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An apparatus and experimental technique were developed for the study of the kinetics of
relatively rapid reaction and subsequent crystallization in condensed phases. The method em-
ploys batch experiments to establish the integral of crystallization rate over ranges of perti-

nent external variables.

The crystallization of potassium dipicrylamine from aqueous solution, a system of potential
interest in applicotion to potassium recovery from brines, was studied experimentally. It is
shown that both reaction and crystallization rate parameters may be determined from the
data on the basis of the consecutive rate model developed; application of the Burton-Cabrera-

Frank theory of crystal growth to this system is demonstrated.

Potassium reacts chemically with hexanitrodiphenyl-
amine (dipicrylamine or DPA) and with some soluble
metal salts of dipicrylamine such as sodium, calcium, and
magnesium dipicrylame in aqueous solution to form potas-
sium dipicrylamine, which is only slightly soluble in the
solution. The reaction is apparently a simple exchange and
may be written as

NO, Na NO,
|
K* +NO, ()—N—) NOy=Na*+KDPA!
NO, NO.

Particular interest in this system stems from the fact that
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it is apparently a good subject for the study of consecu-
tive reaction and crystallization kinetics in condensed
phases, and it has potential practical applications to re-
covery of potassium from saline sources. The latter has
been dealt with in prior reports (I, 2); our concern here
is with the former area, and with particular regard to in-
terpretation of crystallization kinetics in terms of modern
crystal growth theory.

Previous work related to the chemical reaction has
been predominately in the development of analytical tech-
niques for the quantitative determination of potassium
(3, 4) and in extensions to development of processes for
potassium recovery from brine sources (1, 2, 5 to 7). No
prior studies of the kinetics of this reaction crystallization
have been reported, and in this investigation a novel ex-
perimental technique and apparatus were developed for
studying such rapid crystallizations resulting from reaction
when two liquid solutions (reactants) are mixed.
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EXPERIMENTAL

The experimental approach to the study of crystallization
kinetics involved measurement of the mass of KDPA crystals
formed as a function of time under controlled conditions of
temperature, initial reactants concentration, agitation level, and
seed concentration. Each experiment involved a batch crystal-
lization which gave one point on the curve relating mass of
crystals formed to time of crystallization. Repeated experi-
ments with different reaction times established the integral of
the rate function for a given set of conditions over the time
period studied. The reaction was initiated by rapidly mixing a
solution of potassium chloride with a solution of sodium di-
picrylamine in a stirred batch reactor and, after the desired
time had elapsed, rapidly separating the crystals from the en-
vironmental solution.

This method gave integral curves which reflected both the
rate of chemical reaction and the rate of crystal growth. These
rates could not be measured individually, since it was not
possible to analyze the sclution for concentrations of the vari-
ous substances present at any time when nondestructive ana-
Iytical procedures are used. The rate of KDPA crystal growth
is a function of the potassium dipicrylamine concentration in
solution, and the rate of XDPA formation in solution is in
general a function of Na+, NaDPA, DPA—, K+, and KDPA
concentrations. A detailed scheme may be written as

NaDPA=Nat + DPA~
K+ + DPA— = KDPA (sol'n)
K+ 4+ NaDPA = KDPA (sol'n) + Nat
KDPA (sol'n) = KDPA (solid)

Some distinctions among these steps are possible on the basis
of experimental observation, as described subsequently, but
suitable quantitative analytical procedures for this do not exist.
The apparatus and technique developed for this study per-
mitted variation of the important independent variables one
at a time. The crystallization experiments were carried out
under isothermal and essentially constant volume conditions.
Initial concentrations of sodium dipicrylamine and potassium
could be varied independently, and the level of agitation
within the reaction vessel was externally controlled and meas-
ured. It is important to note that relatively few data on crystal-
lization kinetics in condensed phases have been reported in
which experimental conditions have been well defined or
which exist in a form which may be interpreted in terms of
the fundamental rate processes occurring; hence experimental
considerations are relatively important in this research.

