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THE CONClSNTRAT1ON PROL’I1JZ OF SUBSTANCE5 SEPARATISD ON 

THIN-MEDIA CI-IROMATOGRRMS 

The present pnpcr brings a theoretical study to determine the concentration 
profile in a zone of separated substance in thin-layer chromatography. If the solution 
is applied to the origin as a narrow bancl uniform over the entire width of the sub- 
strate, the tlleoretical concentration profile of the zone is a Gaussian curve. If the 
width of the applied hnd cannot bc neglected, the zone profile becomes the integral 
of a Gaussian curve. In the cast of the Gaussian profile the amount of solute retained 
in the zone is proportional to the peak concentration value. Several reasons why con- 
centration protiles obscrvecl in practice may deviate from the Gaussian distribution 
are discussccl. 

INTRODUCTION 

Computer processing is at present one of the most efficient ways of extracting 
information from experimental data. There is, Iiowcver, a general rule of information 
theory which may be applied and that is, that results obtained by processing the pri- 
mary information nre the better, the more is known in advance about the general 
structure of the proccssecl clata. Applied to chromatography this means that any pre- 
diction which can be made ancl then utilizccl about the character and the distribution 
of the separated zones to be analyzed will improve both the sensitivity and accuracy 
of any efforts made to assess the chromntogram in a quantitative manner. 

The concepts considered in this paper, though very general in nature, are in- 
tenclecl to apply mainly to optical procedures of quantitative evaluation. The ultimate 
sensitivity of this metllocl is limitccl by noise 1-n* Though much can be done by ap- 
propriate design of the photometric equipment to recluce the noise content in the 
Anal output signal, there are, nevertheless, limits beyond which further improvement 
can be obtained only by expensive and inconvenient trade-offs in the clesign and 
operation of the equipment. Ancl, of course, a certain amount of noise can never be 
avoidecl. This noise is cleterminccl by basic physical principles such as temperature, 
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that is an idealized curve as predicted by theory but with individual parameters cor- 
rected so as to yield the best agreement with observation, A considerable advantage 
of the analytic approach as compared with the purely empirical one is that ana- 
lytically obtained zone profiles are usually determined by few parameters, for instance 
the Gaussian profile is fully determined by just two parameters, the peak value of 
concentration in the zone and the distance between e.g. the 40% amplitude points. 
Instead of the latter value the distance from the origin can sometimes be used with 
the same result as will be shown later (set eqn. 24): this distance is of course much 
easier to establish than the zone width. 

The need for simplifying assumptions has already been argued and the most 
important ones so far as this paper is concerned are the following: 

(I) It will be assumed that the chromatographic medium is macroscopically 
homogeneous and isotropic. End-effects (which have been discussed in a previous 
papera) near the edges of the active part of the medium are neglected. 

(2) The boundary surfaces between the mobile and the stationary phases shall 
in the average he parallel to the longituclinal axis (the x-axis) of the medium (Fig. I). 

l’ig, 1. Enltryccl woss %d.iorl of the mctlium (schematic). S 
layor; in = mobile liquid. 

= Solid pliaso: 17 = stationary liquid 

The averago direction of flow of the mobile phase shall also be parallel to the x-axis. 
The interchange of solute between stationary and mobile phases shall, however, in 
the average be perpendicular to x. Jointly these assumptions allow us to reduce the 
mathematical treatment to the one-climcnsional case with the x-coordinate and time 
1 as the only independent variables. It is implied that the solute is applied as a uni- 
form strip across the medium. It will also be assumed that the clrift velocity v of the 
mobile phase is sufficiently small so as to enable the clistribution of solute between 
mobile, phase and stationary phase to be everywhere near equilibrium. v shall in the 
average be constant everywhere throughout the mobile phase. 

Two different mechanisms arc in general responsible for the process of sepa- 
ration in thin-media chromatography; these are partition and adsorption. Nearly 
always both are involvecl though to varying degrees. Partition involves the liquid 
part of the stationary phase; adsorption occurs at the surface of the solid part of the 
stationary phase. 

In the case of partition only the concentration of solute in the stationary liquid 
c(t,t)~ is proportional to the concentration c(~,t)at in the adjacent elements of the 
moving phase. (t refers to the longitudinal coordinate in the stationary phase, x to 
that in the mobile phase). It will be assumed that both values are well below the 
limit of saturation, At constant temperature then the following simple relation holds’: 

C(&)P = a*c(x = bJ)M (I) 
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Let 8 bc the ratio between the volumes of the stationary liquid and of the moving 
solvent, The proportion of solute retained in the stationary liquid film is then cr*rk 

Q(Eh) I? = n*~s*c(6,l)nr (2) 

A similar relationship obtains for adsorption. Tlic number of adsorbing sites 
available at the boundary surface between the liquid fihn and the solid substrate is 
finite. If the testurc of the substrate is sufficiently homcgencous, the density of ad- 
sorbing sites can be convcnicntly referred to tlw unit of volume instcacl of to tlic unit 
of surhcc of tlw adsorbing nwdiuni. 

