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SCOPE 

Three-phase slurry reactors combine multiple mass 
transfer steps with surface (of the solid particles) proc- 
esses of adsorption and reaction. Attempts to evaluate 
the rates of the significant transport and surface steps 
have been limited to reaction studies (for examole, Sher- 
wood and Farkas, 1966; Komiyama and Smith, 1975) where 
steady state, or pseudo steady state, conditions were ob- 
tained. The objectives in our work were to develop and 
apply a method for evaluating transport and surface rate 
coefficients from dynamic adsorption experiments on a 
tlhree-phase system in which the gas is bubbled through 
an agitated slurry. 

Misic and Smith (1971) considered the special case 
in which there was no retardation of the rate due to in- 
traparticle diffusion and for which the adsorption step 
at the particle surface occurred at equilibrium concen- 
trations. In this situation, for linear processes, it was pos- 
sible to derive explicit equations for the concentration in 
the effluent gas bubbles as a function of time. Such equa- 
tions could then be compared with measured breakthrough 
curves. Moment analysis of response curves of concen- 
tration in the liquid phase of a two-phase slurry has been 
used to evaluate liquid-to-solid mass transport (Furusawa 

and Smith, 1973b; Furusawa and Suzuki, 1975), but 
these treatments did not include gas bubble-to-liquid 
mass transfer. 

For a three-phase system in which all the transport 
and surface adsorption steps are considered, solution of 
the m a s  conservation differential equations for the con- 
centration as a function of time gives results, even for 
linear processes, which are too complex to analyze. How- 
ever, the equations for the moments of the response 
curves-to-pulse inputs are relatively simple. These simple 
equations can be then compared with moments of ex- 
perimental response curves to determine rate coefficients. 

The method is illustrated with breakthrough curves 
measured for the adsorption of nitric oxide in aqueous 
slurries of activated carbon particles at 25OC and 1 atm. 
We were particularly interested in evaluating the effect 
of intraparticle diffusion and in determining the rate 
constant k , d s  for adsorption on the active sites of the car- 
bon particles. To our knowledge, there is no published 
information on adsorption rate constants for the nitric 
oxide-water-carbon system and little quantitative data 
for this constant for other slurry systems. 

CONCLUSIONS AND SIGNIFICANCE 

Equations were derived for the first and second mo- 
ments of the response in the gas phase to a pulse input 
of concentration for a three-phase slurry adsorber. The 
derivation includes all the mass transport processes from 
gas bubble to solid but is limited to first-order processes. 
The first absolute moment is a function of system’s ad- 
sorption capacity, which was expressed in terms of the 
equilibrium constant for adsorption on the solid phase 
and the Henry’s law constant for solubility in the liquid 
phase. The expression for the second moment is a sum- 
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mation of separate contributions for each of the mass 
transfer steps, the adsorption process, and for dispersion 
in the volumes (dead volumes) of the apparatus between 
sample injection and slurry and between slurry and con- 
centration detector. 

Step function inputs were found to be preferable ex- 
perimentally to pulse inputs for our measurements. This 
is due primarily to the increased accuracy in calculating 
the second moment from the response (breakthrough 
curve) to a step function input. Equations are given for 
calculating moments from measured breakthrough curves. 
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Analysis of the first moment data for the nitric-oxide- 
water-activated carbon slurry gave a value for Henry’s 
law constant for nitric oxide in water in good agreement 
with the information in the literature. The adsorption 
isotherm for nitric oxide (from aqueous solution) on ac- 
tivated carbon was found to be linear up to a liquid con- 
centration of 0.4 )( 10-6 mole/cm3, which corresponds 
to an equilibrium gas concentration of about 20% at 1 
atm pressure. The adsorption capacity of carbon for nitric 
oxide was low and gave an adsorption equilibrium constant 
of about 6.9 cm3/g. 

In an apparatus for slurries in which gas concentra- 
tions are measured, some free space above the liquid 
level is necessary to allow for disengagement and collec- 
tion of gas bubbles. This volume and other dead volumes 
in the system provide for retention time and regions for 
dispersion. Even when such volumes are minimized, 
their effects can be important, particularly if the time re- 
quired to saturate the liquid and adsorbent particles is 
low. The dead volumes, flow rates, and saturation times 
in our experiments with nitric oxide were such that cor- 
rections for dead volume effects were significant. Accu- 
rate values of such corrections to the moments can readily 
be obtained experimentally because such effects consti- 
tute additive terms to the moment equations. Since nitro- 
gen is nearly insoluble in saturated sodium chloride solu- 
tion, measured moments for this chemical system in the 
same apparatus were used to obtain dead-volume correc- 
tions. 

Analysis of the second moment data for different flow 
rates and carbon particle sizes yielded values of rate CO- 

efficients for bubble-to-liquid mass transfer, intraparticle 
diffusivity, and adsorption at a site on the interior pore 
surface. Since we were primarily interested iri the latter 
two coefficients, a sufficient concentration of carbon par- 
ticles was used to decrease to a negligible magnitude the 
contribution of water-to-particle surface maw transfer. 
For the nitric oxide-water-carbon slurry, the rate for the 
smallest particle (R = 0.0015 cm) was determined by the 
bubble-to-liquid mass transport and the surface adsorption 
processes. For the larger particles (R = 0.04 to 0.083 cm), 
intraparticle diffusion also retarded the rate. The intra- 
particle diffusivity and adsorption rate constant were 11.8 
x 10-5 cm2/s and 5.8 x lop2 cm3/(g)(s), respectively. 
These results should be useful for development of proc- 
esses for removal of nitric oxide from gases by adsorp- 
tion and oxidation (with air) in aqueous slurries of acti- 
vated carbon. 

