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Abstract 0 As an extension of the model of heat transport control de- 
veloped for the kinetics of water sorption by water-soluble substances 
from an atmosphere of pure water vapor, equations have been developed 
to account for limitations of diffusion on mass transport of water vapor 
when air is present. Although the inability to determine the vapor dif- 
fusion layer thickness prevents using these equations to predict sorption 
behavior a priori, minimum water sorption rates can be calculated by 
assuming a diffusion layer thickness equal to the sample chamber radius. 
Combining heat transport and mass transport produces equations which 
describe very well the observed sorption by three water-soluble salts in 
one atmosphere of air. As in the absence of air, sorption rates are pre- 
dicted and observed to be constant a t  a given atmospheric relative hu- 
midity. 

Keyphrases 0 Sorption-moisture, water-soluble substances, kinetics, 
theoretical model with air atmosphere, application to potassium bromide, 
potassium iodide, and choline iodide 0 Kinetics-moisture sorption by 
water-soluble substances, theoretical model with air atmosphere, ap- 
plication to potassium bromide, potassium iodide, and choline iodide CI 
Deliquescence-kinetics of water sorption, theoretical model with air 
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choline iodide 

In the first paper in this series (1) a theoretical model 
for the kinetics of water sorption by water-soluble solids 
exhibiting deliquescence was developed based on a heat 
transport control model. This model was tested success- 
fully for water sorption from an atmosphere of pure water 
vapor over wide ranges of relative humidity in the second 
paper (2). In the present paper, this work is extended to 
include water sorption kinetics from an atmosphere con- 
taining air at approximately 1 atm of pressure. In such a 
case, one would expect the effects of diffusion through air 
on the mass transport of water vapor to influence the 
overall process. A model for water sorption in air is de- 
veloped herein, first by assuming that only mass transport 
occurs and then by combining this with the heat transport 
model previously developed (1). Within the constraints of 
applying a mass transport model a priori, several water 
sorption experiments in an atmosphere of air have been 
performed to illustrate the potential importance of mass 
and heat transport in such a process. 

THEORETICAL 

Mass Transport  Model (Isothermal)-As described in detail in the 
first paper (1) the thermodynamic basis for water uptake by water-soluble 
solids lies in the difference between equilibrium water vapor pressure, 
P,, over the saturated solution of the solid and that in the atmosphere 
surrounding the solid, P,. As seen in Fig. 1, when the heat sinks sur- 
rounding the liquid-vapor interface are sufficient in efficiency and ca- 
pacity so as to maintain the system isothermal a t  T ,  ( A T  = O ) ,  the rate 
of steady-state uptake is directly proportional to the constant water vapor 
pressure difference, AP = P, - P,, over the vapor diffusion layer adjacent 
to the liquid-vapor interface. Expressed in terms of relative humidity, 
this difference becomes: 

AP 
Po 

(100) - = RHi - RHO (Eq. 1) 

where RHi is the independent variable in a moisture-uptake experi- 
ment. 

The radial diffusive flux of water vapor through a nondiffusing gas can 
be described by the following expression: 

(Eq. 2) 
dx 
dr 

W'', = x,W',, - M,cD 2 

where W'', is the mass of water vapor transported in the z-direction per 
unit time per unit area, x, is the mole fraction of water vapor in the at- 
mosphere, M, is the molecular weight of water, c is the total molar con- 
centration in the atmosphere, and D is the binary diffusion coefficient 
of water vapor in the atmosphere. The first term in the right-hand side 
of Eq. 2 pertains to the mass flux of water vapor resulting from bulk fluid 
motion (where that of the inert gas is considered negligble) and the second 
term results from the diffusive mass flux of vapor superimposed on the 
bulk flow. Solving for W'', and expressing x ,  in terms of pressure P ,  as- 
suming gas ideality such that: 

xw = P / ( P  + Pi) (Eq. 3) 

where Pi is inert gas pressure, one obtains: 

(Eq. 4) 

where PT represents the total (water vapor and inert gas) pressure. Here 
it is assumed that the temperature dependence of relative humidity is 
independent of the partial pressure of any inert gas present (3), and that 
the diffusion coefficient is independent of water vapor concentration and 
temperature. 

