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Relations are derived for dependence of arbitrary quantities which are linear functions of com-
position on time, position and flow rate for the flow and stop methods with optical indication 
coaxial to the direction of flow. Determination of the rate constant for reversible second order 
reaction which requires solution of a transcendent equation is transformed to a simple plot 
of a straight line in the single nomogram; in another approximation where the error is less than 5%, 
to the solution of intersection of two straight lines with experimentally determined slopes and 
intercepts. The apparatus with indication coaxial to the direction of flow is described and its 
function is verified on a model reaction Ce(lV) + V(IV) = Ce(III) + V(V). 

The condition for a satisfactory application of optical indication for studies in reaction kinetics is 
a sufficiently large absorbance of reaction components. For compounds insufficiently coloured 
it is then necessary to increase either the initial concentration of reactants or the optical path. 
The first method cannot be used where, due to increased concentration, the reaction rate increases 
beyond certain limits sufficient for measurements in the given type of apparatus and its para-
meters. The second method operating with optical path perpendicular to the direction of flow 
would increase dimensions of the apparatus above the limits of practical applicability. Thus there 
only remains to increase the optical path so that absorbance of the whole column of mixture 
is measured along the reaction tube at flow or after the flow is stopped. Such experiment based 
on the optical system coaxial with the direction of flow is in the literature described only once — 
at flow and for the special condition of stoichiometric ratio of reactants for an irreversible second 
order reaction1 . 

Here an attempt has been made to present a solution for the reversible second 
order reaction with an arbitrary ratio of initial concentrations of reactants both 
for the flow as well as for the stop flow methods with optical indication coaxial 
with the direction of flow and to demonstrate their practical application. 

THEORETICAL 

The age of a selected volume element of reaction mixture r is given by the time interval f rom the 
moment of mixing the reactants to the moment of measurement. This interval is given by the 
time yjv, which is necessary for the volume element of reaction mixture to reach with the velocity 

* Part III in the series New Methods in Homogeneous Reaction Kinetics; Part II: This 
Journal 40, 2287 (1975). 
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1966 Tockstein, Skopal: 

v the observation point in the distance y from the point of mixing, and by the time t which elapsed 
from the moment the flow is stopped to the moment of measurement at the point y. 

For plug flow all volume elements have the same velocity, under other hydrodynamic condi-
tions the velocity profile forms (for laminar flow parabolic distribution) so that velocity of the 
volume element is a function of polar coordinates v(r, (p) changing in the area given by the cross-
-section of the reactor. 

This means that in integrated forms of kinetic equations in various types there appears as 
time the variable r = iyjv) + If the indication is performed locally e.g. in the y-th volume 
element of the reaction mixture at the distance y^ then concentration of the /-th reaction com-
ponent f; is given by the initial concentrations at, a2, . . . of reactants, by the rate constants 

k2 • •. of individual reaction steps and by the time i j in the form 

c; = fi(a, k, t J , (la) 

where the form of the function ft is known from the solution of kinetic equations of the cor-
responding scheme. If some quantity which is linearly dependent on the composition of the 
reaction mixture is used for studies of the state of reaction component in the y'-th volume element 
e.g. the absorbance A of the optical path I in the measured element and the extinction coefficients 
of components e ;, then it holds 

^ = ' 2 > i / i M . * j ) - ( i b ) 
i 

But if measurements are performed in all the elements of the reaction mixture simultaneously 
by the beam passing through the whole length of the tube L, it is necessary to sum all absorbances 
of individual elements (with the differentially small optical path I = d j ) so that 

* = Z^j = f & rta> k> (ylv) + ' ) d>' • (7 c) 
j J o i 

This relation holds for the plug flow in the whole cross-sectional area of the reactor tube. 
For the case with the velocity distribution v(r, (p) it holds only for the differentially narrow stream-
line. As the probe of the indicating device reacts to the overall luminous flux, it is necessary 
in the case of velocity distribution to add the differential luminous fluxes corresponding to 
individual differential streamlines. By use of these integral flows (inlet JQK^ and outlet 

»2ji r>to 
JQ [exp (— A)] r dr . d<p) we obtain after arrangement the resulting absorbance A 

J <p = OJ r = 0 
(at the assumption that the outlet slit corresponds to the total cross-sectional area of the reactor). 