The extent of mixing of the gas bubbles in a slurry 
can, in general, affect performance. Howe\er, it was 
shown that for either very rapid or very slow inass trans- 
fer from bubble to liquid, for example, for very soluble 
or for slightly soluble gases, that the mixing state of the 
bubbles does not affect the analysis of the data. The 
nitric oxide-water system corresponds to the slightly solu- 
ble extreme. For intermediate cases, a test was proposed 
to indicate whether the bubble mixing condition influences 
the behavior of the system. 

Mass transfer of adsorbate in a three-phase slurry re- 
actor will be treated as a series process consisting of the 
following steps: 

1. Transpoit within the gas bubble to the bubble- 
liquid interface. 

2. Bubble interface-to-bulk liquid transfer (according 
to a transfer Coefficient J c L ) ,  

3. Bulk liquid-to-adsorbent particle transport ( k , )  . 
4. Intraparticle diffusion (D, )  , 
5. Adsorption on the interior pore surface ( /cads) ,  

C,! H \- ‘g 
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Fig. 1. Schematic diagram of mass transfer and adsorption in 
slurries. 

This model requires that the resistance to transport 
in the bulk liquid is negligible, an assumption that is 
valid when the slurry is well agitated, as in our experi- 
ments. Since nitric oxide is but slightly solubk in water, 
a rate coefficient for step 1 is not required; the liquid- 
phase concentration at the bubble-liquid intvrface will 
be very close to the value corresponding to cquilibrium 
with the bulk gas, that is, to C,/H. The coricentration 
profile coriesponding to this model is shown in the upper 
part of Figure 1. The extensive properties, such as inter- 
facial areas, volumes, and mass, of the reactor system, 
will be based upon a unit volume of liquid in the slurry, 
including the liquid that fills the pores of thc adsorbent 
particles. The lower part of Figure 1 gives the areas arid 
volumes on this basis and also indicates scJlematically 
the mass transport model. 

The experimental data consisted of breakthrough curves 
measured for the effluent gas stream fiom thc adsorber. 
From these data values for the moments could be cal- 
culated and compared with theoretical express~ons. From 
such comparisons values of several of the rate voefficients 
could be obtained. The advantage of this ayiproach is 
that it is relatively easy to derive explicit eqr iations for 
the moments in terms of the rate coefficients when all 
the steps in the whole process are linear. 

THEORY 

In a three-phase slurry system in which the gas is 
introduced as discrete bubbles through a disperser and 
the slurry is agitated, mixing in the bulk liquitl is excel- 
lent so that the concentrations of adsorbate (nitric oxide) 
and adsorbent particles will be assumed to bc uniform 
throughout the reactor. At this point it also will be sup- 
posed that the bubbles travel in upward plug flow; thalt 
is, there is no back mixing of bubbles. These assumptions 
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are customary (Siems and Weiss, 1957; Juvekar and 
Sharma, 1873; Misic and Smith, 1971; Komiyama and 
Smith, 19'75), although plug flow for the gas bubbles 
may be questionable when the agitation is vigorous 
(Satterfield, 1970). I t  is shown later that this assump- 
tion is a valid one for our experimental conditions. It 
will also be assumed that the bubble size does not 
change as the bubble travels through the slurry and that 
the adsorption rate is first order. These conditions are 
closely met experimentally when the adsorbate is slightly 
soliuble in the liquid or when its concentration in the 
gas is low. 

Moment Equations for the Slurry (I = 0 to L1) 

For the described conditions, mass conservation equa- 
tions for the adsorbate in the gas bubbles, in the liquid, 
an.d in the pores of the adsorbent particles are 

m, = A* tnC,dt 

and the first absolute and second central moments are 

ml 

ma 
d L L *  = - 

The resulting expressions for the moments are 

H 
msK+ (8 SL'1,Ll = 

These results were obtained by neglecting the term 
V s ( a C , / a t )  in Equation (1). This term is small because 
the residence time of the gas bubble in the slurry is 
small, about 0.5 s in our experiments. It can be shown 
that the error in the moment equations due to this as- 
sumption is dependent upon the relative values of V B  
and (m,K + l ) / H .  For the experimental conditions used 
here, V B  was but 2 to 5% of (m,K + l ) / H .  

Corrections for Dead Volume Effects 

Before Equations (14) and (15) can be compared 
with moments of the experimentally measured response 
curves, corrections must be applied for the retention time 
and dispersion in the dead volumes. These volumes are 
the volume between injection point and the entrance of 
gas bubbles into the liquid (at z = 0)  and the volume 
between the liquid level in the slurry ( z  = L,) and the 
concentration detector. Such corrections are particularly 
important for a slurry system because it is necessary to 
have a bubble collecting space above the slurry liquid. 
This latter space is designated as the region z = L,  to z 
= L2 (see Figure 2 ) .  

