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SUMMARY 

Two deactivation modes for silica gels commonly used in h&h-performance 
liquid chromatography are compared : deactivation of silica by introducing a known 
amount of water and deactivation by thermal treatment. In both instances, water ad- 
sorption isotherms from vapour phase and liquid phase give information about the 
heterogeneity in activity of adsoption sites. In the first instance, silica gei activity de- 
pends on two factors: with small amounts of water on the chemical nature of silica 
surface and with larger amounts of water on the porosity of the silica. Thermal treat- 
ment leads to faster equilibrium kinetics than water deactivation. Separations of her- 
bicides, barbiturates and pyrimidines are shown, using these two deactivation modes. 

EN-FRODUCXION 

In tiquid-solid chromatography, the water content of the adsorbent plays a 
critical role, and rmmerous studies on this subject have been published. Water is 
usually added to the adsorbent in order to optimize the linear capacity and column 
eEiciency’*‘.~ The water composition signifkantIy affects the capacity factor va$es 
(k’), and the amount of water must therefore be heid constant in the stationary and 
mobile phases, Le., in a contro&d activation state of the coh~mn in order to give 
reproducible separations. 

With a mobile phase modified with water, it is important to know the amount 
of water that is adsorbed OEI the support ad how much of the water-modified mobile 
phase has to be passed through the column before true equilibrium is attained. The 
6rst con_&tion is fu!fifled by the establishment of water adsorption isotherms from 
either the vapour OF liquid phase. 

These relationships between the water content in the efuent (or the water vapour 
pressure) and the equilibrium amount of water OQ the active solid support give inter- 
esting indications of the beha_yiouk 6f silica gel. They show that silica columns can 

be adjusted to defined activity levels simply by changing the water content of the 
due&. 



A recent study’ reported the deactivation of silica gel by thermal treatment and 
the use of such material in the production of bonded phases. 

ExPERlMENTAi. 

Equ fpnent 
Two chromato,~phs were used: a Chromatronix Model N3520 (Chromatro- 

nix, Berke!ey, Calif., U.S.A.) and a Siemens SlOO (Siemens, Karlsruhe, G.F.R.). 
The column et&e& was monitored with either a V&an 2-1425-3 photometer 

(Varian, Palo Alto, Cal& U.S.A.) or a Zeiss PM2 DLC spectrophotomete? (Carl 
Zeiss, Oberkochen/Wurttemburg, G.F.R.). 

colunlns 
The column tubes used were 50 cm x 4.6 mm I.D. for particle diameters 

< 40 pm and 10 cm x 4.6 mm I.D. for microparticles (5 ,um). They were all packed 
nsing a technique described previously+. 

Table 6 summarizes vtious physical charactetistics of the silica gels used in 
this study. 

LiChrosorb SI 106) and LiChrosorb ST 50 were obtained from Merck (Darm- 
stadt, G.F.R.), Par&l 5 and Partisil 20 from X$%&man-Reeve Angel (Fee&es, 
France) and the different Spherosils from Rhone-Poulenc (Paris, France). 

. 
TABLE I 

PROPERTIE! OF SILICA GEL PACKNGS 

Silka gel Parriclz FVeight of Surface Mem pore Particle Pore 
size (pm) silica gel area diameter shape volume 

in column T&/g) !A) (cni’lg) 
(g) 

Spherosil 
XOA 1000, 
batch EM 50 

Epherosii 
XOA 600, 
batch A 45 

Spherosil 
XOA 400, 
batch 226 

Spherosil 
XOA 200, 
batch 174 

LiChrosorb 

~4.0 5.48 1036 18’ Spherical 

t40 3.40 600 70’ Spherinl 

(40 1.95 465 10!3’, 94” SphericaI 

<45 3.00 170 224’, 160” Spherical 

SI 60, 
batch EF 30 

&bmsorb 
5 -- 1.14 500 60” Irrc,gular 

SI 100, 
batch EF M 

Jsriisii 5. 
batch k 270 5 11.22 4063. 55”, 60:’ EI-regulw 

l values caIcE!!ated lsing theequ2tion dp = 4 Y,/s. 
=* Vaks provided by SUPP&.S. 

