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ABSTRACT 

KINETIC AND REGENERATION ASPECTS OP THE ADSORPTION OF PHENOL 
ON ACTIVATED CARBON 

by Edward King Cassidy 

Physical-chemical treatment of liquid wastes is be¬ 

coming widespread. One promising physical treatment process 

is contaminant adsorption on activated carbon. Units are 

frequently operated with the inclusion of carbon reactivation 

or' regeneration. In order to design adsorption processes 

both the kinetics of removal and the effects of regeneration 

require quantification. 

This study was conducted to establish the kinetics of 

phenol removal in non-flow, well-mixed reactors where cocoa- 

nut charcoal was the adsorbent. The batch system consisted 

of a Phipps-Bird six place paddle stirrer run at 162 RPM. 

Reactor volumes were 1000 ml and fluid volumes were 900 ml. 

Reactors were buffered to pH of 6.8 to 7.0. Phenol was 

measured by light absorbance on a Beckman DBG spectrophoto¬ 

meter . 

Removal rate was found to follow a film diffusion limit¬ 

ation description, where concentration gradient across the 

proposed film was the driving force. Effective concentra¬ 

tion at the surface of the particle was calculated by 

applying the isotherm equation of Weber and Morris, for 

which the parameters were established for the system studied. 



The proportionality between driving gradient and removal 

rate was determined. When the ratio of phenol to carbon was 

in excess of approximately 40 mg/gm intraparticle diffusion 

limitation was indicated. 

Regeneration effects on carbon were studied in four 

phases. The first phase established, for a single high 

temperature regeneration of carbon, initially loaded to 1 % 

by weight, that uptake rate was decreased upon redose, re¬ 

lative to virgin carbon. The second phase showed that vir¬ 

gin carbon at equilibrium with the atmosphere underwent mass 

loss and eventual destruction at regeneration temperatures 

of 550 °C and 950 °C, whereas, at 170 °C, mass loss stabilized 

at 3 %. The third phase separated, partially, the mechanisms 

operative in capacity change during regeneration at a single 

temperature (550 °C). The final phrase of the regeneration 

study established, for the temperatures and loadings studied, 

the desirability of high temperature of regeneration and heavy 

loading of the carbon prior to regeneration. More capacity 

was recovered, and carbon destruction was retarded, when the 

carbon was initially heavily loaded and the regeneration 

temperature was the highest studied. 
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INTRODUCTION 

The phenomenon of adsorption can be tailored to many 

engineering needs today. Adsorption is used in sugar re¬ 

fining, in precious metals recovery, in commercial gas puri¬ 

fication, in air conditioners, as well as in treatment of 

12 3 4 
industrial and municipal waste discharges. ' ' ' This 

study is directed to the latter application. 

A great deal of energy is expended on adsorption pro¬ 

cesses in both the hard sense of physical power input and 

in the less physical sense of research. The writer's con¬ 

tention is that in the field of pollution abatement there is 

a gap between the research that has been carried out and the 

realities of an operating adsorber. There there is need for 

further study of several observed operating conditions little 

has been done. There it is reasonable to apply extant re¬ 

's ear ch findings this has not been done. Where there is no 

practical need for extensive research it has been carried 

out. For example, one major cost item in most operating ad¬ 

sorption units is the activated carbon added to compensate 

for that lost during regeneration: the make up. While the 

literature is replete with equilibrium considerations of 

concentration versus loading, it is largely devoid of answers 

to the questions "Why are there losses?", or "What consti¬ 

tutes losses?", or "How does one avoid losses?" 

The use of adsorption for removing undesirable contami¬ 

nants from municipal or industrial waste discharges gives 
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rise to several problems not encountered in other applica¬ 

tions. Because some of the specific components removed by 

adsorption are toxic, or, at least, very objectionable, 

complete removal of them is desirable. Furthermore, the 

volume of waste water frequently necessitates large in¬ 

stallations. In both respects great caution needs to be 

exerted when dealing with percentages. A ninety-five per¬ 

cent removal of the contaminant may not be enough if the 

residual is offensive. A five percent loss of carbon may 

give rise to a very high operating cost. 

The way in which a contaminant is adsorbed must be de¬ 

scribed and quantified adequately to provide design infor¬ 

mation. Also necessary is examination and difinition of 

the way in which the adsorbent is handled so that it may be 

optimally conserved. Finally, the interrelationships of 

adsorption and regeneration must be understood so that the 

system can meet its objective—a clean product. 
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BACKGROUND 

ADSORPTION 

While there are many theories of adsorption mechanisms, 

there are only two basic types of adsorption. Chemisorption 

pccurs at high bonding energies. That is, large quantities 

of energy must be expended to reverse the process, and the 

products thus obtained are not generally the same as the 

original adsorbates. Chemisorption is visualized as chemical 

in nature, because the energies associated are on the order 

of energies of chemical bonds. Physical adsorption, which 

is the prevailing mechanism under consideration in this work, 

is a physical reaction. The desorbed products are the same 

as those adsorbed, and the energies associated are much 

-lower than those associated with chemisorption. Energies on 

the order of heats of vaporization have been calculated ^,6,7,8 

for adsorption of dissolved organics on activated carbon. 

The basic mechanism is a van der Waal's phenomenon. 