If the retention times and dispersion effects in the 
dead volume can be described by linear processes, the 

where C,, CL, Ci, and n are concentrations in the gas, 
bulk liquid, liquid in pores, and adsorbed on the pore 
surface. For reversible adsorption, the first-order rate 
equation is 

(4) 

If we imagine a pulse input of adsorbate into the gas 
stream entering the reactor, the initial and boundary 
conditions are 

C, = CgoS(0) at z = 0 ( 5 )  
CL = C i = n  = 0 at t =  0 for z - 0  (6) 

(G) = o  
r=O 

(7 )  

where a (0 )  is the Dirac delta function which has an 
infinite value at t = 0. Equations (1) to (4) relate the 
gas concentration Cg(z,  t )  to the rate coefficients kL, k,, 
De, k a d s .  Misic and Smith (1971) considered a special 
case of the problem wherein intraparticle diffusion and 
adsorption rate were very fast, and they obtained a solu- 
tion for Cg ( x ,  t )  as a function of k L  and k,. For the more 
general case considered here, solution for C , ( z ,  t )  is not 
very helpful because the results are too complex to use 
for interpreting experimental data. However, the equa- 
tions for the moments of the response curves are prac- 
tical for evaluating rate constants. The moment expres- 

sions can be obtained from the solution C,(LI, s) of 
E:quations (1) to (8) in the Laplace domain, by using 
the expression 

c 

1. Flaw Rtculmm 1. 1ct  Tnp 

2. Flaw Lht 1. Mmrnl" 

: , I .  Ihtdlt V l l n  9. T.C. CtII 
NO 5. Fwr-way Valvt 10. W I - L i n  

6. Prrrr Ld.**r c'l- 

Fig. 2. Schematic diagram of apparatus. vvhere m, is defined as 
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TABLE 1. OPERATING CONDITIONS moments at the detector, designated by subscript D, are  
those given by Equations (14) and (15) plus a term for 
the dead-volume contributions; that is 

P'1.D = d l , L 1  + P'1,d.v. 

P2.D = PZL.1 + P2,d.v. 

Rather than theoretically estimate expressions for the 
dead-volume contributions, our approach was to obtain 
P'1,d.v. and fi2,d.v. from experimental breakthrough curves 
for a nearly insoluble system, nitrogen gas bubbling 
through a saturated sodium chloride solution. Then, p'l,L1 

and y 2 , ~ ~  could be calculated from Equations (17) and 
(IS) and the measured values at the detector. 

Moment Expressions for Breakthrough Curves 

Second moments determined from responses to step- 
function inputs are probably more accurate than those 
from pulse inputs a t  our conditions. This is because one 
avoids the emphasis, given by the t 2  term in Equation 
(U), to the uncertain tail of the response curve. Hence, 
only breakthrough curves were measured. The relation 

between the solutions for Cg in the Laplace domain for 
pulse input (6) and step input ( b )  is 

(19) 
By using Equation (19) and the properties of the La- 
place transformation, the moment equations in  terms of 
the breakthi ough curves are  

(18) 

- 
- - 
c g  ( z, s, 6 = scg (& s) b 

Equations (20) and  (21) were employed with the 
experimental breakthrough curves [C, ( t )  ] to  obtain 
values for the moments for use in Equations (17) and 
(18). 

Experimental 

The slurry reactor was a cylindrical Pyrex vessel, about 13 
cm high and 10 cm in diameter, equipped with an impeller and 
eight fixed baffles. The dimensions and geometry were the same 
as used and described by Furusawa and Smith ( 1 9 7 3 ~ ) .  With 
this geometry, the energy dissipation rate (due to agitation) is 
known so that kL can be estimated from available correla- 
tions and compared with the result obtained by analyzing the 
experimental moment values. The gas stream (nitric oxide plus 
helium for adsorption runs, helium for purge or desorption runs, 
and nitrogen for dead-volume correction runs ) was introduced 
through a fritted glass disk 1.2 cm in diameter, 2.1 cm in 
height, and located at the bottom of the reactor. The average 
height of the emerging gas bubbles was about 1.4 cm above 
the bottom of the vessel. The height of the slurry above this 
location was about 12.0 cm. The reactor and auxiliary apparatus 
are shown in Figure 2. 

BPL activated carbon, whose properties are given in Table 1, 
were used as adsorbent. Prior to use, the particles were washed 
with distilled water and dried at 110°C to constant weight. 
Also, the large particles were boiled in distilled water to ensure 
that the pores were filled with liquid. 

The nitric oxide (Liquid Carbonic Co.) contained small 
amounts of nitrogen dioxide and nitrogen, as determined by 
chromatographic analysis. Nitrogen dioxide was removed in a 
packed bed of soda lime (Figure 2 ) .  Since nitrogen was not 
adsorbed, the small amount (less than 3% ) in the nitric oxide 
was not removed. The helium used had a stated purity of 
99.99% and was not further purified. For the rate studies, the 
gas stream had a composition of 10% nitric oxide and 90% 
helium. 

A. 

B. 

c. 

Properties of Pittsburgh activated carbon, type BPL' 

Solid-phase density, pt 2.1 g/cm3 
Particle density, p p  0.85 g/cm3 

Average initial particle 

Mean pore radius in 

Volumes of slurry, liquid, and solid particles 
Slurry: water = 1015 cm3 and carbon = 200 g; equiva- 

lent to about 1100 cm3 of slurry; m3 = 0.197 

Surface area, SBET 1 050 - 1 150 d / g  

Porosity, j3 0.60 

radius,f R 0.0015, 0.010,0.075,0.12 cm 

particles 13.4 

g/cm3 
Water (for the measurements of H and kL = 1 100 cm3 

U. Concentration of inlet gas (NO in He) 
For equilibrium measurements: 2.5 to 20C, NO 
For rate measurements: 10% NO 

D. Other operating conditions 
1. Gas flow rate = 3.33 to 10 cm3/s 

( a t  25"C, 1 atm) 
2. Impeller speed: 670 rt 40 rev/min 
3. Temperature: 25 2 2°C 

Pressure: 1 atm 

*From data sheet, type BPL activated carbon, Calgon Corp., Pitts- 
burgh, Pa. 15230, Mar. 1, 1972. 

t Arithmetic average of sieve openings after particles hwve been pre- 
treated in water to eliminate corners and edges. Pretreated shape is as- 
sumed to be spherical. 

Table 1 also shows the range of gas flow rates aiid volumes 
of slurry, as well as other operating conditions. 