Apparatus

The apparatus employed was designed to accomplish the
rapid mixing of measured amounts of two liqud phase reac-
tants and the rapid separation of the resulting crystalline pre-
cipitate from the reaction solution. Provision was made for
setting and maintaining a constant temperature, for agitation
of the reaction volume, and for measuring the time of reaction.
A schematic diagram of the reactor system js given in Figure 1.
The reactor proper was a jacketed, brass, pressure vessel with
internal baffles, a sloping bottom, and a center outlet tube in
the bottom. Internal agitation of the reactor and agitator
geometry was determined on the basis of experimentation to
minimize mixng dead spaces (8). The top of the reactor was
a separate brass plate bolted in place; all inlet lines, the
stirrer, and the thermocouple passed through the top. The re-
actor could be pressurized to 600 Ib./sq. in gauge for rapid
filtration of its contents at the desired moment. The injection
section was a jacketed pressure vessel with a ball valve at
each end for charging sodium dipicrylamine solutions rapidly
into the reactor. A coating of tygon was placed on the interior
walls of the injector to retard wetting and retention of drop-
lets during injection, so that reproducible amounts of liguid
could be discharged to the reactor. Injector volumes of 50 and
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100 ml. were used in experimentation, requiring 0.5 and 1.0
sec., respectively, for discharge. The filters used to separate
crystals from the reaction mixture were made of porous, sin-
tered, stainless steel in the shape of a cylindrical cup. The
filler was positioned in the reactor outlet line so that the
closed end was downstream; the material to be filtered then
entered the tip, and crystals were retained in the cup as the
liquid passed through. The filter elements employed were
machined to uniform size; they weighed approximately 9 g.
and contained a volume of approximately 3 ml. Temperature
control was accomplished by pumping Huid from a constant
temperature bath through the reactor and injector jackets.
Connecting lines and the reactor and injector were insulated
with fiber glass; temperature in the bath was maintained either
by a base plus swing load immersion heater or by an external
refrigerator. Temperature in the reactor was measured by a
chromel-alumel thermocouple to within = 0.05°C.; bath tem-
perature was controlled in all cases to less than =+ 0.05°C.
Reaction times were measured with an electronic timer
switched on and off automatically as the injector outlet valve
and reactor outlet valve were actuated. All reagents employed
in the experimentation were reagent grade or analytical re-
agent grade.

Procedure

The experimental procedure can be divided conveniently
into three major areas; synthesis of sodium dipicrylamine,
procedure for making a run, and calculation of desired quanti-
ties from the raw data. Each of these is discussed below.

Synthesis of Sodium Dipicrylamine. This material is not
available commercially, so the reagent employed in the crystal-
lization experiments was prepared in the laboratory. Dipicryl-
amine and sodium carbonate decahydrate in 100% excess were
placed in distilled water at room temperature and stirred until
all solids dissolved, giving a dark red solution of sodium depi-
crylamine. The solution was evaporated to dryness leaving red
crystalline sodium dipicrylamine mixed with sodium carbon-
ate. This residue was then treated with acetone to separate
the desired product, soluble in acetone, from the insoluble
carbonate. This extraction was repeated twice by evaporating
the acetone solution and redissolving the solids. Purity of the
product was verified by microscopic examination, since the
presence of carbonate crystals in the solid is easily detected by
this method.

Operating Procedure. Initially all valves were closed except
the reactor vent valve C (see Figure 1). The stirrer control
was off, the air cylinder main valve was opened, and the con-
stant temperature bath thermostat was set to approximately
the desired point. A clean, tared filter element was placed in
filter K, and filtrate receiver L was put in place. The unit was
then ready to be charged.

Potassium chloride solution was charged to the reactor
through charge port V by a pipette. Seed crystals from a pre-
vious crystallization were weighed and charged to the reactor
through a dry funnel. Seeds from a single batch were used in
all experiments. The charge port cap was replaced and the
reactor stirrer started and set to the desired speed by means
of a variac and a volt meter. Sodium dipicrylamine was
charged to the injector by a pipette, and the injector inlet
valve @ was closed. A final adjustment of the constant tem-
perature bath thermostat was made to bring thermocouple B
reading to the desired value, and a minimum of 30 min. was
allowed for the thermal equilibrium to be established as in-
dicated by temperature measurement. Pressure regulators F
and U were adjusted to pressurize the injector. The timer
control switches were set in the proper position and the timer
set to zero. At this point the unit was completely charged and
equilibrated.

The reaction was started by opening the injector outlet
valve N for 3 or 4 sec., allowing the sodium dipicrylamine to
mix in the reactor with the potassium chloride solution and
the seed crystals. The timer was actuated automatically as
valve N was opened. The injector outlet valve N and the re-
actor vent valve C were then closed. A few seconds before
the reactor contents were to be discharged, the reactor pres-
surization valve D was opened, and 1 to 2 sec. prior to dis-
charge the reactor stirrer motor control was set to motor stop

Page 267



Lo

@)

e

e G)