0.50” 

f_ffi”’ 

1.26” 



Reagents 
Dry dichhrometlxme was obfzined. by passing the commercial product 

(Merck, %ur analyse, Cat, No. 6050) &rough a. coIumn (60 x 3 cm) of a&a&d silica 
(Merck silica gel 60, &U63-&X# mm). Dry is&&me (Merck, zur analyse, CaL No. 
472?)was obtsinedinthesameway. 

W~ter-saturateddicEtoromeL~anewas prepwedbyvigorousiystirringdic~oro- 
metbane witi zn excess of water. Berry and Engelhard@ showed that s&~&ion is 
achieved in less than 15 min. The water content of dichloromethane was determined 
witi a Metiohm E547 automatic Karl Fischer &r&or (LMetrohm, Her&u, 
Switzerland). 

Adsorptiotz+&.sorptiors isotkerms of water on sika 
Water ~&orpfion &otkerms from tke vaporer pkme. Samples of 3 g of various 

silica gels were submitted during f week to dif!ferent water v2pour pressures (relative 
humidity) by storing ffiem over sulphuric acid solutions. The wafer content by weight 
was then deermined for each relative humidi@. 

Water adsorption isotkems from tke iiq&l pkase. In this shxXy, the in situ 
equilibration technique was used to es’ablish an equilibrium amount of water on the 
adsorbent. First, in order to en&e that the column was at true equilibrium, a test- 

- 

solute(linuron, Cl \ / Nfi-coM,cn 
0 

,CcH9 

) was injected until a constant capacity f2ctor 

Cl 
3 

value (k’) was attained- Then, the equilibrium amount of water on the silica gel was 
calculated zs the difference betiveen the water content of the initial mobile phase 
(inlet of the column) and the water content of the mobi!e phase collected at the outlet 
of &e qoEumn unti equilibrium was achieved. 

The mod&&ions were carried out by heating 3-g portions of silica gel COIL-. 
tined in a silica crucible for 5 h at the appropriate temperature in the range 350- 
900”. The silica gel used was LiChrosorb Sf 60 (5 pm). The properties of thermally 
deactivated silica gels are shown in 'Fabfe IL The same batch of silica gel (LiChrosoib 
SI 60, batch No. EF 54) was used for this thermal treament. No pa&cular care was 
taken to exclude atmospheric moisture during storage of ‘rhe modified silica gels. 

PROPERTZES OF DEACTLVATED SLLICA GEL 

Weight of 
silica gel in 
column (mg) 757 774 773 770 786 779 742 808 823 1016 14x5 

colunmdea& 
VcJlfm~ QI@ I.30 I.22 1.23 1.23 I.23 2.25 1.2s I.4 r.24 1.16 0.95 

SI.Ldace area 
f==kI 463 441 455 472 435 367 186 39 



RESULTS ,WB EGzsctism 

Wafer adsorption on various sifica ge.&: wafer aihorptian isfitherms 
Wafer adrorptim isti:herms from the vapourphase. The activity ofthk adsorbent 

decreased when the amount of physisorbed water increased. This water eonte@ 
depends OQ a+mospheric moisture and the hydrophiiic character of the s&a. There- 
fore, it was interesting to study the dependence of the activity of silica geef 00 the re- 
lative humidity of the atmosphere. 

As the silica gels usually employed in chroixatographic studies have different 
surface charactetistics (chemical nature, number of hydroxyl groups per surface unit, 
pore structure and specifk area), water adsorption isotherms from the vapour phase 
were studied for various adsorbents, as shown in Table I. 

