompanying substances, 
ranging from lysergic acid to ergotaminine, was separated with an acetonitrile-O.01 
44 ammonium carbonate gradient ofl- the same material. Details are given with the 
chromatograms. The quantitative evaluation of the chromatograms was carried out 
with an Infotronics Model CRS-204 integrator (Infotronics, Shannon Airport, 
Ireland) or the Hewlett-Packard Model 3352B data system. 

Tfie characteristic specif&tions were tested by using solutions of different 
concentitions of a UV-active substance. k-detector signal proportional to the gra- 
dient proBe can be obtained (Fig. 3)- 

The delay volume or time lag, which is the time from change of the valve posi- 



VALE ACTUATED 

Jig -.-:--I 
O-1 2 3 4 5 10 15. &iiN) 

Fig. 3. Gndient profile of a step gndien; system. Solutions with dEerent conc&rztions of c&eke 
in nxth2noI 8re mixed with *&e step gradient system without using.2 column. 

tion to the fkst change in solvent composition at the detector, as well as the mixing 
vohme can be seen in Fig. 3. The height of the step depends oti the conc&kation dif- 
ference of the vtious solutions. The mking~vofume and the shape-of the &adient 
profile are characteristic of this step @adient. A smooth linear gradient shape is ob- 
served for. every soiverrt step; This shape differs favourably from the exponential dilu- 
tion pattern obtained using 2 mixing chamber. 

Investigations have shown that the delay volume is indepengent of the flow- 
rate and viscosity of the solvent. Tests were c&&d out with n-propan with 2 tis- 

cosity of TJ = 2.3 cP and acetonitite with 9 = &37 cP. The mixing volutiep~ on the 
other hand,_teuds to dmease with increasing VisCosie and to bexme maze dependent 
on the fI ow-_mte. The m&g volume for n-piopanol, for example, which has a-higher 
viscosity .than acetonitrile, is about 40% less at a Bow rate of 1 XIII/&E, 30% fess at 
2.5 ralfmin and 10% less at.5 ml/n&k No difhculties were encountered UP tcr amflow- 

rate of about 4 ml/min. At higher Bow-rates, the switch@ &ue of ffie tiotor v&e 
becomes a problem, During the switching intervaf, the-delivery ,of solvent to the-pmip 
is interrupted and_ a pressure reduction combined 6th the formation .of air bubbles 
can aflkct the proper fun&ioning of the pump. 

-. 

Imestigatioti of sema glycosides 

The separation of a mixture of senm glycosi& in a plant exir2ci:was .cariie@ 
out wiWthe step gxzxl&nf system described above, xi_skig ii& steps ‘a&- titikated in 
TableI. 

-.: 
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i&awes a separafion that permits the quantifkation ofsentioside$A, B @fgj+r a&&e 
components) and C can be achievedin 12 min. The last gradient step h&s only-a c&l- 
umn cleaning function prior to starting the next chrom2to_~. The retention times 
are very reproducible over several months. The reproducibility for the quintitative 
determination of the content is good.. 

The relative standard deviations for a synthetic mixture of sennosides A, B and 
C were found to be as follows: sennoside A, ss = 0.9%; sennoside. 9, & = 13%; 
sennoside C, s6 = 1.4%. With the actual plant extract they were higher owing to 
baseline variations that were not always ideally corrected by the electronic integrator: 
sennoside A, s, = 1.6 %: sennoside B, ss = I .3 %; sennoside C, s3 = 2.4 %_ 

The linear regression of the calibration graphs over a concentration range of 
two decades gave regression coefiicients of 0.99970 for sennoside A and 0.99973 for 
sennoside B. 

lizvestigation of ergot alkaioids 
The separation of ergotamine and some of its accompanying substances on 

reversed-phase Ct8 material has been described by Bethke et d6. The Waters Assoc. 
gradient system was used. The technique permits the complete separation and quan- 
tification of the active substance ergotamine and the compounds mentioned in Table 
Il. It has been applied to the control of content and purity in ampoule solutions. An 
analogous separation was also achieved with the step _mdient system discussed here 

(Fig. 5). A six-step programme was used and the separation was complete after I2 
min. The reproducibility for the quantitative determination of 18 ,~g of ergotamine 
was 1.5 Y0 (relative standard deviation). 

Time optimization can eventually yield a separation in 4.5 min (Fig. 6) without 
a critical loss in resolution. Only the separation of aci-ergotaminine and ergotamine 
becomes difficult but quantification is still possible. 

The advantage of the reversed-phase system is a rapid reconditioning of the 
column to the initial conditions, which permits an immediate start of a new gradient 
cycle and analysis_ 

TABLE II 

SIANDARD DEVL4TIONS OF CON-I-EN-I AND RE-FEN-IION TIME 
Compis.rs Fig. 6. 