I;roni tliermoclynamic consiclcraticns it can be shown that the amount of solute 
adsorbed per unit of volume of the adsorbing medium is appro.simately proportional 
to the conccntmtion in the acljoining elements of tile liquid phase, provided that only 
a relntivcly small fraction of the av~&ble sites actually bcconies occupiccl. This again 
mcal;s, of course, that the system is operating well below tile saturation tlwcsl~olcl. 

C(6,&P = /!I’C(P,t)p (3) 

The coefticicnt p in tllis csprcssion clcpcnds upon the cliffcram in tile free cncrgics 
of a particle of solute when dissolved in tlw solvent and when adsorbccl ancl upon 
tlw total clcnsity of nclsorbing sites in the solid phase. 

J,ct e bc the ratio bctwccn tllc volumes of tllc solid pllasc and the moving 
solvent. The proportion of solute rctaincd through adsorption on the surface of the 
solid phase is tlicn: 

Q($,l),, = @*c($,l)p = E@‘C(l$,l)ZZ (4) 

Addition of espressions 2 ancl 4 yields tllc totrtl proportion of solute retained in the 
stationary phase : 

Q(54s = c(~,~)M~a[~+~/$l (5) 

Consicler now a volume clcmcnt clV in tllc shape of a parallclcpipcd with cross 
section unity ancl with length dx (Fig. 2). Tlic longitudinal asis of this lxwallelel~ipecl 
is supposecl to lx parallel to the average clirection x of flow of the mobile phase. 

L dx ’ 

Fig. 2. A volunw clcnwnt cl 1’ of tlic tnobilc pllasc. I = Inflow of solute (diffusion a.ncl/or convcc- 
tion); 0 = outflow of solute (diffusion and/or convection); li - inflow/outflow of solute (rctcn- 
tion and relcnsc). 

If the concentration of solute inside tlw element dVis to chngc there has to be c?. 
net difference between inflow ancl outflow of solute. Three clifferent processes are basi- 
cally responsible for that : these arc the flow of solvent in the mobile phase, cliffusion 
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both in the moving and in the stationary phases and finally interchange of solute be- 
tween these two phases. 

Solve~~l~ozv. The three processes mentioned above will now be treated separately 
with the changes due to solvent flow to be considered first. Implied is linearity of the 
system as a whole, so that the principle of superposition can be applied, Though 
certainly not rigidly valid, this assumption appears to be a good approximation to 
the real situation. 

Let the longitudinal coorclinate in the stationary part of the system’ be E, in 
the mobile part x. Obviously 

N = 5 + v*t 

The total differential 

dx = dE -j- vdt 

(7) 

of x is then: 

(7a) 

The rate of change of concentration in the mobile phase clue to the transport 
velocity v alone is then: 

dx 
v=dt 

dc(x)zr t%(x) LI dx WJ) AI ----=-_.ax-.dt=-_-~-‘~ 
dt (8) 

I)ifl~io~~. Diffusion is a process which quite generally tends to equalize all 
non-uniformities in the distribution of substance. It occurs here in the mobile phase as 
well as in the stationary phase. In the latter it operates both in the liquid and in the 
solid parts. 

The rate of change of the concentration of solute clue to thermal diffusion is 
determined by Fick’s well known (second) law: 

ac(x,i) D &(x,t) ---= . --- 
at ak 

Here L) is the coefhient of diffusion (the diffusivity) of the diffusing substance. It 
depends not only upon the diffusing substance itself but also upon the nature of the 
meclium where diffusion takes place. The values of D for a given solute in the solvent 
and on the surface of the solid phase will, therefore, in general be clifferent. 

Let the coefficient of diffusion in the liquid phase be DL and the coefficient of 
surface diffusion at the boundary between solid and liquid phase be D,,. Pick’s law 
then yields the following relations: 

(ha) 

In the liquid part of the stationary phase (see eqn. 3) the relation is: 
. . . .._ ( 

a4wp DL aww-ti~~e~~ n aaw.t)nr 
--m-= a62 Td -w- (IOb) 

An analogous relation holds for the aclsorbing surfaces of the solid phase: 

(IOC) 



Xetcntiora and vcicc~se of sohrte from tlw slntio~rrn~~y /hiss 
When the concentration of solute in some part of the mobile 11hasc changes due 

to diffusion or conveCtion, the amount of solute retained in the adjoining clemcnts 
of the stationary phase changes as well. l’hc result is an cschangc flow of solute he- 
twcen the two phases, The direction of this flow is perpendicular to the x-axis. Under 
quasi-equilibrium conditions the concentration gradient in the direction of tllc flow 
can be clisrcgardcd. With these assumptions the resulting cllange in the amount of 
stored solute can be calculated as follows. All values arc again referred to the unit 
of volume of the mobillc please. 