Steady-state radial diffusion requires that: 
d 
- (r2W,,) = o 
dr 

Substitution of the expression for mass flux, 
gives: 

(Eq. 5) 

W,,, from Eq. 4 then 

(Eq. 6) 

When this expression is integrated over the boundary conditions for a 
hollow sphere', given as P = P, a t  r = a and P = P,  a t  r = a', where a' - 
a = 6 = effective thickness of the vapor diffusion layer, the following 

Figure 1-Thermal and pressure gradients existing at a soluble solid 
surface covered with condensed water. 

A hollow-sphere geometry was chosen earlier (1) for the development of the heat 
transport control model, and hence, it will also be carried through in this series of 
derivations. 
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relation is obtained: Table  I-Physical Constants for the Transport  Model in 1 a t m  of 
I 1  1 \  _-- 

In (PT - P) = 1x1 In (m) + In (PT - P,) (Eq. 7) 
1 1 PT-Ps \a. - ,I 

From Eq. 4, the mass flux a t  surface r = a is given as: 

for which the derivative is evaluated on the basis of Eq. 7 to yield: 

Since mass is conserved, the mass flux across any spherical surface in the 
system is: 

W' = 47ra2WIp (Eq. 10) 

\ 

\ a  0 ' 1  

or, rearranged and expressed in terms of relative humidity: 

(Eq. 12) 

where a factor of 60 has been included to convert W' (or W',', to indicate 
mass transport control) to units of mg/min, given that M, has units of 
mg/mole, c has units of mole/cm3, and D has units of cm2/sec. This 
equation is then the solution for steady-state radial mass diffusion in a 
hollow sphere. The negative sign for W' in Eq. 12 when RH,, < RHi re- 
flects water vapor diffusion in the negative r-direction, consistent with 
the condensation process. 

In the case where P << PT, integration of Eq. 4 over the same boundary 
conditions followed by the evaluation of dP/dr a t  r = a in the same 
manner given above, leads to the analogous expression for Wk: 

In addressing the question of the time required to reach steady state, 
the solution for the time-dependent radial pressure gradient in the at- 
mosphere is readily obtained from the non-steady-state mass transport 
equations developed in Appendix I of the first paper in this series (1). 
From this, the time required for the steady-state diffusion expressed by 
Eq. 13 to establish itself can be determined. In terms of dimensionless 
concentration, pressure, or relative humidity (at a given constant tem- 
perature), this solution comes directly from Eq. A8 in Appendix I of Ref. 
1: 

c* = P* I r*(a'/a - 1) + 1 1 (Eq. 14) X 1 - r* - - -sin n m * .  exp(-n%r't*) 

where C*, P*, and RH* are all defined analogously with the definition 
of n*, and where: 

2 - 1 .  I 7r " = I  n 

and 
r - a  r* = - 
a ' - a  

(Eq. 15) 

(Eq. 16) 

This function is described in Fig. 6 of Ref. 1 where II* = C* and a' = b. 
Since the time to steady state increases as a' - b, allowing a' = b should 
result in a conservative estimate of the time required for the pressure 

Air  

Symbols Constants 

a ,  cm 
b, cm 
PO, atm 
PT, atm 
M,, m /mole 

c, moles/cm3 
k , cal/cm - sec - deg 
a, cm2/sec 
AHv, cal/mole 
R, cal/deg - mole 

a, cal/cm2-sec.deg' 
e 

D, cm f /sec 

To OK 

0.5" 
2.05 

1 

0.258b 

3.12 x 10-4 

1.8 x 104 

6.22 x 10-5 c 
4.09 X 

0.214d 
10500 
1.987 
298 

1.36 X lo-'? 
0.95p 

0 Characteristic disk thickness unique to each compound examined; range = 
0.492-0.512 cm. b Calculated according to Ref. 5 for water vapor in the presence 
of anon olar inert gas. Calculated using the Lindsay and Bromley modification 
of the d s s i l j e w a  equation (6). Used in calculations were C values weighted by 
mole fraction and k as indicated above. e Film surface emiszvity approximated 
by value given for pure water (7) .  

gradient to establish itself. In 1 atm of air, the time then required to reach 
t* = 0.5 is only 4.3 sec using the constants given in Table I. Thus, even 
at  the likely maximum diffusion layer thickness of 2 cm, pressure gra- 
dients within the system should be rapidly established relative to the time 
scale of extended uptake. 