For such reaction-kinetic systems where the actual concentration of each coloured reactant can be 
expressed as the difference in the initial concentration and another single mutual parameter 
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Flow and Stop Flow Methods with Coaxial Indication 1967 

e.g. of the decrease x* 

C. = a: Vj-X , (2a) 

where V; is the constant coefficient and for isolated reactions the stoichiometric coefficient, 
x-similarly as q - a function of initial concentrations, of rate constants and of time r, i.e. x = g 
(a, k, t), the relation ( lc) can be arranged in the form 

a = J I £ i - v i 9 + d y = L S f i i a i ~ S £ i v i J* x • i 2 b ) 

By introducing the absorbance A0 or the zero decrease .x- in the time t = 0 and the final 
absorbance A^ in the time t = O0, which corresponds to the drop x ^ , the relations L Xeiai = 

= A0 and Y ^ i = (^o ~~ A^jx^L, can be eliminated so that by substitution into (2b) 
and by an explicitely expressed integral a- dy the relation is obtained 

A p - A 

A o ~ A x 

x d j >L g (a, k, t ) dy 

0 g (a, h, x = oo) L 
(2c) 

As left hand side of Eq. (2c) can be obtained from the experiments and the right 
hand side includes for the unknowns the rate constants kx, k2, . . . only, the relation 
(2c) can be considered to be the key for their determination. A similar arrangement 
of Eq. (id) gives the relation 

A0 ~ A 

A o Ac 

In J e x p ^ 0 - ^oo) • 
' L x d y 

0 
(2d) 

which by use of the mean value theorem for the velocity v(r+), where r+ e (0, r0) 
gives formally the same equation as is the (2c) where only the velocity of plug flow 
is substituted by the mean velocity v(r+) the value of which depends on the type 
of reaction, on the difference in colour during the reaction and on the hydrodynamic 
character of flow. For illustration is in Table I demonstrated comparison of the plug 
flow velocity v with the mean velocity v(r+) for the irreversible second order reaction 
and the parabolic velocity distribution. 

From tabulated ratios f ( r + ) in dependence on v is obvious that the mean velocity 
v(r+) is the smaller the greater is the velocity v for laminar flow which would lead 
in Eq. (7) to the correct value of the rate constant in respect to velocity v (calculated 
from the displacement of syringes at the assumption of plug flow). The time t and 
thus the reaction extent are of considerable magnitude only if the absorbance in-
creases during the reaction (i.e. for 0 > 0). 

* E.g. for isolated, simple reversible, or side reactions — as long the Wegescheider's principle 
holds, not for consecutive. 
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Flow and Stop Flow Methods with Coaxial Indication 1969 

This means that for other than plug flow conditions there must be a strong de-
pendence of rate constants on changes in the velocity of flow v and vice versa. This 
fact is a useful indication for considerations on the hydrodynamics of flow in practi-
cal applications of the reactor. 

Eq (2 c) includes both experimental alternatives: For the flow method is t identically 
equal to zero and the change in the absorbance A is obtained at the constant length 
of the tube L by selection of variour flow velocities v. In the stop flow method Ljv 
is a constant and the absorbance A is changing with time t. 

In the following we will consider the relation (2c) for the case which is of great 
importance in practice — the reversible second order reaction with a general stoi-
chiometry zl : z2 

z2 Redx + zx Ox 2 ^ z2 O x j + zx Red2 k- i 
(3a) 

with the non-zero initial concentrations [ R e d ^ f = 0)] = at, [Ox2(f = 0)] = a2. 

For the decrease x holds 

[ O x t ] _ z^x_ _ co(n') [exp [4>(n') f ] - 1] 

a , flj /?(n') exp [ # ( « ' ) f ] — 1 
(3b) 

where 

n' = * = [ ( ! + n')2 - 4 n ' ( l - k-r/k,)]1'2 ; = 1 + n ' + 0 

and 

2(1 - f e - i / f c , ) 
(.3c,d,e) 

so that 

1 + ri + <P _ , y 
P = - - ; x = a 1 k l z 1 l - + t 

1 + n - <P \v 

Zf.Xr _ co(n') 

(3f,g) 

(3h) 

and by substitution into (2c) and on integration the relation is obtained 

I <Pa1k1zl ^ B exp 
= - Q - f l l n L 

+ / - 1 

L0a1klzl P e x p [<Palk1zlt] — 1 
(4a) 
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1970 Tockstein, Skopal: 

with the limit for v -> oo 

A ^ i A = p + ( i _ fl _ J [ * » . * . » , « ] , u b ) 

A0 - Ax fi e x p [ ^ f l j f c i Z ^ ] - 1 

which is identical with the relation valid for static reactor as the concentration changes along 
the tube are negligible for large flow rates. 

For laminar flow the velocity v in (4 a) would mean the mean velocity v(r+) in the sense of Eq. 
(2d). 