I

8615

Ko

LEGEND

A- REACTOR

B - THERMOCOUPLE

C- VENT VALVE

D- REACTOR PRESSURIZATION
VALVE

E- PRESSURE GAGE

F - PRESSURE REGULATOR

G- GAS BOTTLE

H- PUMP

| - CONSTANT TEMP, BATH

J - REACTOR OUTLET VALVE

K - FILTER

L - FILTRATE RECEIVER

M- INJECTOR

N- INJECTOR OUTLET VALVE

P- TIMER

Q- INJECTOR INLET VALVE

R- INJECTOR PRESS. VALVE

S- VENT VALVE

T- PRESSURE GAGE

U- PRESSURE REGULATOR

V- CHARGE PORT

W- STIRRER MOTOR

Fig. 1. Schematic diagram of reactor system.

in order to prevent crystals from being thrown against the
reactor walls and top as the liquid surface reached the stirrer
level during discharge. At the desired instant reactor outlet
valve ] was opened and the reactor contents discharged
through filter K which retained the crystals. Air was blown
through the crystals for a few seconds to remove any adher-
ing solute. Direct measurements showed this to be effective
for removing solute except for negligible amounts. The reac-
tor pressurization valve D was closed, reactor vent C opened,
and the filter element and crystals removed from the unit
and placed in the oven for final drying. The mass of crystals
was determined by direct weighing.

Crystals remaining in the reactor and outlet line after filtra-
tion were recovered by dissolution in acetone. The concentra-
tion of KDPA in the acetone solution was measured spectro-
photometrically, and the mass of crystals recovered in the
acetone was calculated and added to the crystals weighed.
Blank runs were made to determine what portion of the seed
crystals charged to the reactor dissolved in the potassium
chloride solution prior to injection of the sodium dipicrylamine
solution. The unit was set up and charged as described above,
except that no NaDPA was charged to the injector and the
run operating procedure was carried out.

Treatment of Raw Data. The treatment of raw data was
straightforward, consisting mainly of applying corrections to
obtain the true mass of crystals grown in a given experiment.
Reaction time was measured directly. Initial reactants con-
centrations were calculated based on the total volume of
potassium chloride and sodium dipicrylamine solutions which
was taken to be the pipette volume of each less the amount
retained by the injector (1.2 ml. by calibration). The mass
of crystals formed in each experiment was calculated as fol-
lows: mass of crystals formed = (mass of filter plus crystals
therein)—(tare weight of filter)4 (mass of crystals washed
out in acetone)—(mass of seed crystals present at beginning
of the reaction).
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KINETIC DATA

Rates were measured in a total of ninety-six runs, made
in eight sets, in which the effects of temperature, initial
reactants concentrations, seed crystal concentration, and
stirrer speed were determined. The range of experimental

TABLE 1. SUMMARY OF EXPERIMENTAL CONDITIONS

Agitator
Initial concs. speed,

Temp., K,mg./ NaDPA, rev./ Mass of
Run set °C. liter g./liter min. seeds, g.

a 5.0 200 3.6295 900 0.0500

RC {b 5.0 200 3.6295 1,364 0.0500
c 5.0 200 3.6295 2,060 0.0500

a 5.0 100 1.8148 900 0.0500

RD <\[b 5.0 100 1.8148 1,364 0.0500
c 5.0 100 1.8148 2,060 0.0500

a 29.7 100 1.8148 900 0.2000

RE {b 29.7 100 1.8148 1,364 0.2000
c 29.7 100 1.8148 2,060 0.2000

a 16.8 100 1.8148 900 0.0700

RF {b 16.8 100 1.8148 1,364 0.0700
c 16.8 100 1.8148 2,060 0.0700

RG 29.7 100 1.8148 1.364 0.1200
RH 5.0 100 3.6295 1,364 0.0500
RJ 5.0 300 5.3420 1,364 0.0500
RK* 5.0 100 1.8148 1,364 0.0500

® Synthetic sea water, recipe of Lyman and Fleming (9), employed
in place of potassium chloride solution.
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conditions investigated is summarized in Table 1. A num-
ber of runs were duplicated to determine reproducibility
of the data in terms of crystals formed after set reaction
time under varying conditions. The average deviation
(defined as run value minus average for duplicate run
divided by average for the duplicate runs) for twenty-four
of these replicate runs was 0.5% with the maximum ob-
served deviation being 3.8% . Further details of this are
given elsewhere (8).

Experimental Observations

Observations on the gross effects of major experimental
variables on the kinetics are discussed below, The experi-
mental data presented have been corrected for the mass
of seeds present at time zero and are normalized with re-
spect to the equilibrium yield of crystals determined from
the reaction stoichiometry and KDPA solubility (1) under
the conditions of the experiment. The ordinate of the
plots, therefore, represents the fractional approach to
equilibrium yield of crystals.