The time required for the mass flux to reach a steady-state level can 
be calculated from the lag time at surface r = a whose solution is given 
by the analogous form of Eq. A21 (c/. Ref. 1) for mass diffusion: 

(Eq. 17) 

For the example above, this lag time equals (-)0.72 sec, where again the 
value of a' is taken to its extreme value of b = 2 cm. At surface r = b, a 
lag time of 1.4 sec is calculated using the analogous form of Eq. A25 (c/. 
Ref. 1) for a' = b: 

( b  - a)' 
6D tlag,r=b = - (Eq. 18) 

It is clear from these results that in the system containing air, the mea- 
surement of steady-state uptake rates should not be precluded by the 
transient effects associated with the establishment of the steady-state 
pressure gradient driving the uptake. 

Combined Mass-Heat Transport  Model-The uptake rate W' in 
air is explicitly dependent on the difference in relative humidity, RH, - 
RH,,, as described by Eq. 13 when condensation is limited by water vapor 
diffusion to the sample. When the process is limited by heat transport, 
however, W' exhibits only an implicit dependence on this difference as 
given below in Eq. 19, developed earlier (1): 

60M, * 4 ~ k a b  
w'= [ A H ( b - a )  ( RT,' ;;:) 

AHv - RT, In - 

60M, * 47ra'ae 4RTcs RHi ( AHv - 4RTc In s)] RH'' 
-1n- (Eq. 19) AH 

+ 

When heat and mass transport are in balance, these equations must be 
solved simultaneously, since in this case neither the humidity difference 
(now < RH, - RHO) which drives mass transport, nor A T  (now < AT,,, 
as estimated by the Clausius-Clapeyron relation in Eq. 20 below) which 
drives heat transport, can be predicted a priori. As before (1): 

RH RTCg 111 2 
RH,, (Eq. 30) AT,,,, = 

RH, AHv - RT, In - 
RH,, 

Scheme I illustrates the interrelationship between the effective dif- 
ference in relative humidity, ARH = RH, - RH,, where RH, is the ef- 
fective relative humidity (relative to P,, a t  25') at  the sample surface, and 
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the experimentally controlled ARH = RH, - RH,,. The Clausius-Cla- 
peyron equation now relates RH,, to RH,, where the analogous form of 
Eq. 20 becomes: 

Clausius- 
Clapeyrnn 
Equation 

p.1 Tc) - p=(Tsl < p,' T,) 

< 
Ill 

RHn 
I l l  

RH, 

Scheme I 

< I l l  
RH; 

Accounting for Eq. 21 in deriving an equation for the dependence of W 
on A T  as in Eq. 19, one obtains: 

60M, - 4 ~ a ' a e  4RTC5 RH . In2 (Eq. 22) 
AH (AH,. - 4RT, In z)] RH'' 

+ 

The analogous transformation for mass transport (when P << PT) as given 
by Eq. 13 becomes: 

(RHi - RH,) (Eq. 23) 
= - 60 * 4*MwcDPo 

= -kmA(RH; - RH,) (Eq. 24) 
where k,, is a mass transport coefficient for diffusive flux over area A 
= 4 m 2 ,  is given by: 

6OM,cDPo k, = (Eq. 25) 

Since neither T ,  nor RH, is known in Eqs. 21-23, however, the above 
expressions for W are not useful in their present form. Furthermore, 
because of the complex logarithmic dependence of W' on RH, in Eq. 22 
and linear dependence in Eq. 23, RH, cannot be eliminated analytically 
from their simultaneous solution. For predictive purposes, therefore, it 
becomes worthwhile to introduce two approximations. 

The first useful approximation entails linearizing the relationship 
between temperature and relative humidity in Eq. 21. This can be ac- 
complished by establishing an empirical relation based on P,values 
covering an experimentally appropriate range in T, and T,. Consider 
moisture sorption by common alkali halide salts: according to the above 
model, heat transport-controlled sorption is predicted to occur over a AT 
< 10" at  T ,  = 298'K. Assuming that the water vapor pressure over a salt 
solution has the same temperature dependence as that over pure water, 
the variation of PO between 298°K and 303'K on conversion to  relative 
humidity yields the following predictive equation for RH, as a function 
of T,: 

RH, - RH,, = 0.0679. RH,,(T, - T,) (Eq. 26) 

For sodium chloride this relation overestimates the reported value for 
RH, at T ,  = 302.4"K (4)  by only 0.5%. 