-C4~4d It = nc(~,t),,*8 i- Ac(S,t)pv3 i- dc(g,t)I\[*a(fY + E./q (II) 

The indes R of the left-Iland term in the equntion above refers to retention, 
The first two terms on the right-hnncl side of ccln. II are given in esprcssions rob 
and IOC. The last term is cletcrmined by tllc sum of a diffusion and a convection 
term shown in espressions Ioa xnd S, rcspcctivcly. 

dCGJ)hl = Cm$,4MlD + [dc(P,t)arIc 

Substituting the partial results ol~tainecl in the equations quoted yields: 

For simplicity the following ablx2vintions \vill be used: 

D,.cz’/Y’E + zDJ,a*s + 13r,a"a/3 = K 

cc(6+E/q = L 

Expression 13 is the final equation which cletermincs the rata of cliange of solute con- 
tent in the unit of volume (that is the rate of change of concentration) in the mobjlc 
phase due to the retaining action of the stutionary phase. 

(13) 

To obtain tllc total rate of change of’ concentration tllcrc, the effects of pure con- 
vection and diffusion liavc to 1x2 talccn int& account. This results in tllc #following 
equation : 

(14) 

The index 7~1, indicating the mobile l~llasc, is not any more required and has therefore, 
been discontinued. 

The Laplace transform is commonly applied to the solution of equations of 
this type. Putting in eqn, 14 

c@,t) = tiK”~.@ (IS) 

yields 

fi = ,262 (DL - K) - ZLV (I-r,) (16) 
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Tllc substitutions DJ, - K = G and I - L = N scrvc to further shorten the nob.- 
tion; introducing them first into cxprcssion rG and tlwn into eq. 15 yields: 

Eqn. 15 now lxxomcs: 

c(e,t,rc) = n ‘C - 

Tlic dcsircd system rcsponsc can iww lx found by applying tlic invcrsc Lapla.ce 
transform to eqil. 141~. It will lx assumed tllnt the mntl~cmatical prcrccluisitcs for 
this operation arc met and tlwt tlx operation is permissible. From the basic rubs 
of the Lnplacc transform wc tllcn 01)tain: 

Using tlic sulxtitution : 

vNt - g 16 I ----- = f 
2Gt 

clzc = cl2 

WC ca.n write tllc Lnplacc integral in ccln. 18 in tile form: 

s 

n+3m ,- 
eUWdz= I 

-V 
C&-P zt 

The solution of cqn. 18 is: 

(a - Vlfl)” 
4CLt cg,cq = A .GGT l e - -- 

(19) 

Tllc cocfficicnt A can he clctcrminecl from tile boundary conditions of the sys- 
tcm at 1 = e = 0. It. turns out to lx qua1 to the concentration of solute in tlie orig- 
inal strip nllpliccl 

A = C(O,O) 

I~ISCUSSION 

to tlic origin, 

(21) 

Examination of csprcssion 20 sliows tliat tlic density profile of tile separatccl 
xone is rcprcscntcd by a Gaussian curve. Tllis result is valid uncler the assumptions 
made, that is if the bancl of solvent appliecl to the medium is very (theoretically 
vanisliingly) niwrow. In practice this is frequently not tlie cast, The clensity profile 



then Ixxonws slightly wiclcr ant1 llattcncd; tllis will lx? shown at tllc cncl of this para- 
grapll. 

The asis of tlic z011c niwcs along tlic ntccliun~ witli il spcccl C qua1 to 

C = VHZ11i:t-~(h+E/Q] (22) 

The right-hand part of tlic tcrnt in tlic bracltcts rcprcscnts, Iwwcver, tlw proportion 
of solute rctaincd in tlic stationary pliasc. It is csprcssccl as a fraction of the amount 
of solute contained in the unit of vohntc of tlic niobilc phase, tllnt is as ii proportion 
of tlic concentration tlmc. Tltc ntorc solute tlic ?;tatioitary pliasc is nblc to accept, 
tltc ntorc is tlic solute rctnrclccl rclativc to tlic solvent. A coniImrison with tltc ccmnton 
clcAnition of tlic X/P vnluc sltows that 

Rp = n(d+q3) (23) 

l’lx wiclth W of ;1 scpiratcd zone itica~urccl at 40%, anil~lituclc is aI~ImsinintcIy 
cc~ua.1 to two times tlic scpwc root of tlic clcnoniinntor in tlic csponcnt of cqn. 20. 