Operating Procedure 
Before each run, the slurry in place was pretreated with pure 

helium flow for at least 14 hr. The step function of nitric oxide 
plus helium gas was introduced by turning a four-way valve 
( 5  in Figure 2 ) .  Pressure surges were minimized by adjusting 
the mercury columns in manometer [8] to the samc level with 
needle valve [3]. This procedure gave a sharp chaiige in con- 
centration without fluctuations in flow rate. The gas flow from 
the reactor [GI  passed through an ice trap [7] ti) eliminate 
water and then was divided into two streams. One stream at a 
constant rate of 0.83 cm"s flowed through the thermal con- 
ductivity detector, and the other stream was vented to  the hood. 
The volume of tubing, ice trap, and gas space above. the slurIy 
level in the reactor was minimized and amounted to about 250 
cm3. 

In order to reduce random experimental error, many rurts 
were made at each set of operating conditions. Helium flowed 
through the reactor between runs for at least 20 mins after 
zero nitric oxide concentration was achieved, as notetl by return 
of the detector signal to its original base lint: position. This re- 
quired a total helium flow time of 30 to 90 min. 

EQUILIBRIUM RESULTS 

Figure 3 is an example of the breakthrough curve data. 
The  lower curve is for nitric oxide adsorpticn in the 
slurry, while the upper curve applies for Nz in the same 
total volume (1 100 01113) of a saturated aqueolis sodium 
chloride solution. Nitrogen has a very low solubility in 
salt solutions, so that the breakthrough curvc for this 
latter system provides an accurate measure of the mo- 
ments p'1,d.". and p2,d.v. in the dead-volume regions. 

Curves such as those shown in Figure :3 were used to 
evaluate the solubility of nitric oxide in water and its 
adsorption equilibrium constant in the aqueous solution- 
activated carbon system. The method of calcul.ition can 
be  explained by  reference to  the areas marked I, 11, I11 
on the schematic breakthrough curve shown in Figure 4. 
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Fig. 3. Typical response curves for nitric oxide-slurry and nitrogen- 
sodium chloride-water systems. 

Suppose, first, that the curve is for a gas which is in- 
somluble in the liquid and that the concentrations corres- 
pond to those measured at the detector in the apparatus 
shown in Figure 2.  If there were no dispersion in the 
dead volumes, the curve would rise vertically at a time 
equal to p’1,d.v.. Owing to dispersion in the dead volumes, 
the actual breakthrough curve has the nonvertical shape 
shown in Figure 4. Equation (20) indicates that p’1,d.v. 

iS equal to areas 1 + 11. Alternately, p’1,d.v. can be found 
by locating a vertical line such that areas 11 and 111 are 
equal. If, now, the solubility of the gas is considered, 
p’1,d.v. would be determined by locating the vertical line 
such that area I1 is equal to area I11 plus the area cor- 
responding to the amount of gas dissolved in the liquid. 
Figure 4 has been drawn to illustrate this case. Linke 
(1965) gives solubilities of oxygen and nitrogen in water 
at 25°C ( H o z  = 32.3, H N Z  = 63.8) and of nitrogen for 
a saturated sodium chloride solution ( I 1  = 384). The 
solid circle points in Figure 5 show the results of cal- 
culating p’1,d.v. by this method from the breakthrough 
curves for the nitrogen-salt solution system. For verifica- 
tion, breakthrough curves for oxygen-water and nitrogen- 
water were also measured at Q = 3.33 cm3/s. The re- 
sulting values of p’1,d.v. shown in Figure 5 indicate that 
the method for accounting for retention times in the 
dead volumes is dependable. 

Figure 5 shows also values of J./~,D for the nitric oxide- 
slurry system at various flow rates calculated from break- 
tlhrough curve data by using Equation (20) .  According 
ts3 Equations (17) ,  the difference between and 
$I,d.v. gives P’~,L~, and by Equation (14) the slope of this 
line is equal to (m, K + l ) / H .  In order to determine K ,  
the solubility H must be established. While Linke (1965) 
gives 21.5 at 25°C for H N o  in water, a curve of 
VS. V J Q  for water without carbon particles and the 
~t’1,d.~. line in Figure 5 can be used to calculate HNo. 
Equation (14) with m, = 0 is applicable. Analyzed in 
this way, our data give H N O  = 22.5, which agrees reason- 
ably well with the literature value. 

By using HKo = 22.5 and the curve for p ’ l , ~ l  in Figure 
5,  K ,  which is equal to ( n / C ~ ) ~ ~ ~ i , ,  is 6.86 cm3/g. These 
results are based upon data for a gas concentration of 
1.0% nitric oxide in helium. Data points for all gas con- 
centrations plotted as C L  vs. C, and n vs. C L  are shown 
in Figure 6. The points for gas concentrations other 
than 10% nitric oxide were obtained from measurements 
at a single flow rate of 3.33 cm3/s for both adsorption 
and desorption. 

The key feature of Figure 6 for our work is that the n 

Fig. 4. Graphical integration method for isotherm determination. 

v,/Q,s 

Fig. 5. First moment data. 
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Fig. 6. Adsorption and obsorption isotherms for the nitric oxide- 
water-carbon system. 

vs. CL and C ,  vs. C L  isotherms are linear, since this as- 
sumption was employed in deriving Equations (14) and 
(15). 
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TABLE 2. BUBBLE ~ O P E R T I E S  

Q, cm3/s UB, cm/s RB. cm vB** t as*, **, cm-1 CL2.d.v. 8’ kLUB,t t S - l  

3.33 22.5 0.065 1.64 x 10-3 0.075 15.0 x 102 0.019 

5.00 22.5 0.065 2.43 x 10-3 0.112 7.60 x 102 0.028 
4.00 22.5 0.065 1.94 x 10-3 0.090 8.60 x 102 0.023 

6.67 22.5 0.065 3.23 x 10-3 0.150 3.67 x 102 0.037 
10.0 22.5 0.065 4.85 x 10-3 0.224 1.62 x 102 

O Since our equations are based on unit volume of bubble and solid free liquid, the values of VB and as listed here for water runs are different 

from those for slurry runs. A multiplication factor of 1.083 ( = g) should be used to obtain VB and CZB for the slurry runs. 

t Calculated from Equation (23). 
O 0  Calculated from Equation (22). 
t t  For nitric-oxide water runs (from data of Figure 8). 