The second useful approximation addresses the dependence of the 
radiation term on A(T4). Allowing: 

TS4 - TC4 = 4T;'(TS - T,) (Eq. 277) 

where T ,  = 298°K and T, = 313'K. this approximation underestimates 
the value of A(T4) by <7.5% even a t  an extreme A T  of 15'. 

The combination of Eqs. 1 and 31 from Ref. 1 with Eq. 27 (above), in- 
cluding the units conversion factor of 60M,, leads to a simpler expression 
for the dependence of W on A T  

1 . A T  (Eq. 28) 
60M, - 4rkab 4T," 60Mw * 4aa2ue 

AH 
w = [  AH(b  - a )  + 

Substituting for A T  from Eq. 26 gives: 

(Eq. 29) W = khA(RH, - RH,,) 

where kh is a heat transport coefficient for heat flux over the surface of 
area A = 4ra2,  and is given by: 

] (Eq. 30) 
14.72 60Mwkb 4TC3 - 60Mwue 

AH RH, a A H ( b  - a )  + I k h = - -  

Solving for RH, in Eq. 29 and substituting the result into Eq. 24, one 
obtains: 

W' = -k,A(RHj - RH,, + W/khA) (Eq. 31) 

On rearranging, a final equation for W' is obtained in which the effects 
of both heat and mass transport (for systems in which P << PT)  are ac- 
counted fnr: 

(Eq. 32) w'= wm,=-- kmkh A(RHi - RH,) 
km f k h  

or 
60Mw 4*cDPo(RHi - RHO) Wmh = - 

CDPO * A H ( b  - a)RH, 10OP.I. --7 - (a n') 14.72[kab + 4Tc3aZae(b - a ) ]  

(Eq. 33) 

The contribution of the mass-heat transport coupling is reflected by the 
demoninator of this equation: as the second term vanishes, as for a system 
with k = m where A T  - 0, the mass transport control relation of Eq. 13 
remains. Conversely, as the vapor diffusion layer becomes infinitesimal 
as a' - a ,  Eq. 33 reduces to an expression similar in form to Eq. 28 
wherein the logarithmic dependence of AT on RHi has been effectively 
linearized. 

EXPERIMENTAL 

M a t e r i a l s T h e  sources and treatment of potassium iodide, potassium 
bromide, and choline iodide have been presented in the preceding paper 
(2). 

Methods-The preparation of disks, the apparatus used, and the 
method of treating data were described in the preceding paper ( 2 ) ,  with 
one important change instituted in the present study. The very slow 
diffusion of water vapor from the relative humidity chambers to the 
sample through an atmosphere of air precluded use of the chambers as 
described previously. Therefore, a small volume of saturated salt solution, 
containing an excess of salt, whose RH,, equalled the desired RH;, was 
placed directly into the sample tube. The tube was capped and shaken 
for several minutes prior to use to accelerate humidity equilibrium. The 
chamber was then rapidly set in place around the loaded sample, with 
air thus present a t  a pressure of approximately 1 atm. 

T o  assure that the value of RHi in the chamber containing air was 
known and constant during a run, an electronic humidity sensor2 was 
installed within the sample chamber. This consisted of a thin rectangular 
block of cross-linked polystyrene copolymer. The impedance changes 
caused by sorption and desorption of water were measured by an AC 
bridge circuit, capable of measuring a maximum value of 1.1 MLL Cali- 
bration was carried out by exposing the sensor, placed in the sample 
chamber at  atmospheric air pressure, to known relative humidities. The 
temperature change, AT, near the sample surface was also monitored 
with a thermocouple, as previously described (2). 