Effects of Temperature The effect of temperature on
the kinetics of KDPA crystallization was determined ex-
perimentally at 5.0°, 16.8°, and 29.7°C. Typical results,
as summarized in Figure 2, indicate that the rate of crys-
tallization increases with temperature, suggesting that the
rate of chemical reaction which produces KDPA might be
sufficiently slow to have an effect on the overall crystal-
lization rate.

1.0 I R R S R T 1
o) _
M/M@
O RE-¢ 29,7°c
A RF-¢c 16.8°c¢ |
O RD-¢  5.0°¢
—
) [ i A S S
o} 50 100 150 200 250

REACTION TIME, SECONDS
Fig. 2. Effect of temperature, experimental.

Consider the case of extremely rapid chemical reaction.
The concentration of KDPA in solution at any time would
then be determined by the crystal growth rate only. Also,
suppose that the rate of growth depends on two things:
a rate constant related to diffusion rates, and the super-
saturation. While the rate constant for crystal growth
certainly increases with temperature, the supersaturation
decreases with temperature owing to increased solubility,
since the solubility of KDPA in water increases with
temperature (I1). At 0.7°C. the solubility is 259 mg./liter,
and at 30°C. the solubility is 1,098 mg./liter. If the latter
effect dominates, which is likely in many sgstems because
of the relatively weak dependence of diffusion rate on
temperature, the result will be a net decrease in the rate
of crystal growth with temperature.

Consider now a slower chemical reaction. The super-
saturation at any time in this case depends on the differ-
ence in the rates of chemical reaction and crystal growth.
One would expect the chemical rate to be more strongly
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temperature dependent than the crystal growth rate, re-
sulting in an increase in supersaturation with temperature.
In this case, then, both the supersaturation and the rate
constant for crystal growth increase with temperature, and
an overall increase in growth rate must be expected.

Effect of Initial Concentrations. The effect of initial po-
tassium concentration on the crystallization kinetics was
determined at three levels; 0.1, 0.2, and 0.3 grams potas-
sium/liter, in runs at 5.0°C. (see Figure 3). For initial
NaDPA concentration effects, two levels, 1.8148 and
3.6295 g./liter, were employed in runs at 5.0°C. with 0.1
grams potassium/liter. These figures represent NaDPA in
excess of the stoichiometric amount by 50 and 200%,
respectively. Results are also given in Figure 3.

e T T T
-
"T
M/Mo
run SeT [ k™1 [nappa)
O RJ  300mg/l 5.3420 g/
A RC-c 200 3.6295
O RD-c 100 1.8148
® RH {00 3.6295
1 | 1 | 1 ]
0 50 i00 50 200 250

REACTION TIME, SECONDS
Fig. 3. Effect of initial potassium and NaDPA concentration.

Effect of Seed Crystal Concentration. Two run sets were
made at 29.7°C., involving 0.2000- and 0.1200-g. seeds
initially added to the reactor. It is assumed that the num-
ber of seeds is directly proportional to the mass; the effect
shown in Figure 4 also includes the effect of seed size due
to the fact that a portion of each seed crystal dissolved and
that portion differed with the number of seeds.

1.0 T T T T 1 T T
o8t .
06
M/Mo
0.4
RUN SET SEEDS
o2l 0O RE-c 0.2 gms
O RG 0.12 gms
o
) [T S [ I N S
) 20 a0 60 80 100

REACTION TIME, SECONDS
Fig. 4. Effect of seed crystal concentration.

Effect of Agitation. The effect of stirrer speed on the
observed kinetics was determined at the three tempera-
tures and two initial potassium concentration levels. Three

Page 269



stirrer speeds were employed, and an example of the re-
sults is given in Figure 5. In all cases, the rate of crystal-
lization was found to increase with increasing agitation.
The highest Reynolds number attained was the maximum
possible with the experimental apparatus.

Lo
08| i
Q.6 -
M/Mo RUN SET RD NRe
0.4 gd-¢-----------5000 -
O—b oo 3300
A-Q-nmm o 2200
0.2 _
0 1 ] ] | | | | | 1
(o] 50 100 150 200 250
REACTION TIME, SECONDS
Fig. 5. Effect of agitation level.
THEORY

It is apparent from the experimental observations noted
above that the reaction-crystallization process involved in
KDPA formation is a complex one. The development of a
detailed approach to the kinetics of the system requires
determination of the relative importance of reaction and
crystallization rates and a knowledge of the chemical re-
actions involved. The importance of the chemical rate is
suggested by the variations in overall crystallization rate
with initial reactants concentrations and temperature, and
by the absence of spontaneous nucleation effects in the
experimentation (arising from large supersaturations if
there is fast reaction). The absence of spontaneous
nucleation is indicated by the reproducibility of the data.
More than one hundred unseeded experiments were run
in which spontaneous nucleation occurred, and the entire
set of these experiments was characterized by the nonre-
producibility of the results (8).

