
Journal of Chemical Ecology, Vol. 11, No. 8, 1985 

CAPILLARIES AS CONTROLLED RELEASE DEVICES 
FOR INSECT PHEROMONES AND OTHER 

VOLATILE SUBSTANCES--A REEVALUATION 

Part I. Kinetics and Development of Predictive 
Model for Glass Capillaries I 

IAIN WEATHERSTON, DAVID MILLER, and L O T H A R  D O H S E  

Department of Biology, Laval University 
Quebec, G1K 7P4, Canada 

(Recieved June 25, 1984; accepted October 24, 1984) 

Abstract--Controlled release formulations are required for the dissemination 
of behavior-modifying chemicals in insect control strategies. Among the types 
of formulations that have been used for some time are glass and plastic cap- 
illaries. Erratic release rates on field use of such capillaries prompted us to 
reexamine the release of volatile materials with regard to (1) kinetics of the 
release, (2) the effect of the vapor-air column above the liquid, and (3) de- 
veloping a predictive model. Results indicate that the release is not zero order, 
and that the length of the vapor-air column is a critical factor of the system; 
a predictive model has been developed that will allow better design of capil- 
la W controlled-release formulations. 

Key Words--Controlled release, capillaries, volatile substances, phero- 
mones, release rates, kinetics, predictive model. 

INTRODUCTION 

The  use o f  behav io r -mod i fy ing  chemica l s  in insect  control  s t ra tegies  requires 

that they be d i ssemina ted  f rom control led-re lease  formulat ions.  Capil lar ies  made  

of  glass ,  po lyes te r  t e rephtha la te ,  and Ce lcon  | have been  employed  for some  t ime 

as cont ro l led- re lease  vehicles  for insect  phe romones  (Roelofs ,  1979, and refer-  

ences  therein) .  Such phe romone -con t a in ing  capi l lar ies  have been  used as trap 

baits in both  moni to r ing  (e.g. ,  Hawor th  et a l . ,  1982) and mass  t rapping pro-" 

g rams  (Pi tman,  1971) as well  as in cont ro l  p rograms  employ ing  aer ia l ly  applied 
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pheromone to disrupt mating communication (Brooks et al., 1977; Doane et al., 
1982 Golub et al., 1983). 

The ideal controlled-release device utilizes all of the active material in a 
given time period, releasing it at a constant rate (zero-order kinetics). In the 
practical application of insect pheromones, it is unlikely that the ideal device 
will be achieved. As reported by Brooks (1980), after an initial burst, the release 
from capillaries remains relatively constant (pseudo zero-order kinetics); hence 
they would appear to be superior to impregnated plastic and rubber matrices, 
plastic laminates, microcapsules etc., all of which have first-order kinetics. 

Richardson (1959), investigated the evaporation of liquids from tubes, of 
4, 6, and 8 mm in diameter, into a gas stream and applied Stefan's law relating 
the rate of evaporation to the height of the vapor-air column above the surface 
of the liquid. He suggested that in tubes of too small a diameter the velocity 
profile of the diffusing vapor would be affected and the relationship would not 
hold. This statement, together with problems of erratic release rates during the 
field use of Albany International hollow fibers, both normal Celcon (white) and 
black Celcon used in disruption formulations (Weatherston, unpublished), and 
polyester terephthalate used in trapping studies (J. Sharpe, personal communi- 
cation), prompted us to reexamine the release of volatile materials from capil- 
laries with regard to (1) kinetics of the release, (2) the effect of the vapor-air 
column above the liquid, and (3) developing a predictive model for the release 
of volatile materials. 

METHODS AND MATERIALS 

The compounds used in this study were obtained as follows: hexane, ethyl 
acetate, methanol, and n-butanol, distilled in glass, from Burdick and Jackson 
Laboratories Inc., Muskegon, Michigan; isopropyl alcohol and 1,2-dichloroe- 
thane from Fisher Scientific Co., Faiflawn, New Jersey; benzene from J.T. Baker 
Chemical Co., Phillipsburg, New Jersey; butyl acetate (gold star) and hexyl ace- 
tate from Aldrich Chemical Co. Inc., Milwaukee, Wisconsin. All compounds 
were used without further purification. 

The 0.0475-cm-radius glass capillaries were Kimax-51 capillary tubes pur- 
chased from Ace Glass Inc., Vineland, New Jersey. The 0.0244-cm-radius glass 
capillaries were Drummond Microcaps purchased from Drummond Scientific 
Company, Broomhall, Pennsylvania, and flame sealed at one end. 

The wide-bore capillaries (N = 5 or 7) were filled from a 25-~zl Hamilton 
syringe to the desired level. The narrow-bore capillaries (N = 7) were filled 
from a 10-/zl syringe fitted with a fused silica needle of the type used for on- 
column injection in capillary gas chromatography. The tubes were put in a 
fume hood at 23-30~ with an average wind speed of 0.2 m/sec or in an en- 
vironmental chamber at 15~ with an average wind velocity of 0.7 m/sec. 
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Fig. l. Glass capillaries (0.0475 cm radius) used in the initial experiments 

Weight-loss measurements were recorded on a Mettler M-S Microgramatic Bal- 
ance (precision +_0.002 mg). For meniscus regression measurements, the evap- 
oration was followed by direct reading from the open end of the capillary against 
10 x 10 to the centimeter graph paper, or with a light microscope fitted with a 
reticle. 