RESULTS 

Since the diffusion layer thickness, 6, is unknown, neither Eq. 13 nor 
Eq. 33 can be used to predict a priori uptake rates for a given system. In 
the case where a' approaches the radius of the sample tube, b,  and hence 
where d = b - a ,  the diffusional barrier would be maximized such that 
the rate of water sorption would be a t  a minimum value of W'. Using 
appropriate values of the various parameters needed to apply Eqs. 13 (for 
W",) and 33 (for W',,,h) found in Table I ,  and also using parameters in 
Table I needed to apply Eq. 19 for W', for the heat transport model in an 
atmosphere of air, three theoretical plots can be produced to describe 
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Figure 2-Sorption rates in 1 a t m  air for  disks of potassium iodide as 
a function of RH. The  solid lines are theoretical sorption curues for W,, 
Wb (air), and W,, plotted according to Eqs. 13, 19, and 33, respectiuely. 
The  dashed line presents the  corresponding theoretical curve for heat 
transport-controlled sorption in the absence of inert gas. 

water sorption rates as a function of RHj. Figures 2-4 present compari- 
sons of these theoretical curves with experimental results for potassium 
iodide, potassium bromide, and choline iodide, respectively. For the sake 
of further comparison, the corresponding theoretical plots as shown in 
the preceding paper (2) for water sorption in the absence of any inert gas, 
where heat transport strictly controls uptake, are also included in each 
case. 

From the theoretical plots, it is clear that mass transport over a vapor 
diffusion layer of finite thickness is expected to limit the rates of water 

0.25 I 
0.20 

0.15 
.- 
E . 
? 
-k- 0.1 0 

0.05 

0.004 I 
70 80 90 100 

RHi 

Figure 3-Sorption rates in 1 a t m  of air for disks of potassium bromide 
as a function of RH. The  solid lines are theoretical sorption curues for  
W,, Wh (air), and W,, plotted according to Eqs. 13, 19 and 33, re- 
spectively. The  dashed line presents the corresponding theoretical curve 
for heat transport-controlled sorption in the absence of inert gas. 
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Figure 4-Sorption rates in 1 a tm  of air for disks of choline iodide as 
a function of RH. The  solid lines are theoreticalsorption curves for W,, 
Wk (air), and Wkh plotted according to Eqs. 13,lSand 33, respectively. 
T h e  dashed line presents the corresponding theoretical curve for heat 
transport-controlled sorption in the absence of inert gas. 

uptake relative to the case where only heat transport control is operating. 
I t  can he seen also that in the absence of resistance to mass transport, heat 
transport is sufficiently faster in air than in vacuum so that it alone would 
allow much higher rates of sorption. Hence any observed reduction in 
sorption rates in air relative to a vacuum must be a consequence of the 
mass transport component. 

I t  is interesting to note that in all three cases shown in Figs. 1-4, the 
observed data are best described by the combined mass-heat transport 
model expressed by Eq. 33 when the vapor diffusion layer is assumed to 
be equal to the chamber dimension. Furthermore, measured A T  values 
associated with sorption in air were observed to be depressed as much 
as 30-50% relative to values obtained a t  the same RH, under an atmo- 
sphere of pure water vapor. This result is consistent with the lower AT 
value predicted for sorption controlled by both mass and heat trans- 
port. 

DISCUSSION 

The results of studies in air, and previous work in an atmosphere of 
pure water vapor (1,2), clearly indicate the importance of heat transport 
and mass transport as underlying mechanisms in the process of water 
sorption by water-soluble substances. The study of sorption in a vacuum 
provides a convenient approach for carrying out fundamental studies 
which demonstrate the importance of heat transport in these systems. 
Since convective flow of water vapor in the absence of an inert gas is rapid, 
constant pressure is immediately established throughout the chamber, 
making uncontrolled geometrical factors arising from equipment design 
relatively unimportant. In contrast, diffusional resistance to water vapor 
flow in air, from source to sample, retards the establishment of steady- 
state sorption and renders the system highly sensitive to the geometry 
of the sample chamber. To overcome this problem requires equipment 
design which emphasizes better control of vapor delivery to the solid 
surface. Even though our experimental results agree well with the com- 
bined heat-mass transport model, assuming minimum uptake a t  6 = b 
- a ,  the present apparatus does not allow for flexibility in varying geo- 
metric factors. 