Chemical Reactions involved

The three following reactions, written in simplified form,
are possible in the experimental system:

NaDPA = Na* + DPA~ (1)
K+ + DPA- = KDPA (2)
K* + NaDPA = KDPA + Na+ (3)

Reactions (1) and (2) are known to be reversible, but
reaction (3) may not be. The effects of initial potassium
and sodium dipicrylamine concentrations can be explained
on the basis of (1) and (2), or (3), or all three reactions;
however, the kinetics observed in runs RK at very high
sodium concentrations were identical to those of similar
runs (RD-b) in potassium chloride solution. Clearly, (1)
and (2) cannot be selected as the model reactions because
the rate of KDPA formation in solution would decrease
with increasing Na* concentration. In the subsequent
analysis, reaction (3) governs the chemical rate; it is
likely, of course, that all three reactions take place, but
the effective equilibrium in (1) is far to the left, thus
diminishing the importance of (2).
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Formulation of the Overall Kinetic Expressions

The most widely accepted modern theory of crystal
growth is that of Burton, Cabrera, and Frank (10) postu-
lating growth from screw dislocations as a favored alterna-
tive to two-dimensional nucleation in the building up of
a crystal face. Considerable evidence has been accumu-
lated (11) in support of this theory, and we shall subse-
quently demonstrate its application in the present experi-
ment.

The growth rate equation is derived on the basis of con-
sidering both the rate of diffusion of molecules to the
surface of the crystal and the rate of surface migration of
adsorbed molecules. Details of the development are given
in reference 10; the result is

A [alRTlnS DN, (S—1) ]
TL2 Ve X,
Omay (8 —Y, 2 Y, 1t
.[1+ al( 0)+ a1 o] (4)

In

XY, X, X,

where Y, = (47 g¢s V)/(RT In S) and R is the rate of
crystal growth in a direction perpendicular to the plane
of the surface { in units of distance per time. It may be
shown that at low supersaturations the third term in the
denominator of Equation (4) predominates, and the rate
becomes approximately proportional to (8§ — 1)2. At high
supersaturations the second term in the denominator be-
comes important, and the rate of crystal growth ap-
proaches proportionally to (§ — 1), Burton et al. (10)
estimate that the linear dependence is correct when
(S — 1) > 0.01. This linear dependence is assumed in the
following development, since rather large supersaturations
are to be expected unless the chemical rate is very slow.
The rate expression for crystal growth then simplifies to

Ri=ki (S—1) (5)

The rate at which an entire crystal grows is dependent on
the growth rates of each of its sides, which are in general
not the same; hence, to describe the rate of accumulation
of mass on a crystal, one must account for its macroscopic
geometry.

Fig. 6a. Photomicrograph of KDPA crystals.

Potassium dipicrylamine crystals grow as rhombohedra,
depicted in the photomicrograph of Figure 6z, The mass
of such a crystal is given by the equation

M = pabc sina (6)

Differentiating with respect to time, one gets

aM . [ be da+ db+ bdc ] ™
—— = psin. — 4+ ac— + ab —
a L% d dt
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Fig. 6b. Schematic of rhombic geometry.

Growth rates of parallel sides can be summed to give three
values which uniquely describe the overall rate. These are
shown in Figure 6b as R;, Ry, and R; and are given by
Equation (5). Taking the component of the rate vector
in the direction of the crystal side most nearly parallel to
the vector, one can write:

d

2 _ R, sina = k; sina(S — 1) (8)
dt

db

—_—= = ks (S—

7= R=k($-1) (9)
%:stina=kzsina(s—l) (10)

In the case, such as the subject experiment, where growth
is from initial dimensions, a,, bo, ¢, then crystal size is

given by
¢
a=a,+ J; k; sina(S — 1)dt

b=bo+£t ks (S—1)dt (11)

¢
c=2¢,+ J; ko sina (S — 1)dt

Substituting Equations (8) to (11) into the general ex-
pression, Equation (7), one obtains

dM t

- -1 K+xf -1
+x{fs-val]

and

K, = plascoks sina + (bocoky + Goboks) sin?a]
KZ = 2}5[ (Coklk?, + aokgkg) sinZa + boklkg Sin3a]
K3 = 3p k1k2k3 sinde

Equation (12) refers to an individual crystal; for the
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approximation in which all crystals are the same size, the
total rate of mass accumulation is given by Equation (12)
multiplied by the total number of crysta{s N.