COi?ZpOUlZd R2produc&h?y 

R2t2tih2 time 

Main campa~2nt 

Ergotamine 

Bu_pra~c~sanddegruda~~nprodacts 

Lysergic acid 
Isolyserpic 2cid 
Lysergicacid tide 
LSo+zr@c 2cid vnide 
zci-ErgSamine 
2ci33got2minine . 
Ergotvninifie 

1.3 

2.2 2.9 
3.6 3.2 
I.8 2.7 
2.5 2.1 
2.2 2.0 
2.3 I.4 
5.4 0.8 

1.0 0.5 

5.7 
3.0 

:-:- 
I:i 
0.7 
0.3 
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Fig. 5. Sepantion of ergot alkaloids. Mobile pkase progrzmme @etoniti+O.Ol M (NH&C03 in 
w&x]: step I, S%, before i&&on; step 2, ISoT, I min; step 3, 30°% 1 min; step 4,40%, 3 min; 
step 5. 50%, 2 tin; step 6. 60%, 4 min. FIow-r&e, I.5 r&oh (pressure. CQ_ 3.50 bar). Column. 
Nuckosil reversed-phace &, particle size S~rn, kngtk 15 cm, 1-D. 3 EIIXL I&~tion, 30~1 (hop) of 
0.6 mg/ml ergotamine. Detection, UV at 254 nm. Peaks: 1 = lysergkzcid; 2 = isoiysergic acid;- 
3 = iysergic acid amide; S = isulysergic acid amide; 5 = aci-ergota&ne; 6 = aci-zxgoraminine; 
7 = ergotamine: S = ergot2minhz 

tie corresponding retention tknes and the reproducibiiities of retention data 
(Fig. 6) are shown in Table II. It is therefore not surprising that good reproducibiiities 
are also observ@ for the qa%Ei~cation of the pet&s (Table II). These r+uiEs compare 
favourabiy with those pubShed earlie@. 
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Fig. 6. Separation of ergot alkdoids. hiobile pbax progmmne [acetodri!e4.01 M (N&),CO, in 
water]: step 1, SoA, before injection; step 2, 15%, 32 set; s&&p 3,30%, 32 SE; step 4,40-A, 32 set; 
step 5, SO%, 32 set; step 6, WY:, 62 sec. Flow-rite, 2.5 rnlfmin &xsare, CQ. 210 bu). Col~un’u~, 
NuckasiI rtzvd-pb~ CIe, particle size 5 pm, length 7.5 cm, I.D. 3 mm. Injectiti, 30~1 (loop) of 
0.6 mg!ml ergotamine. Detedon, UV 2t 254 nm. 

A further decrease in separation time wouid hardly be possible with the equip- 
ment used. At pe& intervals of 6 set or less, the time constants of the detector and 
recorder (response time) start to cont-ribute signifkznt2y to band broadening. 

Step gradient selector valve as an injection device 
In reversed-phase EPLC, it is possible to inject large volumes of samples ~with 

very low concentrations. If the sample is dissolved in water or in a solvent with a 
higher polarity (lower eIution force) than the mobile phase, the peak broadening has 
been shown? to be negligiile owing to pre-concentra~on of the sample on top of the 
column_ With a syringe-type injector, it- is possible t0 introduce ~mples -of up to 
about SO@ zuid with Ioop injection up to 5 ml. For the determination of samples 
with very low concentrations (<I ppb), it is desirable to- inject up to i I of sa_mple 
solution. With the step gradient selector vaIve, it is possible to introduce any volume 
of sample solution into the chromatographic system by repk5ng one of the &vent 
resemoirs w<th the sample. The injection volume is coneolkd by a.timer of_&%stkp 



~adien~_ ax&&Z unit. TheSreprdducibiEity of the injection vofume is as good as the 
BON con$ancy of-the-pump and the reproducibility of the timer. In many instaxes 
it-is ream&ended to introduce an additionaL solvent step with water before the 
injection of the sample and a soEvent step -with a solvent of medium p&r&y between 
t&e sample injection and the dution of the substance of interest. With this injection 
mode, it is possibIe to determine 2 ppb of the ergot z+lkaEoid dihydroergocornine with 
a reprtiducibility of bet&r thhah 5 oA Qinjectioo volume 165 ml). The detection limit was 
Cl.1 ppb. With the sdector valve as injection device, it was possible to introduce up 
to 500 ml of sample soIution into the cbromatomphic system. 

The advantages and disadvantages of the step g&die& system are summzrized 
in Table III. 

ADVANTAGES AND DISADVANTAGES OF TEfE STEP GRADlENT SYSTEM COM- 
PARED WLTH CONVENTIONAL IWO-PUMP GRADIENT SYSTEMS 

%a-pump gradient system 

Advantages Disadsanta~es 
Mixing of any number of solvent 
components possible 
Exact and reproducible composition of 
the mobile phase ia all parts of the gradient 
proBe 
FJX from interference of small fiow 
inhomogeneities (e-g., caused by zk 
bubbles) 
Simpfe co_mxection to eutomztic injection 
systems with reconditioning gradient if 

zzzzz 
Disacfbantages 

Only mixing of two solvent components 
possibIe 
Emct controi of the composition of the 
mobi!e phase at the start of the gradient 
(e.g., I % of solvent A) is critical 
High standard of flow stability is necessary, 
especizlly for the kirst part of the gradient 
shapes with smail concentrations of solvent A 
Coimection to automatic injxtion systems 
in many systems not possible without 
additional interface 
High cost 

Advantages 

Flow limitations with slow switching vaks 

Linear, convex or concave gsadient shapes 
possibfe 
No flow limitations up to mtimal pump 
specification 

The step gradient system discussed in this paper can be zm attractive and cheap 
afternstive fo~cqnmercially srvailable gradient systems with two pumps srnd mixing on 
the high-pressure side. The total cost of such a commercial gradient system (Le., 
Waters, Spectra Physics, Altex) is about $14,000 in Europe; the cost of our gradient 

system, inchxkg motor Valve, timers and pump, is about S8,OW. Recent tests with 
cheaper pumps with small dead volumes show t.h& this cost could be reduced by about 
half. The spp graiient is particuiar~y suitable for routine quantitztive analysis. Al- 
thou,+ the statistic4 data in this paper were obtained by manuat injection, we-have 
been able to show that automatic l&p iajectors can be used conveniently in conjunc- 
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