Given the constraints of undetermined geometric factors which control 
mass transport of vapor, equations derived to include both heat and mass 
transport mechanisms are very successful in accounting for observations 
made when water sorption takes place in an atmosphere consisting of air 
and water vapor. The importance of heat transport, not previously dis- 
cussed in the context of water uptake by deliquescent substances, seems 
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firmly established from both previous studies of sorption in the absence 
of air (1,2) as well as the present study in which the moderating effects 
of diffusion are evident. 

APPENDIX GLOSSARY? 

radius of sphere bounded by outside radius of vapor diffu- 
sion layer 
molar gas concentration; also subscript denoting 
“chamber” 
dimensionless concentration variable 
mass transport coefficient associated with heat transport- 
controlled aspect of sorption 
mass transport coefficient associated with mass transport- 
controlled aspect of sorption 
pressure of inert gas 
total pressure 
dimensionless pressure variable 
unknown relative humidity a t  the sample surface associated 
with conditions of balanced heat and mass transport in 
which t h i  two processes control sorption to a similar de- 
gree 
dimensionless relative humidity variable 
sorption rate per unit surface area 
sorption rate associated with mass transport control 
sorption rate associated with the combined control of both 
heat and mass transport 

Refer to the first paper in this series (1) for the majority of symhnl identification. 
Listed here are only those symbols introduced in the present paper. 

x w  mole fraction water vapor 
6 vapor diffusion layer thickness 
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Abstract  0 A selective high-performance liquid chromatographic 
(HPLC) procedure for the quantitative determination of benzoyl per- 
oxide in pharmaceutical dosage forms is described. Benzoyl peroxide was 
dissolved or extracted in the presence of an internal standard, arenaph- 
thylene. The specificity of the stability-indicating HPLC and iodometric 
procedures are presented lor benzoyl peroxide. 

Keyphrases 0 Benzoyl peroxide-degradation products, stability- 
indicating high-performance liquid chromatography, comparison with 
iodometric procedures 0 High-performance liquid chromatography- 
stability indicating, benzoyl peroxide and its degradation products, 
commercial formulations, comparison with iodometric procedures 0 
Degradation products-benzoyl peroxide, stability-indicating high- 
performance liquid chromatography in commercial formulations. 

Benzoyl peroxide (dibenzoyl peroxide), active against 
acne-causing bacteria, is widely used in pharmaceutical 
preparations as an antibacterial and keratolytic agent (1). 
Analytical methods currently available include spectro- 
photometry (2), polarography (2), TLC (3), titrimetry (4), 
and high-performance liquid chromatography (HPLC) (5, 
6). 

BACKGROUND 

Henzoyl peroxide is a chemically reactive molecule which readily de- 
composes in various solvents (7) to give compounds such as biphenyl, 
phenyl benzoate, benzoic acid, benzene, 4-biphenylcarboxylic acid, ho- 
mophthalic acid, homoterephthalic acid, and carbon dioxide (8). Daley 
et al .  reported a selective titrimetric procedure (9), modifying the con- 
ventionally utilized iodometric method. They proposed the addition of 
phenyl sulfide prior to the titration to eliminate potential interferences 
caused by the presence of hydroperoxide impurities such as perbenzoic 
acid. This iodometric procedure has been accepted as the USP method 
for analysis of benzoyl peroxide lotion (10). Oliveri-Vigh and Hainsworth 
proposed an HPLC procedure that is selective in the presence of benzoic 
acid and benzaldehyde (5). Burton et al. proposed a similar HPLC pro- 
cedure specific for analysis of benzoyl peroxide in gels and lotions in the 
presence of benzoic acid and perbenzoic acid ( 6 ) ;  this procedure has been 
adopted as the USP method for analysis of benzoyl peroxide gel (11). 

Analyses of benzoyl peroxide using Burton et al.’s procedure or the 
compendia1 HPLC procedure ( 6 , l l )  may give less accurate results, be- 
cause this method depends on the use of an homogeneous reference 
standard. The aforementioned analytical procedures utilize aqueous 
benzoyl peroxide as the reference material t o  prepare the standard so- 
lutions. Aqueous benzoyl peroxide (70% benzoyl peroxide) is a heterog- 
enous mixture which is nonuniform in i t s  water content, typically varying 
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