The growth rate expression must be combined with the
chemical reaction rate expression to formulate the overall
kinetic equations. It is assumed that order corresponds to
stoichiometry, so the rate of production of KDPA in solu-
tion is equal to

te = kg [K*] [NaDPA] (13)

The rate of change of [KDPA] in solution is equal to its
rate of production by chemical reaction minus its rate of
removal by crystallization, or from Equations (12) and
(13)

d [KDPA] N dM

=k + —_—— (14
7 r [K*] [NaDPA] vV & (14)
For the jonic concentration of potassium
d[K*]

= —kn [K*] [NaDPA] (15)

Thus, overall material balances for [K+] and [NaDPA]
are

[K*] = [K*]o— {[KDPA] — [KDPA]o} — (M/V) )
(16

[NaDPA] = [NaDPA], — {[KDPA] — [KDPA].}
—(M/V) (17)
From (16) and (17)
[NaDPA] = [K*] + (RR—1) [K*]o  (18)
where:

[NaDPAJ,
[K*1,

Substitution of Equation (18) into (14) and (15) gives
the two final equations which describe the system:

RR =

d +
——%—]— =—kp {[K*]> + (RR—1) [K*], [K*]}
(19)
d(s —1) ke
= {[K+]2
dt [KDPA],
+ (RR—1) [K*], [K*]}
N(S—1) ¢
—m[ K1+K2.[, (§—1)at

+ Ka{f (S—1) dt }2] (20)

The simultaneous solution of this pair with appropriate
initial conditions gives S = S(¢); from this, Equation (12)
is directly integrated to find M as a function of time. The
fit of the data to this kinetic model is discussed in the next
section.

Interpretation of Data

Equations (19) and (20) are highly nonlinear; removal
of the integral terms from (20) as an approximation
allows analytical solution, but even in this case the solu-
tion is not in closed form. The set is easily solved by
analogue computer; this was the method employed in
the present research, and details are discussed elsewhere
(8). The curves computed for all experimental runs, sets
RC — R]J, are shown with the experimental data in
Figures 7 to 11. The kinetics observed at 5.0°C. were
fitted with a reaction rate constant (kg) of 21 liter/mole-
sec. It was also determined for this case, as for all tem-
perature levels investigated, that best fit was obtained
with K; and K3 of Equation (12) equal to zero. The
implications of zero values for these two constants are
discussed subsequently.
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Fig. 7. Data of run set RC with calculated curves.
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Fig. 8. Data of run set RD with calculated curves.

Values of (§ — 1) generated by the best fit solution
were found to be above 0.01, as assumed in the develop-
ment of the model, except for a very short time at the

start of the reaction period. Indeed, rather large super-
saturations (~ 2) are observed in some cases, indicating
relatively rapid initial production of KDPA in solution
with subsequent depletion by crystallization,

1.0 T T T T T T T T
0.8 -
6]
f
06
M/M® Q
0.4} -
s RUN SET RE-
O-~c
0.2— A O-b —
A—-a
oW 1 1 1 | L1 L
0 20 20 60 80 100

REACTION TIME, SECONDS
Fig. 9. Data of run set RE with calculated curves.

In fitting the data for the runs at 16.8 and 27.9°C. it
was found that values of kg > 100 liter/mole-sec. were
required; these values indicate very rapid reaction rates,
so data for these conditions were fit by assuming kg >>
K, and K; = K3 = 0. A simple calculation, based on the
results finally obtained, shows that little error is intro-
duced by assuming infinite reaction rate for these runs.
Equation (19) can be integrated directly, and the time
necessary for 90 per cent conversion of the [K*] can be
calculated. For example, if the reaction has an activation
energy of 25 kcal/mol the times required for 90 per cent
conversion are 13 and 2 sec. respectively, by extrapolation
of the rate constant determined for 5.0°C. This is com-
pared to approximately 86 sec. for 90 per cent conversion
at 5.0°C. Values of the constants, NK;, of the crystal
growth rate expression are summarized in Table 2.