RESULTS A N D  D I S C U S S I O N  

Initially, a series of five capillaries (0.0475 cm in radius) (N = 5), set up 
as in Figure 1, were charged with hexane and the release at 30~ followed by 
weight-loss measurements. By plotting the amount released from the capillaries 
against time (Figure 2), it can be seen that capillaries A and D give similar 
curves, B and E give similar curves but release at a slower rate, and C releases 
at the slowest rate; that the rate is not zero order; and that the initial length of 
the vapor-air column is a critical factor in controlling the release rate. This can 
also be seen from Table 1 where the mean release rates over the initial 17.5 hr 
between A and D, and B and E are in good agreement. 

Figure 3 illustrates the data for n-butanol released from 0.0475-cm-radius 
capillaries at 30~ The release rates for benzene, isopropanol, and dichloro- 
ethane were also determined; the data comparing their release with that of hex- 
ane and n-butanol from A capillaries are shown in Figure 4. 

The shape of the curves in Figures 2-4  suggest that the amount of material 
evaporating from the capillaries varies directly with the square root of time. 
This is borne out by regression analyses which give high r 2 values, e.g., for the 
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Release of  hexane from glass capillaries (0.0475 cm radius) as shown in Figure 
1 at 30~  by the weight-loss method. 

release of  hexane (Figure 2): r 2 = 0.9994, 0.9994, 0.9992, 0.9990, and 0.9986, 
respectively, for capillaries A to E. 

x = K t  1/2 (1) 

were x = a m o u n t  evaporated ,  t = t ime ,  and K = constant .  

TABLE l .  MEAN RELEASE RATE (.Y -+ SD) ( / / g /h r ) /T IME PERIOD FOR 
HEXANE FROM GLASS CAPILLARIES (RADIUS = 0 .0475 cm)  AT 

30~ BY WEIGHT LOSS 

Time (hr) 

Capillary 17.5 23.9 29.3 40.3 46.8 52.5 63.9 

A 909(_+33) 508(_+59) 478(_+40) 343(-+13) 329(-+15) 327(-+15) 288(_+9) 
B 521 (-+13) 409(-+11) 377 (-+7) 296 (-+6) 294 (+6) 287 (-+5) 266 (_+6) 
C 359(_+12) 318(_+11) 314(_+6) 246(_+8) 240(_+5) 196(_+6) e 
D 970(_+27) 533(_+11) 486(_+11) 371(+_12) e a e e 
E 578 (-+24) 437 (-+16) 435 (-+30) e e e e 

ae = capillaries empty. 
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Fig. 3. Release of n-butanol from glass capillaries (0.0475 cm radius) as shown in Figure 
1 at 25~ by the wight-loss method. 

1 HEXANE 
2 BENZENE 

3. D fCHLOROETHANE 

4 ISOPROPANOL 

5 BUTANOL 

50 

1-1b 5 

.,~o ' ~ ' 8o0 ' ,o'oo ' ,2'oo ' ,~oo 

TIME/(HOURS) 

Fig. 4. Comparison of the release of five volatile compounds from A capillaries (0.0475 
cm radius) at 25 ~ by meniscus-regression measurements. 
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From the volume of a cylinder, the amount evaporated can also be related 
to the length (l) of the vapor-air column within the capillary above the liquid 
surface 

x = l 7r r2p (2) 

were r = inner radius of the capillary, O = density of the liquid charge. 
Therefore, 

dr 
- 71- r 2 O ( 3 )  

dl 

dr 1 
- K t  - 1 / 2  ( 4 )  

dt 2 

Combining equations 3 and 4 

dl K 
- -  �9 t -  1/2 ( 5 )  

dt 2 7r r2o 

The mechanism of vapor release from capillaries, if transwall permeation 
is excluded, is, as reported by Ashare et al. (1975, 1976), Brooks et al., (1977) 
and Brooks (1980), a simple three-stage process: (1) evaporation at the liquid- 
vapor interface, (2) diffusion through the vapor-air column to the end of the 
capillary, and (3) convection away from the end of the capillary, with the dif- 
fusion step being the controlling factor. These authors developed an equation 
from a theoretical treatment of the release of volatile materials from capillaries 
relating rate with time 

dl t - M c D "  In 1 - P t -1/2 (6) 
5 = [ _  20 

where M = molecular weight of the liquid, c = molar density of the vapor-air 
column (Bird et al., 1960), D = diffusion coefficient, Pvap = vapor pressure of 
the liquid, P = atomospheric pressure, and O = density of the liquid. 
Combining equations 5 and 6 

i Q _ \nl/2 
K =  7F r 2 - 2 McDo ln 1 - p / ~ ] |  (7) 