II’ = 42/G1 

l’hc term C clcpcncls partly upn tlic dift’usivity of tltc solute in tlic various plinscs 
involvccl mid upon tlic retention vc~lu~ttc of the stationary pltasc. X0 sintplc inter- 
pretntion is available. Tltc tcrni dt, on the otlicr Iiaiicl, inclicntcs that n scpnmtccl 
zone flattens out with incrcnsing clistnncc d from tlic origin. 

d = vqt (24) 

Tltc cocffcicnt V & in front UC the Gaussinn function in cqn. 20 shows that 

tltc peak value of concekxntion in a. mitt clcclincs with its widtli. It is cnsy to show, 
liowcvcr, that tlic total area of tlic mnc remains unclinngecl. In conscquencc of tllis 
the amount of solute containccl in ;1. zone with iclenlly Gnussinn concentration pro- 
files is fully clcterniinccl by the pcalc concentration in tllc zoiic. Tlic width TV. which 
is difficult to ineasurc, is not nccclccl to this purlmsc nor is integration rcquirecl, 

Norc often than not tlte applied lxu~cl of solution at tlic origin is rclntivcly wiclc; 
the npprosimation by rz very narrow pulse (a Dirnc function) usccl in the clcrivntion 
of eqn. 20 thus requires sonic correction, For this lmrposc it will be assunwcl that the 
initial pulse is rectnngular in shape with wicltlt W1. A pulse of this shape cm, Itcwever, 
be consiclcrccl ns the sunt of closely adjoining clcntcntnry lmlscs of the Dirnc type (Fig. 
3). The concentration profile lmclucccl can tlicn be found ns tlic sunt (integral) of 
similarly spacccl rcsponscs. 

@J),* = 0 = s 0-+.~~‘1.kl 
*~ _ll, , 

c(c: ,_ O,t)c,O 

12 

As long as W1 is not too large tlic conccntmtion profilc retains the gcncral chracter 
of the Gaussian distribution clcfinccl by cqn, 20 (Fig. 4). 

In practice sonietinics a sltcw syniinetricnl slialxz of tlic concentration profile 
is obscrvecl. The reason for tliis clcvintion from the theory leading to ccln, 20 is the 
limited validity of some of tlw assumptions ntnde, The most important me in this 
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Fig, 3. Rcctangulnr pulse of linito width as sum c~f narrow pulws (Dirnc functions). 

Fig, ‘1. Zone prolilc for a bitncl of finite width npplictl nt the origin. - - -, ChLtwii~n rcsponsc for 
infinitely niWru\V hancl. 

rcgarcl secn~s to lx the assunipticm that tllc concentrations irl the mobile and in the 
stationary pliases are always and cvcrywlme in tlicrnloclynamic ccluilibrium. At 
liiglicr solvent spcccls clcvintions from cquililxiunl sceni, however, to csist. l’hesc 
clcvintions will lx tlic Inrgcr, tlic hrger the relative velocity of the moving lmrticlcs 
of solvent against the nccclding volunic clcrncnts of solvent (mid partly tlic adsorbing 
surface clcnicnts in tllc solid pliasc), Tlic rcnson is of course that less tinic is tlicn 
avnilahlc to rcacll a quasi-cquilihrium state. 

Tlic relative velocity of lmrticlcs clifh.dng in tlic niobilc lh~sc against the ac- 
ceptor elcnwnts in the stationary Ih~,sc is largest at the lcacling cclgc of EL mnc. Op- 
positcly pnrticlcs of solute diffusing in the stationary phase have tlie lnrgcst rclntivc 
velocity against tlicir presumptive ncccptor elcnients in tlw ruobilc pllnse at the trail- 
ing side of c?. zone (Fig. 5). In general diffusion in tlic niobilc zone prcvnils, l’lic result of 

Fig. 5, The rclntivc vclocitics of diffusing lxwticlcs mcl tlic Wtirining clonicrits, S = Staticmnr~ 
~h~4c: h1 := nirhilu plm4c; Al,t\g = rclntivc velocity of p;rrticlcs tlil’hwing in the stationilry pliasc 
ilp\illSt volunic clcnicnts of solvent in tlic nioving phnsc: 13,,1~1 = rclntivc \*clocity of lxrrticlcu 
tllffwing in tlic mobile phnsc ngninst retaining volllnic clctncnts in the Stntiflllilr)’ phase. 

incrcnsed relative velocity at the leading side of a zone is a clecrcasc of the cocflicient 
K (set eqn. 13) and conscqucntly an incrcasc of cocllicient C. From cqn. 23 it can 1~ 
seen that this causes the concentrntion proiile of the Icacling part of tllc zmc to lx- 
come wider than that of the trailing sick. Tlw concentration profile of tlic zone tencls, 
tlwrefore, to lx!conic skew synimctrical. .,’ 
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