TABLE 2. SuMMARY OF CrYsTAL GROWTH RATE CONSTANTS

ao,
Run set NK; X 1018 N x 10-6 M
a 3.94 2.14 25
RC {b 4.38 2.14 25
¢ 175 2.14 25
a 0.768 2.14 25
RD {b 0.874 2.14 25
c 1.86 2.14 25
a — 8.54 22
RE {b 108 8.54 29
c 33.2 8.54 22
a 1.55 2.99 29
RF {b 1.61 2.99 29
c 2.67 2.99 29
RG 5.43 512 18.5
RH 1.89 2.14 25
R] 15.8 2.14 25
RK 0.874 2.14 25
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K; x 1012 ki X 10°

moles/sec. cm./sec. X 108 X 108
1.84 3.13 25.0 125
2.05 3.49 279 140
8.18 13.9 111 555
0.356 0.604 483 2.42
0.408 0.695 5.56 2.78
0.869 148 11.8 5.90
1.24 272 24,7 124
3.89 3.14 28.5 143
0.518 1.14 10.4 52
0.538 1.18 107 54
0.893 1.96 178 89
1.06 3.29 35.6 178
0.883 1.50 12.0 60
7.38 12.6 101 505
0,408 0.695 55.6 278
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Discussion of the Model

The form of the crystal growth expression, Equation
(12), applies uniformly to any crystal which has three sets
of parallel sides and two or three 90° angles between the
sides—such as cubic, tetragonal, orthorhombic or mono-
clinic. The value of «, of course, is specific to a given
crystalline material, as well as the three constants of
Equation (12), which must be determined experimentally
for a given material.

It is important to note especially how the constants of
Equation (12) relate to the more basic parameters of the
system. If the crystal grows much more slowly in any one
direction than in the other two, then Ks, say, approaches
zero; if this is the case in two directions then both Kj
and K, approach zero. Note also that K; is more strongly
dependent on seed crystal size than K,, and that Kj is
independent of seed crystal size. The relative dependency
of these constants on ky, ko and k; is reversed; Kj is most
dependent and K; least dependent.

The kinetic data reported in the present study were
best fit with K» = Kg = 0. This result is best understood
by calculating approximate values of ki, ks, and ks from
the measured values of K;, then comparing Ki, Ky, and K.
In order to do this it is necessary to characterize more
completely the seed crystals. These crystals were measured
with a calibrated microscope and found to be uniform in
size, 25 p long on each side. With an estimated apparent
density of 1.5 g./cc. used, the number of crystals added
in each run could be computed. Since a portion of each
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crystal dissolved in the potassium chloride solution, the
size of the seed crystals was adjusted by the one-third
power of the ratio of masses before and after dissolution.
The results of these calculations are given in Table 2.

In order to determine estimates for ky, ks, and k;, the
following approximations are made:

a=7/2
ki=ky=ks (21)
a, = b, =c,

It is known that k; and k, are equal from the photomicro-
graph, Figure 84, which shows that the lengths of two
sides of the crystals are always equal. Hence their growth
rates must be equal. Whether k; equals k; and k; or is
much smaller has little effect on the present development,
since order-of-magnitude values suffice. With the above
assumptions, then, we have that

Ki =3p(a,)?ky (22)

Ky = 6 pa,(ky)? (23)
and

K3 = 3p(k1)? (24)

Table 2 contains the values of K;, k;, (Kz/Ki), and
(Ks5/K;) computed in accordance with the above. The
value of K, is as much as 200 times smaller than K,
and K; is as much as 10° times smaller than K;. The
integral terms of Equations (12) and (20), thus, are
relatively smaller than the linear term, and there is an
a posteriori justification for the neglect of K, and K.

It is interesting to compare the magnitude of k; for
potassium dipicrylamine crystal growth with values of
the same constant for growth of crystals of other large
molecules. Booth and Buckley (12, 13) have reported
direct measurements of the growth rate of single crystals
of ethylene diamine tartrate and ammonium dihydrogen
phosphate from which values of the rate constant have
been determined. These constants are of the same mag-
nitude as those determined in the present research. Table
3 presents a comparison of the three systems.

TasLE 3. RELATIVE VALUEs OF CRYSTAL GROWTH
RaTeE CONSTANT

Temp.

range,
: ki range, cm./sec.

Potassium di- 5.0-29.7 6.04 X 10-6-1.39 x 104

picrylamine

Ethylene (100) 27.5-42 7.29 X 10-8.555 x 108
diamine }

tartate (110) 27.5-42 7.07 X 10-5-3.0 X 10—4
Ammonium

Dihydrogen }(Pyramidal) 31-38.5 1.03 X 10—4-3.83 x 104
Phosphate (Prismatic) 31-42.5 3.40 X 10—5-1.72 x 10—¢

Correlation of Growth Rate with Operating Conditions

The range of crystallization rate constant ki given in
Table 3 represents variation with the operating variables
of temperature, agitation level, and initial reactants con-
centration. Inspection of Equations (4) and (5) shows
that the constant k; is a function of temperature, the dif-
fusion coefficient, the crystal-solution interfacial free en-
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ergy, and some constant parameters. The effect of liquid
boundary-layer thickness is also lumped into k;. The dif-
fusion coefficient is a function of temperature and of con-
centration level, and the interfacial free energy is cer-
tainly a function of temperature and chemical composition
to some extent. It is thus obvious that the observed varia-
tion of k; with temperature is consistent with the model.
The boundary-layer thickness is a function of agitation
level; hence the dependence of k on this variable is
reasonable. Variation of k; with reactants concentration is
not obvious from the model equations but is most probably
related to variation of diffusivity and interfacial free en-
ergy with composition. Some quantitative aspects of the
variations of k; with operating conditions are discussed in
the following paragraphs.