By introducing the substitution (4c,d) 

~.t = £; 3 = &a1k1z1-. (4c, d) 
L v 

Eq. (4a) can be arranged into the form 

A 0 - A „ 1 - / J fi e x p [3 . £ ] - 1 

If the equilibrium constant k_ l / k l is considerably smaller than 1 and if we choose ri ^ 1, then /? 
has a very simple form: fi = l/ri for ri < 1; fi = ri for ri > 1 as 0 = |(1 — ri)\. 
For ri = 1 it is then necessary to use the limit (3b) for k_1 —>0, which equals to z2x/al = 
= t / ( t + 1) and which leads to the Eq. similar to Eq. (5a) in the form 

q = i _ Z = l \ n ( l + ) , (5b) 
A0 - An x \ 1 + x . £J 

where x = a1 . kxzx Ljv i.e. formally x = ^ (</> = 1). 
The same result can be obtained directly by the limiting transfer /? - » 1 in Eq. (5a) if j is ex-

pressed by use of p. Use of Eq. (5b) is similar as use of Eq. (5a) as is demonstrated in the fol-
lowing part. 

Eqs (5a,b) are including both experimental alternatives: for flow measurements 
^ = 0, at the stop flow is 3 = const. In the first case changes in the quantity U are 
reached by changes in the ratio L/u which in practical application means by changes 
in flow rates. In the second case U is changing with time (Fig. 1). 

The root 3 is determined from Eq. (5a) or (5b) or numerically4" (for the first ap-
proximation can be for 3 chosen the value resulting from Eqs (8a,b) or graphically. 

* As long as the computer with a standard procedure is not available for calculation of the 
roots of equations, the simple iteration procedure can be used: 

1 J»exp [ J i ( l + 0 ] - l 
. , = — . In . 31 + 1 U fi exp — 1 
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Flow and Stop Flow Methods with Coaxial Indication 1971 

A simple graphical procedure is based on the following considerations: Equation (5a) can be 
considered to be the dependence of variables & and with the parameter U i.e. like in the system 
[/(log £) of curves the intersection is chosen U = const and the corresponding relation between 
£ and J is observed/The explicite expression of quantity from Eq. (5 a) and by introducing the 
substitution (6a) the dependence can be brought into the form 

exp ( 8 ) = Y (6a) 

= (6b) 

which can be understood as the relation for the intersection of the curve F(ln Y, U) = In . 
. (7 U — 1 )f(Yv — Y), in which the parameter U has an experimental value, with the straight 
line P (In Y) = £ In Y + In /? (Fig. 2) whose slope £ and intercept In /? are known from the ex-
periment. The chosen values U and £ represent one experimental point on the £/(£) curve at the 
given n, i.e. at the corresponding value of and at the selected time of flow Ljv. 

First of all, interesting is the 7-th coordinate of the intercept as according to Eqs (6a) 
and (4d) holds 

F I G . 1 

Curves t/(j,y?) 
The corresponding values of parameters 

n and k1/k_1 beginning with the upper 
curve are: 1 -100 , 1-5-100, 1 - 1 0 , 0-5-100, 
1-5-10, 0-5-10. 

FIG. 2 
Nomogram of Functions F(ln Y, U) and 
F(ln Y, Q) 

Solid lines are related to functions 
F(ln Y, U), dashed to functions F(ln Y, Q). 
Parameter U, beginning by the solid upper 
curve: 1-2; 1-6; 1-8; 2-0; 3-0; 4-0. Parameter Q 
beginning by the dashed upper curve: 0-4; 
0-5; 0-6; 0-8. 
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1972 Tockstein, Skopal: 

l n 7 * = <Pa1klzl Ljv or kx = l n 7 * (7) 
^>alzl Ljv 

from which the rate constant kl can be calculated. 

This procedure can be used in all cases for which 1, i.e. with the exception of irreversible 
reactions at the equivalent ratio of initial concentrations ri = 1. In this case it is necessary 
in an analogous method (i.e. by an explicite expression of £) start with the Eq. (5b) and to solve 
the intersection of the curve F(ln Y, Q) = ln Y/(YQ— 1) with the straight line P(ln Y) = Q ln Y+ 
+ 1, while F i s now defined as exp = 1)] and Q = (A — / i 0 0 ) / (^ 0 — A^). 