Fig. 1 shows the percentage of water adso&ed ‘OEI dierent &a gels against 
the relative humidity of the atmosphere. It appears that LiQrosorb SE 60 (surface 
area, S = 500 m’/g; particle diameter, ~2, = 60 A) and Spherosil XOA 600 (S = 
600 m’jg; dP = 70 A), which have approximately +;he same specik areas and pore 
voIumes, show similar behaviour up to 90% reefative humidity. This result would in- 
dicate that these two silica surfaces have a similar chemical nature. However, the 
isotherms of the ratio of the number of water-adsorbed molecules per IQ0 fL’ (IZ~~~/ 



i&l b) against the relative burnid& (Fig. 2> show a more important &tity for 
LiCbrosorb Sf 60 than f&r Spberosif XOA 633 up to 90% rektive humidity. Above 
this v&x, the Eafitei taks up tiore water, in amrdmc.e with its grezter pore volnme. 

For t.h;e same reasons, SpherosiI XOA HMO @ = 1036 m”/g; $, = 18 ii) 
takes up z~ore water than any other silica .& up to 33% relative humidity, but- at 



higher rel2tive humidities it takes up less water, in acco&~~ce wit6 its smaller pore 
volume. 

The general behaviour of these silica gels depends on the relative humidity_ 
For relative humidities below C&70%, the smaller the pore diameter, the great& is 
the activity of silica gel. According to Snyde?, wide-pore silica gels poss&s a ma..mity 
of free bydroxyl groups, while the surface of microporous silica gels consists of re- 
active and bound bydroxyl groups; above 70% relative humidity, the amount of 
water adsorbed on the silica gel surface depends mainly or: the pore volume of the 
adsorbent’. 

Water adsorption isotherms from the liquidphase. 'Fhe experiments were cz@ed 
out with dichloromethane containirrg various amounts of water as nnobik phases. 
As before, the ir, situ equiliiration tectiq~e was used to estabkh an equilibrium 
amount of water on the adsorbent. The water adsorption isotherms from such mobile 
phases are shown in Fig. 3 for diKerent silica gek. The difference observed between 
various types of siIic2 gels will be discussed later from the chromatographk point of 
view. 

Kinetic aspects af activation (water desorption) and deactivation (water ad- 
sorption). Fig. 4 shows that, for a given silica gel (Spherosil XOA lOOO), the volume of 
dry mobile phase required to achieve equilibrium between the dry solvent and the 
adsorbcut increases when the initial water content of the adsorbent increases. Water 
adsorption is a reversible process: stxting from silica geIs with diEerent water con- 

0 XOA 1000 
b XOA 600 

A XOA C_IO 

A %OA ZOO 

d LIcHRosoza Sl60 

* PARTISIL 5 

@ Lmmosoaa sitcso 



Fig. 4. Volumes ofdicE~.Iommethane required in order to achieve activa:ion eqtibriuii The vollrmes 
of the elueztt ae given in miKUres and in terms of column dead volumes_ Adsorbent, Spherosil 
XOA 1ooO; solute, acetophenone_ 

tents, the same activation equilibrium is reached after passage of “dry”$ichforometh- 
me. The same results are observed in the cleacti~ation process (Fig. 5). 

The time required for cohtmn equilibration depends on the water solubility 
in the mobile p&se and the geometric structure of the silica, as shown in Fig. 6. 

These curves show a minimum in 2J.l instances. Using low w2ter-saturated di- 
chioromethane, it took more time to reach equilibrium because of the slow diffusion 
of water mofecules. Using wafer-saturated dichloromethane, the amount of water on 
the adsorbent increases until all of the pores are fikd with water; xcess to the pores 
then becomes imxeasingly diEcult. 

Wafer contenf ma-2 retentions (CQpQCity ratio). The curves i&Mrating the change 
in capacity ratio, k’, for the test solute (standard) with the water content of the mobiie 
phase &-e shown in Fig. 7. 

These curves reveal three steps. The first step is chsraAeristic and there is a 
siguitkat deaezs e in the k' vzdues corresponding to a small increase in the water 
content of the mobile p’aase. This effk~t has ken observed by other workerss*g. The 
!argcr%e spcxific area of siiica gel (the smaller the pore volrrme), the greater is the 
decrease in k' values. Afzes this si.ggczmt decrease (in aceordvlce with the neutraliza- 
tion of the most active sites), the k’ values are fess affected by further deactivation of 
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Fig. 5. Activation and deactivation kinetics. The volumes of the ekeat are given in millilitres ud in 
terms of column dead voluaxs. Adsorbent, Sp’nerosil XOA 400 ((13 = P&40 pm); solute, Jimron. 

s&a gel (from 1 to 3 water molecules adsorbed per 100 &). Finally, for water contents 
above 1500 ppm, a further d,xrezs.e in k’ values is observed, probably resulting from 
czpilkry condensation in the pores. 