The correction term P’1,d.y. can also be obtained by 
estimating the dead volumes from the geometry of the 
apparatus between four-way valve [S, Figure 21 and 
the detector [9]. This method is less accurate and gave 
values of p’1,d.v. about 8% less than those obtained by 
response measurements with oxygen and nitrogen. 

The equilibrium properties H and K could also be 
estimated from desorption runs, whose breakthrough 
curves are of the form shown on the right side of Figure 
4. Thus, area 11’-(area 111’) is the amount dissolved in 
the water and adsorbed on carbon particles, if a slurry 
is used. Such desorption curves returned to the baseline 
rather sharply, showing that the adsorption process was 
reversible. Values of H and K so obtained were in some 
cases larger and in some instances less than those obtained 
from the adsorption data. The points in Figure 6 are 
averages of adsorption and desorption results. 

BUBBLE PROPERTIES 

The bubble-liquid interfacial area as is required in 
order to evaluate the mass transfer coefficient kL, although 
such separation of the product k L  aB is not necessary for 
determining the other rate coefficients. While we are 
chiefly interested in D, and kads for the nitric oxide- 
slurry system, sufficient properties of the gas bubbles 
were established in order to determine, at least approx- 
imately, values for kL. 

If the bubbles are spherical, the area aB is related to 
bubble velocity vB and radius Rs by 

which is based upon VB being equal to the vertical com- 
ponent of the bubble velocity. Ad quantities in Equation 
(22) are known except vB and Rg. The velocity can be 
estimated from the total volume ( V B  VL) of bubbles 
in the slurry by using the relation 

(23) 

(VBVL) was determined by measuring the increase in 
level of the liquid when gas was introduced through the 
disperser disk. The average velocity calculated from 
Equation (23) for measurements at several flow rates 
was 21.6 -I- 4 cm/s when water was used in a narrow 
vertical tube without mechanical agitation. For slurries 
of carbon particles, the velocity was 19.7 & 3 cm/s, 
measured in the same tube, A direct and probably more 
accurate method employed by Valentin (1967) gave 
22.5 cm/s. Since the rise in liquid level was relatively 
small and the level was disturbed by bursting gas bubbles, 
VB = 22.5 cm/s was used in subsequent calculations. 
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The average bubble size was determined from high- 
speed (exposure time = 0.001 s )  photographs of bubbles 
from the same disperser rising through water. The pro- 
cedure was identical to that employed by Misic and 
Smith (1971). Visual measurements for 160 bubbles 
on projections of the photographs showed a radius range 
of 0.03 to 0.13 cm and a mean value of RB = 0.065 cm. 
Data for different gas flow rates showed no discernible 
change in Re. 

The interfacial areas calculated from these data and 
other bubble properties are shown in Table 2. 

DEAD-VOLUME DISPERSION (P2,d.v.) 

If Equation (15) is applied for liquid only (m, = 0) 
and combined with Equation (18), the resulting expres- 
sion for the moment at the detector is 

For the nitrogen saturated sodium chloride solution, H 
is large and OL small. Hence the second term on the right 
side of Equation (24) can be evaluated with little error 
by expanding the exponential functions in a power series 
and by neglecting second degree and higher terms. The 
result is 

Using Equation (16) for a! and Equation (23) for Q N L ,  
we get 

With the value of k L a B  determined for the nitric oxide- 
water system (see Table 2 ) ,  the second term in Equation 
(26) at Q = 3.33 cm/s for the nitrogen-saturated sodium 
chloride solution ( H  = 384) is 80 s2. The bubbles for 
the nitrogen-sodium chloride-water system were observed 
to be much smaller than those for the nitric oxide-water, 
system. Then, lcLaB for nitrogen-sodium chloyide-water 
would be greater than for nitric oxide-water, and the 
magnitude of the second term in Equation (26) would 
be less than 809. Since the measured balue of p z , ~  was 
much greater, 1500 s2, little error is introduced by taking 
p2,d.v. equal to the second moment, that is, p 2 , ~  deter- 
mined from breakthrough curves for the nitrogen satu- 
rated sodium chloride solution. These values are also 
given in Table 2 and were used with Equation (18) 
to obtain p 2 , ~ ~  for the nitric oxide-slurry system. As an  
illustration of magnitudes of the moments, at (1 = 3.33 
cm3/s for R = 0.0015 cm, pz ,D  was about 13 000 s2 for 
the slurry, 3 300 s2 for the nitric oxide-water system, 
and pz,d.y. = 1 500 S2. 
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MASS TRANSFER FROM BUBBLE TO LIQUID 

to rearrange Equation (15) to the form 
For determination of the rate coefficients, it is helpful 

40 r 

30 

20 

+( "'KH+ 1 
) Z  

1 + e - ' Y L  
1 - e-aL 

The quantity (YL is independent of Q since both a B  and V B  
in Equation (16) are proportional to Q [Equations (22) 
arid (23)]. Hence, a plot of p 2 , ~ ~  ( Q / V , )  vs. V L / Q  
should be a straight line with a slope dependent upon 
kI,  [through a, Equation (16) ] and an intercept which 
is a function of the other rate coefficients k,, D,, and kads 
For the conditions of our experiments, the data show 
that the terms in Equation (27) involving kL, D,, and 
kads are all important. Hence, the contributions to p z , ~ ~  
far kL and D, must be separated before kads can be de- 
termined. 