This means that a single nomogram suffices of the function l n ( 7 u — 1 ) /(7u — 7) 
or of the function ln y/(YQ — 1) with the parameter U or Q into which the straight 
line P(ln 7) is drawn, the slope and intercept of which are known from the experi-
ments (Fig. 2). It is advantageous to choose such parameters U and £ so that the 
straight line P would intersect the curve F under the angle tu/2 if possible. For 
various selected-mutually corresponding pairs of values U and £ or Q and £ from ; 

the same experiment i.e. at the same n' and Ljv the 7-th coordinates of the intersec-
tion must be the same as results from Eq. (7). This is a method by which the cor-
rectness of the method is done in practice. In Fig. 2 are for illustration plotted 

FIG. 3 

Apparatus for Measurement with the Beam 
Coaxial to the Direction of Flow 

The significance of individual numbers is 
given in the paper. Dashed is the pipeline 
of inert gas, dashed-dot the pipeline of tem-
perred liquid, solid narrow lines the electric 
wires. 

Fig. 4 
Switch Valve with the Relay Device 

a to g exit of channels, P rotating lever, 
Kj, K2, S contacts, Rj low-voltage relay,, R2 

relay 220 V, Flf F2 contacts of the relay, M 
motor of the doser. 
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Flow and Stop Flow Methods with Coaxial Indication 1973 

straight l ines P f o r the case ri = 1 wi th the slopes co r r e spond ing to values of the 
parameter Q which is given in the list of symbols a n d which would co r r e spond to 
experimental values of the s implex 3 = 1 or 3 = 0-1. 

In this p r o c e d u r e fo r de t e rmina t i on of the r a t e cons t an t is inc luded also the case 
of the flow m e t h o d when £ = 0 a n d s t ra ight lines P( ln 7 ) a re thus hor i zon ta l wi th the 
intercept In or 1. 

Beside this the pa i r s of values 3 a n d Ljv f o r selected values of U (which a re only 
funct ions of L/v as £ = 0) accord ing to Eq . (4d ) a re giving s t ra ight l ine pass ing 
through the or igin wi th the s lope <Pa1k1zi on the basis of which the ra te cons tan t 
can be de t e rmined . 

F o r i l lus t ra t ion , in Fig. 2 is p lo t t ed t he hor izon ta l co r r e spond ing to the value ft = 
= 1-925 i.e. ri = 1, = 10" I ts individual in tersect ions wi th F ( ln 7, U) 
curves co r r e spond t h e n t o the exper imen t s wi th the same p a r a m e t e r ri bu t wi th a dif-
fering residence t ime Ljv. 

All p rocedures f o r d e t e r m i n a t i o n of the ra te cons t an t by the flow or by the s top 
flow m e t h o d a re in the descr ibed way unif ied. 

Another s impl i f icat ion of the whole p r o c e d u r e f o r de t e rmina t i on of /cj rests 
in the fac t t h a t in the range In 7 ( 0 , 0-5) a n d In ^ 1 the curves F( ln Y) a re pract i -
cally l inear wi th t he equa t ion 

ri * 1 ri = 1 

F(In 7, U) = In Y + In ; F(ln Y, Q) = - } In Y + Q'1, (8a,b) 

so that it is no t necessary t o p lo t the whole n o m o g r a m bu t the p r o b l e m is r educed 
to the p lo t of the in tersect ion of s t ra ight l ines F a n d P. Th i s a p p r o x i m a t i o n gives 
the coord ina te of t he in tersect ion In Y+ wi th the e r r o r smal ler t h a n 5%. T h e approx i -
mation (8a,b) a re equa t ions of the t angen t l ine t o the curve F( ln 7 ) in the po in t 
In 7 = 0. F o r the in tercepts there ho lds l i m l n ( 7 u - l ) / ( Y u - Y) = In U\(U - 1) 

y-+i 
and similarly l im I n 7 / ( Y q - 1) = 1 jQ a n d f o r the s lope d [ F ( l n 7 ) ] / d In 7 in the 

r - i 

point In 7 = 0 f o r ri # 1 as well as fo r ri — 1 the value —1/2 is ob ta ined . 

EXPERIMENTAL 

The apparatus for the flow and stop flow method with the spectrophotometric indication coaxial 
to the direction of flow is schematically drawn in Fig. 3. From the storage vessel of reactants 
1, 8 the component are discharged in{o vessels kept at constant temperature 3, 4. From there 
they are sucked through a multi way valve 2 into syringes of the doser 1 and from there after 
turning the valve 2 through temperated cylinders 5 they are sprayed through four nozzles into 
the reactor 6 whose hollow jacket is also temperated by a thermostat 10. The reactor is directly 
Collection Czechos lov . Chem. Commun. [Vol. 41] [1976) 



1974 Tockstein, Skopal: 

mounted on the exit 13 of the Zeiss monochromater VSU 1 with a source of light 12 supplied 
from the stabilizer 11. At the exit from the reactor is located a photo-cell E G and EGS 14 from 
which the current proportional to the transparence of the reaction mixture is recorded by a re-
corder G1B1 Zeiss 15. The switching device numbers 16. 