This description is only qualitative. In order to illustrate the influence of water 
on retention, it is bemr to plot the number of water molecules adsorbed per 100 A2 
against .&the w-zter content of the mobile phase. The influence of the silica gel surface 
is then eliminated. Such isotherms are shown in Fig. 8. 

It can be seen that certain silica gels, such zs Part2 5, have e normal behaviour 
while some others, such 2s LiChrosorb SI 60, show a very Merent behaviour. The 
iatter seems to be most active of the silica gels studied. Both the isotherms obtained 
from vapour phase and the curves of k’ values a_&& the water content of the 
mobile phase se&n to indicate a greater activity of LiCbrosorb SI 60. 

It appears thzrt each silica gel has its own characteristics and it is very diEcult 
to derive its behaviour from its geometric properties: although these propeaies are 
nearly icientid for LiChrosorb SI 60 and Par&I 5, &&e former shows a greater 
activity and hence needs more water to neutraiize its most sctive sites. 

It would therefore be of parfkx!ar i&xest if each silica gel manufacturer 
would Prova’de clue water adsorption isotherm urd more details concerning the me&- 
ads of preparation. 

Water content and eficiency. The expe&ents for studying the in&ence of 
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Fig 6. Volumes of dichloromethaae needed to achieve equilibrium as a function of water content of 
the mobiie pI~,hzse. V. = number of co!umn dezd vohmes. Curves: I, Spherosil XOA HJQO; 2, 
Spherosil XOA 600; 3, Spherosil XOA 400; 4, Spherosil XOA 200. 
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Fig. 8. Number of water moledes adsorbed per 100 ?G as a function of water content of the mobile 
PW. 

water on column efficiency were carried out with microporous silica gel (5 *urn). Each 
HETP value is the mean value of several injections. Table III gives HETP values for 
diRerent water contents of the mobile phase. 

With LiChrosorb SI 60, the best efficiency is obtained for water contents of 
dichloromethane between 900 and 1260 ppm (4.7-5.4x of adsorbed water on silica). 
Above the higher value, a sharp decrease in eEciency occurs. LiChrosorb SI 100 
shows more regular behaviour with maximal cflkiency in the range 0.9-1.2% of ad- 
sorbed water. With Part&l 5, the lowest HETP values are found in the range of about 
3+5 % of adsorbed water. More water decrm the eflkiency but gives better results 
than those obtained with under 3 % of adsorbed water. 

In agreement with SnyderlO, we found that the low efkiencies obtained with a 
dry mobile phase can be related to the strong activity sites of the silica surface, leading 
to slow adsorption-deso_@on kinetics. The neutralization -of these sites by water 
molecules gives a more homogeneous surface activity, and therefore a better efficiency. 
When the amount of water increases, the athnity of the solute for water and the pore 
vokme must have a major influence on efficiency. 

Water content a&peak spmetr~~. The symme’w ofthe peaks decreases as the 
water content of the eiueni increases. This effect is demonstrated in Fig. 4, which 
shows chromatograms obttained with water-saturated dichloromethane (curve 1), 
dichloromethane with different water contents (2,3) and dry dichloromethane (4). 
The solute is acetophenone and the adsorbent is Spherosil XOA IQ6K). The reason 
for the change in the peak shapes is not clear; perhaps the phenomena can be explain- 
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ed by strong adso@ion when ‘&e silica gel is completely reactivated, resulting in slow 
kinetics. When the water content increases, the silica gel surface becomes more ho- 
mogeneous and then peak asymmeEry is s@ni&antly reduced or even disappears. 