Figure 7 illustrates the data plotted according to 
Equation (27) for each particle size. The slopes for R = 
0 0015 and 0.083 cm are nearly the same, indicating 
that kL was not affected by the size of carbon particles. 
From the values given in Table 2 for slurry conditions, 
and by using Equations ( 16) and (21), kL = 0.27 cm/s. 

The bubble-to-liquid coefficient can also be obtained 
from breakthrough curve data for nitric oxide and water 
alone. For this situation, Equation (27) reduces to 

Inlet Gas Cmc., NO 10% 

Agitation Speed = 950 rpm 
ms = 0 

/ 

Figure 8, displaying the data plotted as p 2 . ~ ~  vs. ( V L / Q ) ~ ,  
does give a zero intercept as indicated by Equation (28). 
Then the difference in intercepts in Figures 7 and 8 
shows that k,, D,, and kads either individually or in com- 
bination significantly affect the overall adsorption proc- 
ess. The slope of the line in Figure 8 corresponds to kL 
== 0.25 cm/s. Since this result is not significantly differ- 
ent from kL determined from Figure 7, it is concluded 
t'hat carbon particles did not have a measurable effect 
on the bubble-to-liquid mass transfer coefficient. 

Because of potential error in aB for the bubbles, there 
i:; considerable uncertainty in these results for kL. Equa- 
tion (1) does not include a term for the mass transfer 
at the liquid-gas interface at the top of the slurry. Owing 
to the small number of bubbles, this interfacial area 
is not negligible with respect to aB.  Omission of the term 
gives erroneously high values for kL for the bubbles. It 
was observed that the bubble velocity was higher in the 
region near the impeller. This could also result in mis- 
takenly high values for kL. Finally, extreme turbulence 
caused by the impeller could result in bubble areas uB 
higher than predicted by Equation (22),  because the 
vertical velocity component in a slurry with agitation 
could be different from that determined as 22.5 cm/s 
in an unagitated vessel. Misic and Smith ( 1 9 7 1 )  found kL 
l o  be about 0.44 cm/s for benzene dissolving in water 
in a more mildly agitated, small diameter (4.0 cm) 
vessel for which the gas-liquid interfacial area at the 
top of the slurry was much less than for our adsorber 
( 1 0  cm diameter). The correlation of Prasher and Wills 
( 1 9 7 3 )  gives kL = 0.10 cm/s at the energy dissipation 
rate C4.4 x lo4 erg/(s) (g  liq) 1 of the impeller in our 
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Fig. 7. Second moment data for the nitric oxide-water-carbon system. 

( v,/Q? x lo4,  sz 
Fig. 8. Second moment data for the nitric oxide-water system. 

system. This dissipation rate was known for the geometry 
and impeller rotation speed of our system from the work 
of Furusawa and Smith ( 1 9 7 3 a ) .  Calderbank (1967) 
in a summary of kL for various systems found most values 
to be less than 0.1 cm/s, which is considerably less than 
0.27 cm/s. 

The uncertainty in kL alone does not affect subsequent 
analysis of the data for ks, D,, and kads. As Equation (27) 
shows, the intercept depends oiily on the product kLaB. 
Much of the uncertainty in all kL values is due to in- 
accuracy in the area term aB. 
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Fig. 9. Effect of particle size on the second moment. 

MASS TRANSFER FROM LIQUID TO PARTICLE 

In order to evaluate kads and D, as accurately as pos- 
sible, the contributions of ksas to the intercepts in Figure 
7 were minimized. This was accomplished by increasing 
a,. For the conditions employed, a, ranged from 493 cm-l 
for the smallest particles to 8.9 cm-I for the largest 
particles. From the data and correlations given by Furu- 
sawa and Smith (1973a), the corresponding range of k, 
is approximately 0.030 to 0.018 cm/s. Then, for the 
largest particles, where the effect of ksas would be great- 
est, ksas is about 0.16 s-'. For this situation, the term 
involving l /k ,a ,  is but 2.5% of the total intercept in 
Figure 7 and may be neglected. 

INTRAPARTICLE DlFFUSlVlTY AND ADSORPTION 
RATE CONSTANT 

From Equation ( 2 7 ) ,  with l/k,a, neglected, the inter- 
cepts in Figure 7 are given by 

Since a, = 3m,/p,R for spherical particles, Equation (29) 
may be written 

I=""-[+($..)' H 150 +"] kads (30) 

This result shows that the intercept I should be a linear 
function of R2 and that the slope of the line establishes 
D, and the intercept kads. The intercepts shown in Figure 
7 are plotted vs. R2 in Figure 9. 