Temperature dependence can be correlated by means of
an Arrhenius expression with an apparent activation en-
ergy of 9,000 cal./g.-mole and a frequency factor slightly
dependent on agitation level. The experimental data have
an average deviation of = 10.4% from calculated values
with this correlation (8). The magnitude of the activation
energy is also an indication of the influence of boundary-
layer effects on ki, since typical values for diffusion in
liquids are in the range of 3,000 cal./ g.-mole and apparent
activation energies for growth rates when 8 in Equation
(4) is small range up to approximately 20,000 cal./g.-mole
(14). Observed variation of the overall constant k; is
proportional to Reynolds number (2,200 = Ng, = 5,000)
to the. 1.2 power, within the range predicted by the cor-
relations of Middleman (15) for mass transfer in agitated
vessels.

The number and size of seeds affect the magnitude of
constants in Equation (12) for the overall system but
should have no effect on the value of the specific growth
rate constant. Thus, k; values for runs RE-c and RG
should agree; values computed for these runs are 2.72 X
1073 and 3.29 X 1075 cm./sec., respectively, which
deviate = 109 from their mean value.

Concentration variation of growth rate constants in the
range of 20% with initial potassium ion and sodium di-
picrylamine concentration was observed, the constant
decreasing with increasing concentration. The reasons for
this variation are not as clearly defined as they are for
changes with temperature and agitation level; however,
diffusivities and interfacial energies are concentration de-
pendent, and it is not unreasonable to attribute ky varia-
tion with concentration level to the variation of these
quantities.

SUMMARY

An interpretation of the crystallization kinetics of KDPA
in aqueous solution has been derived through application
of the theory of crystal growth from screw dislocations.
The overall system is considered to be one of sequential
rates: chemical reaction and crystallization. The inter-
pretation indicates that the chemical reaction of major
importance is the irreversible combination of potassium
ions and molecular sodium dipicrylamine, and that the
rate of this reaction measurably retards the overall rate
of crystallization at the lowest temperature studied, 5°C.
The growth rate equation based on the dislocation theory
is shown to reduce to a linear rate law under certain
conditions and for certain values of the basic parameters
of the model. Crystal growth rate constants for potassium
dipicrylamine, calculated from the model, have reasonable
values and are shown to agree in order of magnitude with
those determined by direct means for other large molecules
in the corresponding temperature range.
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NOTATION

a; = step height in dislocation model, cm.
a, b, ¢, = length of a side of a crystal, cm. (Figure 6b)
d = stirrer blade diameter, cm.

D = diffusion coefficient, sq.cm./sec.

i = direction perpendicular to plane of crystal surface

k; = growth rate for surface 4, cm./sec.

kr = reaction rate constant, [(g. moles NaDPA/cc.)
— sec, ]!

ki, kg, k3 =growth rate constants for three directions,
cm./sec. (Figure 6b)

Ky, K;, K3 = combined constants in growth rate equation,
Equation (12)

M’ = mass of crystals present at time ¢, g.

M. = mass of crystals present at equilibrium, g.

N = number of crystals in the reactor

N, = saturation concentration, g. moles/cc.

Nge = Reynolds number; Ng, = (RPM) d?/v

ro = rate of production of KDPA by reaction, g./cc.
— sec.

R = gas constant

Ry, Ry, Ry =rate of crystal growth for three directions,
cm./sec. (Figure 6b)

R; = rate of crystal growth in direction 4, cm./sec.
RR = reactants ratio
S =

= supersaturation, actual concentration divided by
the saturation value

= time, sec,

= temperature, °K.

= reactor volume, cc.

= molal volume of crystal, cc./g. mole

= distance between kinks in a step (10)

distance between steps (10)

o

Mg
[

l

s
[

Greek Letters

a = crystallographic angle (Figure 6b).

b = liquid film thickness at crystal surface, cm.
p = crystal density, g./cc.

ocs = crystal solution interfacial free energy

v = kinematic viscosity, sq.cm./sec.

0 = molecular volume, cc.
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