Table 2 shows the comparison of the calculated and experimentally derived val- 
ues for K for the five compounds studied and illustrates their agreement. This 
now permits us to calculate, instead of measuring experimentally, the rate of 
release for volatile compounds from glass capillaries 

Substituting equation 2 into equation 1, and rearranging we obtain 

t lie -- 17rr2p (8) 
K 
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TABLE 2. COMPARISON OF CALCULATED AND OBSERVED VALUES 
FOR K FOR VARIOUS COMPOUNDS 

959 

Amount (ug/hr 1D) 

Compound Kcalc Kobsv Kcalc/Kobsv 

Butanol 805 862 0.934 
Isopropanol 2000 2093 0.956 
Benzene 3530 3782 0.933 
Hexane 3776 4033 0.936 
1,2-Dichloroethane 4199 4479 0.937 

Substituting equation 8 into equation 4 leads to 

dr K 2 1 
- -  z - -  �9 - -  

dt 27rr20 I 

which by substituting the value of K (7) is equivalent to 

dr McDTrr21n ( l  _ Ppap) 1 
dt - "-~ (9) 

Equation 9 is the basis of the model for predicting the release rate of volatile 
materials from glass capillaries which may be used to design capillary formu- 
lations. For practical considerations an algorithm was developed which allows 
us to calculate the release rate from the capillaries with respect to " /"  and time, 
given the various constants and parameters, for the volatile material indicated 
in equation 9. In this way the effects of such factors as capillary length and 
radius, temperature, materials of different volatilities, and atmospheric pressure 
on the release rate may be tested very rapidly. 

To test the model, the rates of evaporation of various compounds from 
glass capillaries of various lengths and of two internal diameters were measured 
at two temperatures. The validity of the model is shown in Figures 5-9. 

Considering a situation where there is a requirement to release n-butanol at 
10 #g/hr at 25 ~ over 500 hr, it can be calculated from the results presented in 
Figure 3 with 0.0475-cm-radius capillaries that all five formulations would ac- 
complish this. However, formulation C would be the most efficient of those 
illustrated. If the desired rate and longevity were 60 /zg/hr over 115 hr, then 
only formulations A and D would give the required activity, with D being the 
more efficient since it uses less active material. However, in a case requiring the 
release of 60/zg/hr over 500 hr at 25 ~ there are several choices, three of which 
are to use formulations A or D and reapply the treatment every 115 hr (i.e., 
4.35 - 5 applications) or use a source consisting of six C capillaries. Simple 
calculations reveal that formulation A would require 2.36, and D 1.53 times 
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Fig. 6. Release of ethyl acetate from glass capillaries (0.0244 cm radius) at 23 ~ relative 
to 1. (--)  predicted rate, ( . )  observed rate. 
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Fig. 7+ Release of ethyl acetate from glass capillaries (0.0475 cm radius) at 15~ relative 
to l. (--)  predicted rate, ( . )  observed rate. 
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Fig. 10. Predicted release rate for (Z)-9-tetradecen-l-yl acetate from glass capillaries at 
30~ Upper curve, 1.5-cm-long x 0.0254-cm-radius capillaries; lower curve, 1.5-cm- 
long x 0.0102-cm-radius capillaries. 

more active ingredient than the combination C formulation. Transferring this 
rationale to insect pheromones and their use for monitoring or control by aerial 
dissemination, when the current manufacturer-quoted price for bulk quantities 
of Z-9-tetradecen-l-yl acetate is (US) $4000.00/kg and for gossyplure is (US) 
$2000.00/kg, it is clear there is an urgent need to design better formulations 
with respect to both their efficacy and economics. We believe the development 
of predictive models will partly satisfy this need. 

Figure 10 is the graphical representation of the prediction for the release of 
(Z)-9-tetradecen-l-yl acetate from both 0.0254-cm and 0.0102-cm-radius glass 
capillaries 1.5 cm in length at 30~ The graph represents the release charac- 
teristics when the initial column of liquid in the capillaries is 1.45 cm in length. 
The device will take 220 days to empty, with, after the first 40 days, a mean 
release rate of 57.3 ( _  13.6) ng/hr for the smaller-diameter capillary. If, in a 
given field situation, the requirement was for the release of this pheromone at 
50 ng/hr for 45 days at 30~ the model indicates that this may be obtained by 
using a 0.0102-cm-radius capillary of total active length 1.35 cm with an initial 
vapor-air column of 1.1 em; this will ensure that the device will release at the 
correct rate of 50 -!-_ 3 ng/hr from day 1 in the field and function over the 
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required 45 days. With the same longevity and temperature parameters but a 
release rate of  300 ng/hr for the same pheromone, the model indicates that a 
0.0254-cm-radius capillary with the same fill characteristics as above should be 
used. 

Work is in progress to further develop the model for predicting the release 
rates of  binary mixtures, and to take into account the variations in temperatures 
found in field situations. 
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