Before we examine Figure 9, the intercepts for the 
largest particle size initial R = 0.12 in Figure 7 need 
to be explained. For large particle sizes, the agitation 
in the slurry caused considerable attrition. Examination 
showed that the particles did not break into two or 
more parts but that corners and edges, where the radius 
of curvature was small, suffered attrition. In order to 
minimize such attrition during a run, the fresh par- 
ticles were first pretreated in a water slurry under mild 
agitation conditions. These pretreated particles, after dry- 
ing and sieving, were employed for the adsorption runs 
and had the radii designated as initial values in Table 1 
and Figure 9. After this pretreatment, some additional 
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attrition occurred. Hence, average particle radii were 
determined from size measurements before and after a 
run. The radii shown beside the open squares in Figure 
7 represent such average values for the two largest par- 
ticles. Since such average radii were somewhat different 
for the runs at different flow rates made for the largest 
particles, the values of ( F ~ , L ~ ) Q / V ~  were corrected to 
the same R of 0.083 cm. This correction was made by 
taking the intraparticle diffusion contribution to be pro- 
portional to the square of the radius, as suggested by 
Equation (30). The open, dotted squares in Figure 9 
represent such corrected points. The line through the 
corrected points for R = 0.083 cm was used to obtain 
the intercept for the largest particle size. Measurable attri- 
tion did not occur for the two smallest particles. The 
radius of the second largest size was reduced from an 
initial value of 0.075 to 0.064 cm by attrition during the 
run. 

From the intercept and slope of the straight line in 
Figure 9, as defined by Equation (30), k a d ,  and D, 
were calculated to be 5.8 x 10-2 cm./(g) (s and 1.8 
x cm/s, respectively. To our knowledge this is the 
first time that rates of adsorption for nitric oxide from 
aqueous solution on carbon have been determined. The 
rate coefficient is rather low, suggesting chemisorption. 
Solbakken and Reyerson (1960) have proposed that 
nitric oxide adsorption on alumina gel involves electron 
spin multiplicity changes. Such processes h.ive small 
transmission coefficients and low rates. Perhaps this kind 
of phenomenon occurs on activated cabon, mhich also 
has excess electrons. The rate constant for oxygen adsorp- 
tion on the same carbdh was 2.2 cm3/ ( g  1 (s)  (liomiyama 
and Smith, 1975). 

The effective diffusivity is of the expected magnitude. 
Since no experimental data were available for the molecu- 
lar diffusivity of nitric oxide in water, an accurate value 
of the tortuosity factor cannot be obtained. An approxi- 
mate value can be estimated by using correlations for 
predicting the molecular diffusivity at infinite dilution at 
25°C. Wilke and Chang's correlation gives 2.55 x lo-" 
cm2/s. Sheibel's gives 2.67 x cm2/s, and Thaker's 
equation gives 2.39 X cm2/s (Reid and Sherwood, 
1966). By taking an average value of 2.54 x 10-5, and 
with the porosity of 0.60, the tortuosity factor y is 

Tortuosity factors in liquid-filled pores are not well 
established. From adsorption studies of physically ad- 
sorbed substances such as benzaldehyde on actil ,ated car- 
bon and on Amberlite particles, tortuosity factois as low 
as 0.3 have been reported (Furusawa and SmitlI, 1 9 7 3 ~ ;  
Komiyama and Smith, 1974). Tortuosity factors calcu- 
lated from reaction data have usually been of the order 
of those for gas-filled pores, that is 1 to 5 (Keiiney and 
Sedriks, 1972; Komiyama and Smith, 1975). Since sur- 
face diffusion is not expected to be significant for our 
system, where the rate and extent of adsorption are low, 
this phenomenon is unlikely to explain the low t lsrtuosity 
factor. It is possible that the calculated molecular diffu- 
sivity of nitric oxide in water is not applicablL. in the 
small pores of activated carbon (average radius = 13A) 
because of interaction between the polar nitiic oxide 
molecules adsorbed and in the liquid. Since both nitric 
oxide and carbon are paramagnetic, diffusion in the 
micropores could be influenced by magnetic effects. These 
explanations are speculative, and more study is needed 
on effective diffusivities in liquid-filled pores, particularly 
in systems where surface diffusion is insignificant. 
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MIXING OF GAS BUBBLES IN SLURRIES 

As mentioned earlier, the mixing state of the gas 
bubbles is somewhat uncertain. The equations for pz 
presented up to this point have been based upon ver- 
tical, plug fiow through the slurry. For a highly agitated 
slurry, it is conceivable that the bubbles could appioach 
a state of complete mixing, complete mixing in the sense 
that the concentration of adsorbate would be the same 
in all bubbles of the slurry and not in the sense that 
the bubbles would coalesce and mix. It would be helpful 
to have a test for the extent to which the mixing state 
alEects the observed second moment, since this influences 
the analysis for other rate constants kads ,  D,, k,. Such 
a test can be developed by comparing second-moment 
expressions for plug flow and complete mixing. 

Since the contributions of the several transport proc- 
esses to the second moment are additive and independent 
[for example, Equation (15)], it is satisfactory to make 
the comparison for the case where bubble-to-liquid mass 
transfer is rate determining. Then, for plug flow, Equa- 
tion (15) reduces to 

For complete mixing, mass balances for the gas and 
liquid phases become, for t > 0 

Solution for a pulse input [Equation (5)], following the 
procedure useu to solve hquations (1) to ( 8 ) ,  gives the 
roilowing expressions for the moments: 

.- .- - 2 (m,K+1)2 (V;)+( - m , K + 1  ) 2 ( y  

k L a s  H H 
(36) 

'The second equalities in Equations (35) and (36) arise 
lbecause for the conditions of our work, V B  was much less 

For very large kLas (large a L ) ,  Equations (32) and 
vs. 10-l) than (m,K + l ) / H .  