The switching valve 2 was made of perplex prism 7 X 5 X 2 cm 3 . In this body were drilled 
channels of I D 3 mm (Fig. 4). By rotation of a teflon plate with milled channels it was possible 
to connect points a, b and c, d, to close e, f (position at the flow) or, on the contrary, to connect 
locations a, e, and d, f and to close locations c, b (flow stopped) at the simultaneous disengaging 
of the doser by the switching device which is in detail drawn in Fig. 4. This position has made 
possible the discharge of the dosed liquids by use of holes g, h into vessels 3, 4 with some delay 
of the doser after the stoppage of the flow and sucking of the reactants from the space 3, 4 at fil-
ling of the dosing syringes. The relay was handled by a contact of the laver P (forming the 
inlet S) and by the contacts K j and K 2 . The body of the reactor is made of a special poly vinyl-
chloride cylindrical block in the axis of which is drilled the observing tube ( 0 = 3 mm, length 
100 mm) on both ends fitted by glass windows attached by screws. On one end of the observing 
tube are mounted twice into its sides four nozzles ( 0 = 0-8 mm) for mixing of both reactants. 
The first four nozzles are perpendicular to each other as well as to the surface of the observing 
tube, second fourth nozzles are situated tetraedrically. This arrangement ensures quick and 
perfect mixing. Inlet of each reaction component into the corresponding four nozzles is through 
circular channels at the circumference of the tube. Both individual circular channels are milled 
in the body of the reactor and are covered by case with inlet pipes. At the end of the pipe are 
perpendicularly to the surface drilled two outlet nozzles ( 0 = 1-5 mm) which are connected 
with the outlet pipes. Inlet and outlet pipes are passing through the heating jacket and are sealed. 
The head of the reactor is fitted with a socket for fitting on the head of the monochromator. 
The cross section through the described device is drawn in Fig. 3 part 14. The linear doser has 
been operated at velocities 2-5; 3-5; 4-5; 5-5; and 6-6 mm/s with syringes 20 mm in diameter with 
the diameter of the tube 3 mm and length 100 mm. To make any considerations concerning the 
character of flow at these dosing velocities and geometry according to the simple Reynolds 
number (its values are here Re = 660 and 1700 as the lower and upper limit) is not possible as 
this criterion holds only at the distance from the point of mixing at least 100 times the diameter 
of the pipe2 . Moreover the mixing nozzles are bringing the liquid into an intensive whirling. 
Thus only an experimental criterion is justified which is the independence of the determined 
rate constants on feeding rates. This was verified for the reactor having the same dimensions 
for the range of feed velocities in our last study3 at indication perpendicular to the direction 

T A B L E I I 

Rate Constants k dm3 s - 1 m o l - 1 

Method Method 
n n 

flow stop flow flow stop flow 

15°C 20° C 
0-5 570 ± 68 546 ± 50 
1 580 ± 58 552 ± 44 
2 560 ± 41 530 ± 1 4 

0-5 820 ± 77 866 ± 85 
1 860 ± 9 0 -
2 830 ± 68 850 ± 75 
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Flow and Stop Flow Methods with Coaxial Indication 1975 

of flow and this was again confirmed in this study up to velocities 2-5 mm/s. The value of 100% 
transparence on the register was determined by filling the reactor by the medium from the vessel 9, 
zero transparence by switching off the light source, initial transparence as the geometric mean 
of transparencies obtained at feeding each individual reactant. Transparence in time t = oc 
was red on the horizontal asymptote to the curve transparence-time if the steadying was 
sufficiently quick, or the given mixture of reactants was fed into the reactor after a sufficiently 
long time in which the reactants were reacting outside the reactor. 

RESULTS 

The described procedures were tested on the reaction Ce(IV) + V(IV) = Ce(lII) + 
+ V(V)* in the medium 2N-H2S04 . At the flow method the initial concentrations 
of ions V(IV) 001M at the stop flow method 5 . 10~4M. The experiments were per-
formed at various wave lengths 750, 680, 500, 490, 480, 440, 430, 420 nm and at two 
temperatures 15°C and 20°C at the ratio of initial concentrations Ce/V = 0-5; 1; 2. 
The mean experimental rate constants and their standard deviations at the frequency 
of the system equal to 8 are given in Table II. 

Experimental results obtained by the method of coaxial indication with the direc-
tion of flow are in a good agreement3'4" with the results obtained earlier. 
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* The used chemicals see4. 
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