Twopeaksareparticularlyapp~entwithdrydichloromet~e (Fig.9). 
Chztnses in peak shape have already~?xen observed by KirklandLL, with or- 

-“ani alcohol modifiers. Pn this work, the asymmetry is a!most observed when using 
silica pzrticks with diameters ranging between 10 and 443,~~~ This nodi&xtion in 
peak shapeis not apparent with ticroporous siJ_ica particles (5~~m),butthe efiktis 
reproducible in the &st instance. 

Eflecf of thermal treatment on the chrorn~~ogr~~~ic properties of silica gel 
T%e siEc2 gel used we LiChrosorb SE 60 (5 ,um)_ An id& spectroscopic 

study oftie madified silicz~ surfaces was also carried orrt and the results will be publish- 
ed elsewhere. 



Fig. 9. Peak sbap?s of acetophenone. 1, DeactivzRd Sphemsi! XOA tCk30; 2, pzrti&y deaaivatzd 
Sphemsil XOA 100; 3 and 4, activated Sphemsil XOA 1ooO. 

&hydration ofthemali’y modified silica geL Fig. 10 shows the amount of water 
adsorb& on thermally dehydrated s&a gel (from the same mobile phase) against tie 
temperature of treatment_ 

Up to 350”, the amount of water adsorbed on modified silica is of the same 
order as on unmodified sika. Between 350” and 450”, there is a rapid decrease in the 



~amdmt of water: the water take&p l&omes fess and fess because of the conden- 
sation of srrrface hydroxyl gr~~p~“~~-‘~,- which are responsible for the molecular 
water adsorption. From 450” to 6Q#“, there is no signifkxnt change. Above the Iast 
~va&e, the an~ormt of adsorbed water decreases considerably as the temperature 
continues to increase owing to the signifkznt decrease in the surfatse area of silica, 
which occurs above ?CW. 

Enetk aspects of kydhion a~~2 dekydhion wirh fkerm&v modified silica gels. 
Vohxnes of mobile phase n&ed for re+Zivatin, v or deactivating a co!unxn pIotted 
against t&e thermal treatment temperature are &own in Fig. Il. In both instances 
(water adsorption 2nd water desorption)), the volume required decreases as the treat- 
ment temperature increases. At 350”, this volume is the same as that required with an 
untreated silica gel. It cz.n be stated that up to this temperature there is no significant 
modi&ation of the silk. 

Fig. 11. Vo!u_mes needy to .zchieve zyztkation (1) am3 &xctivation (2) equilibrium. V, = number of 
coolumn dead volumes. 

It should be noted that the volume needed to dehydrate a column is seater 
&an that needed-to rehydrate the same column while reaching the same equilibrium 
state as before. 

@%ence .of rkermd fpeatment on ckromatograpki~ pammefers. The changes in 
&e&on for two c&ses of sol&es (benzene, napbtbalene, anthracene and Iinuron, 
nebuon, phenobenzuron) chroxnafo~phecl with dry isooctie and dry dichloro- 

methape are shown in Figs. 12 and !3, respectively. 
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Fig. 12. Changes in k’ values (benzene, naphthdene, antkxene} against deactivation temperature. 
Mobib phase: dry is-e. 

Wben working with dry mobile pbases, the K values decrease with tke increase 
in treatment temperature. Using water-modsed dk~oromethane, the k’ values ia- 
crease from 350” md are at a maximum between 500” zmd 650”. Above the latter 
temperature, they decreas e rapidly to the szme k’ values as those obtained with un- 
treated silica gel. 

With dry mobile phases fissoctane or dichlorometharie), the silica is in its 
highest “activation state”. It has been shown shat therm2 treatment causes the number 
of surface hydroxyl groups to decrease 1o*12-14. At higher temperatures, the speciEc 
sti2ce area decreases considerably while the mean pore diiameter becomes greatetiGX6. 
For LiChrosorb Sf 60, the decrease in specik surface area is observed at about 65O- 
700” -(Tzbk III). 

On the basis of these results, it can be argued that, in a kst step fbefow 6509, 
the decrease in retention observed is caused by a decrease in the total nunrber:of hy- 
droxyf groups condensed the_rmzlly. In a second step (above- 6509, an additional 
factor in this decreaseis played by tie geometric modiEFtior?-of silk. 