(36) reduce to the same value for p 2 , ~ ~ :  

c 

(37) 

:For very small k L a B  (small aL), the exponential func- 
tions can be expanded in power series, and higher terms 
:neglected, to give 

--=- - 
2H (:) 

l -e - f fL 2 
1 - e - d  aL kLas 

- 

Then, Equations (32) and (36) again become identical: 

2 (%x+ 
H ( C L ~ . L ~ ) P F  = ( P Z , L ~ ) S T  = - 

~ L U B  

The identical values of pz and, hence k L a B ,  for com- 
plete mixing and plug flow for either extreme of mass 
transfer rate is physically understandable. For large trans- 
fer rates, large kLas, equilibrium between concentrations 
in the bubble and in the liquid is established very quickly 
after the bubble leaves the disperser. Then the concen- 
tration in the gas bubble is essentially constant through- 
out the slurry, and the mixing state of the bubbles is 
immaterial. This was the situation found by Komiyama 
and Smith (1975) for the adsorption of sulfur dioxide, 
which is relatively soluble in water. For small values of 
k L a B ,  little mass is transferred from the bubbles in their 
path through the slurry. Again, the concentration in the 
bubbles is nearly constant throughout the slurry. 

To test for the effect of the mixing state on pz, values 
of kLaB should be determined from the data by using 
equations for complete mixing and for plug flow. If the 
two values are nearly the same, the mixing state has 
little effect on the results. If the two values are widely 
different, the mixing state has an effect. Then, an accu- 
rate evaluation of k L a B  requires more information about 
the flow pattern of the gas bubbles. To illustrate, with 
the data shown for the nitric oxide-water system in Figure 
8, k L a B ,  determined from the plug flow equation at a 
flow rate of 3.33 cm3/s was 0.020 s-l, while that deter- 
mined for complete mixing, Equation (36) with m, = 
0, was 0.023 s-l. The difference is within the range of 
experimental error, so it is concluded that the mixing 
state did not affect the value of kLaB. 

These conclusions do not apply to values of k ,  them- 
selves but to the product k L a B .  Fortunately, only the 
product is needed in order to continue with the analysis 
and evaluate ksas, D,, and k a d s .  Separate values of kL 
are subject to large uncertainties because of the lack of 
accurate knowledge of as. 

(38) 
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NOTATION 

U B  = surface area of bubbles per unit volume of bubble 

a, = outer surface area of particles per unit volume 

C, = concentration of adsorbate in gas (bubble) phase, 

c, = Laplace transform of C, 
Ci = concentration of adsorbate in pore space, mole/ 

C L  = concentration of adsorbate in bulk liquid, mole/ 

DNO-~20 = molecular diffusivity of nitric oxide in water 

D, 
H = Henry's constant for adsorbate in water, H = 

I = contribution of intraparticle diffusion and ad- 

k a d s  = adsorption rate constant, cm3/(g)s 
kL = bubble-to-liquid mass transfer coefficient, cm/s 
k, = liquid-to-particle mass transfer coefficient, cm/s 

and solid-free liquid, cm-l 

of bubble and solid-free liquid, cm-l 

mole/cm3 - 
cm3 

cm3 

at infinite dilution, cm2/s 
= effective intraparticle diffusivity, cm2/s 

C,/CL 

sorption to second moment, s2 
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K 
L1 

m, 
m, 

n 
Q 
r 

RB 
R 
s = Laplace variable 
S B * ~  = BET surface area, m2/g 
t = time, s 
UB 

VB 

VL 
z 

= adsorption equilibrium constant, m3/g 
= height of slurry, cm; region L1 to Lz is gas col- 

= moment component, defined by Equation (10) 
= mass of carbon per unit volume of bubble and 

= amount of adsorbed nitric oxide, mole/g 
= gas feed rate at 25°C and 1 atm, cm3/s 
= radial coordinate in a spherical particle, mea- 

= average radius of gas bubbles, cm 
= radius of spherical particle, cm 

lecting space above slurry 

solid free liquid, g/cm3 

sured from its center, cm 

= vertical bubble velocity, cm/s 
= bubble volume per unit volume of bubble and 

= total volume of liquid in the vessel, cm3 
= slurry height, measured from bottom of the ves- 

solid-free liquid 

sel, cm 

Greek Letters 

a 
tion (IS), cm-l 

p = particle porosity 
6(0) = input pulse, Dirac delta function with an infinite 

p’l,L1 = first absolute moment in the slurry, or for the 

~’1,d.~. = first absolute moment in the dead volumes, s 
p’l,D = first absolute moment evaluated at the detector, s 
p2,Ll = second central moment for the slurry; P2,d.v. and 

are second moments for the dead volumes 
and as measured at the detector, respectively, s2 

= bubble-to-liquid rate parameter defined by Equa- 

value at t = 0 

liquid when no particles are present, s 

pp = particle density, g/cm3 
pt  = solid-phase density, g/cm3 
y = tortuosity factor 

Subscripts 

L1, L2 = value at z = L1 and Lz respectively 
b, 6 
o = inlet value 
PF 
ST 

= responses to step and pulse ( 6 )  inputs 

= gas bubbles in plug flow through slurry 
= gas bubbles completely mixed in slurry 
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Separation Sequence Synthesis by a 
Predictor Based Ordered Search 

ALEJANDRO GOMEZ M. 
and 
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Salt Lake City, Utah 841 12 

A predictor based ordered search procedure is used to scan the graph 
representing all possible separation sequences for a given multicomponent 
separation process. The algorithmic procedure is expedited by utilizing 
an heuristic cost function to obtain lower bound estimates of the cost of 
separators not yet designed. Considerable reduction in search space occurs. 
Optimal and near optimal sequences are readily generated. 

SCOPE 
Many chemical processes involve separation sequences, 

wherein multicomponent feed mixtures are separated into 
products (including recycle or intermediate streams) by 

Seader. 

two or more separators. As shown by Thompson and 
King ( 1 9 7 2 ~ ) ~  the number of possible processing schemes 
or sequences (arrangements of separators) increases ex- 
ponentially with the number of products and with the 
number of different types of separators being considered I 

Correspondence concerning this paper should be addressed to J. D. 
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