.: 
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Fig. 13. Chvlges in K values of herbicides (linuron, neburon, phenobenzuron) against deactivation 
tenqez%ure. Mobile phase: dichhroomethane. 

The curves obtained with water-modified dichlorome’&ane (Fig. 13) are very 
different from those obtained with dry dichloromethane. Below 350”, the retentions are 
identical with those obtained with untratcd s3ic.a. Between 350” and 650’ the re- 
tentions increase to a maximum. Karl Fischer titration shows that this maximum 
corresponds to the decrease i= the amount of water on silica; meanwhile, the specific 
.sea does not change. fn the previous step, the strong site ne&raEzation led to a weaker 
retention. In this step, tie prog3zssive elimination of these sites in favour of new free 
hydroxyl groups leads to a better retention (this was observed by IR measurements). 
The decrease in retention starting at 650” corresponds to the decrease in the specific 
surface area. 

Figs. 14-19 show some examples of separations obtained using both modes 
of silica gel deactivation. 

With water-containing mobile phases, Fig. 14 shows the separation of some 
herbicides on LiChroso& SI 60 silica gel I’. The mobile phase is wafer-saturated di- 
chlorometbane. Fig. 15 shows the separation of barbiturates 6th dichioromethane- 
isopropanol-w&r as the mobile phase?*. With @ identical type of mobile phase, 
pyrimidines eve been separated OEL LiChrosorb SE 60 (Fig. 16). 
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With thermally dextivated silica gels, Fig. 17 represents the separation of the 

same herbicides as shown above for water-modified silica get; the treatment temper- 
ature is 5.50”. Barbiturates hzve zlso been separated on heated silica gels. The in- 

Fig. 17. Sepamtioxof herbicides on thermally modikd silica gel. Column, 
LiCbrosorb SI 60. Modification temper&we, 55Q”; mobile phase, dichlorom~ 
water_ Isocratic elution, room tempestwe. UV detector* d = 254 nm. Liner 
AP = $8 bar. Peaks: 1, linumn; 2, neburon; 3, phecobenz-zn. 

1ocm x 
:thm t 
velocity, 

4.6 mm LD. 
llC0 ppm of 
0.37 cmlsec; 



fzuence of the treatment temperatme is shown: on untreated silica gets, the first two 
solutes are separated but the second and third are not. With treated silica gels, the re- 
tentions do not change sigdcantly, but the same does not bold true for the relative 
retentions (Fig. IS). 

Fig 18. 
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With the two modes of deactivation, addition of water znd then;raJ treatment, 
we can reduce the influence of strong site adsorption. Firstly, water provides a greater 
modification of retention. Secondly, although thermal treatment may lead to unde- 

Fig. 18. Separation of barbiturates on thermz?lly mod&d silica gel. Co1om.11, 10 cm x 4.6 mm I.D. 
LiChmsorb SI 60. Isocratic elution, room temperature. Mobile phase: dicbloromethane-isopropanol 
(98:2). Linear velocity, 0.37 cm[sec. A, untreated silica gel; B, treatment tempenture 450”, LIP = 50 
bar; C, treatment temperature 500”, dP = 60 bar. Peaks: 1, uoobarbital; 2, phenobarbital; 3, 
barbital. 
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Fig. 19. Quantitative anaIy& of pbc~~o‘barbital. A, standard sample; B; serum sanple; C, red &ad 
SampIe. Colurrm, lOcm x 46am LD. LiChrosorb SI 60. Treatment temper+re, 600”. Trfobrle 
phase, dicblommetbme-isopropanol (98:2). UV detector, d = 254nm; S = 0.01. Flow-rate, ~1.2 
ml/n51~ LIP = 40 bar. Sanpie, 5&k Peaks: I, phenobarbit& 2, barbital. 
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sirable geometric madiscation of the silica, in provides faster equilibrium kinetics, 
which -can be of particular interest on a preparative scale or in a gradient elution 
mode_ 
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