Beyond the basic mechanism, which is incompletely 

understood, there are many theories to describe the obser¬ 

vations of adsorption. Most common are the Freundlich, 

Langmuir and B. E. T. (Brunaeur, Emmet and Teller) descrip¬ 

tions. An excellent review of the various proposed 
7 

mechanisms is presented by Mantell . All such theories 

contain sufficient numbers of unknown parameters to fit 

experimental data. The most common method of presenting 
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data is a plot of amount of adsorbed material per gram of 

adsorbent (or per unit area of adsorbent) versus residual 

concentration of adsorbate. Experiments are carried to 

equilibrium at uniform constant temperatures; hence the 

term isotherm. Typical isothersm are shown in Figure 1. 

Type I is characteristic of the adsorbent covered by a 

monolayer of adsorbate. Type II is indicative of either 

saturation of the adsorbent with two distinct layers, or 

hydrogen bonding followed by one or several layers. Type III 

indicates the condition where there is little or no 

adsorption until bulk concentration reaches some value. 

Type IV is characteristic of confounded mechanisms of mono- 

or multi-layer saturation and hydrogen bonding. Type V is 

indicative of multi-layer saturation where each layer 

requires a distinct gradient for adsorption. 

The basic difference in adsorption theories is in the 

mechanism. Langmuir views the phenomenon as a chemical 

reaction, whereas Brunaeur, Emmet and Teller take the posi- 

g 
tion of electrical bonding described by state equations 

7 
based on an analogy with vaporization . The B. E. T. descrip¬ 

tion is considerably more complex, but basically it is as 

described above. Either description can usually be used by 

appropriately adjusting parameters to the range of concen- 

5 tration under consideration. Weber and Morris use an 

equation for the isotherm which is similar to that of 



Langmuir. The Weber and Morris equation is 

5 

v - m 
X “ 1+bC (1) 

where 

X = the mass of adsorbate removed per unit mass of adsor¬ 

bent at equilibrium, 

X = the maximum mass of adsorbate adsorbed per unit mass of m 

adsorbent at equilibrium in the range of concentration 

under consideration, 

b = a parameter evaluated from the plot of 1/C versus 1/X 

corresponding to the reciprocal of the concentration 

at which one-half of X is realized, and 
m 

C = bulk concentration of adsorbate at equilibrium. 

Equation 1 has been shown to be appropriate for acti¬ 

vated carbon adsorption of chlorine*, phenol and several 

alkylbenzenesulfonates at low loadings of the carbon*^' 

DIFFUSION 

Diffusional problems in kinetics can be approached from 

several directions. One common way is to use the genera¬ 

lized equations of diffusion (Fick's laws) and eliminate 

* It is interesting to note the similarity between 
Langmuir's approach and the enzyme kinetics of Michaelis 
and Menten. Both sets of equations and assumptions are 
the same with different nomenclature. In fact, Michaelis 
and Menten used Langmuir's mathematical description, 
derived when he worked on enzyme kinetics. 
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11 12 
unimportant terms ' . Another way is simply to view the 

13 
system and apply appropriate diffusion terms . The former 

approach is more general and useful in complicated situ¬ 

ations, while the latter can eliminate a lot of problems if 

the system can be simply described. Ultimately, both 

approaches should converge to describe the phenomenon. 

14 11 15 Edeskuty and Amundson , Norman and Weber and Keinath 

take the former approach which leads to fairly complicated 

13 6 
mathematical expressions. Levenspiel and Treybal take 

the latter which leads to simpler mathematics but requires 

the evaluation of parameters which are difficult to measure. 

Still another approach to the problems of mass diffusion is 

to take analogous heat and momentum equations and apply 

them with appropriate nomenclature changes to the problem at 

11 12 hand ' . The writer's approach was to take the simpli¬ 

fied models and roughly evaluate the assumptions needed for 

their use by transformation of analogous heat and momentum 

equations. 

DIFFUSION MODELS 

When a contaminant (phenol, in this study) is removed 

from a liquid system by adsorption, the rate of removal is 

generally considered to be limited by one or several of the 

following mechanisms: 

1) Diffusion through the bulk of fluid. 

2) Diffusion through an hypothesized film surrounding the 

particle. 
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3) Diffusion within the particles (intraparticle diffusion) 

4) Rate of physical reaction itself—adsorption. 

Furthermore, the particle may be shrinking or have a 

core of unreacted material which is shrinking with time. 

For the system chosen (See the section on Experimental 

Program) diffusion through the bulk of solution is not 

limiting. 

For film diffusion controlling, the rate of change of 

concentration with time in a batch system is given by 

dc 
dt 

(C - Cs> (2) 

where D = the diffusivity of adsorbate in the liquid film, 

A = the mean surface area of the particle, 

C = the concentration of adsorbate in the bulk of 

solution, 

C = the effective concentration of adsorbate at the 
s 

surface of the particle, 

n = the number of particles, and 

6 = the film thickness. 

See Figure 2. 

Equation 2 may alternately be written 

dc 
dt 

-kM(C - Cs) (3) 

where k = the film diffusion rate constant. (A function of 

D, A, and 6)/ and 

M = the mass concentration of activated carbon (gm/1). 
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Rearranging, 

dc 

M (C - Cs) 
= - k dt 

(4) 

The area under the curve of 
C - C 

versus C can be 

calculated and plotted against t. Under the assumptions of 

film diffusion limitation and uniform C the plot of s 
[ dc 
On - M’-'C 

versus t will yield a straight line with slope k. 

If gradients within the particle are large compared to 

that across the film, then intraparticle diffusion controls 

the rate of concentration change. The condition is indi- 

1\ dc 
cated when the plot of —\- —- versus t deviates from a c

 M'JC - C 
s 

straight line. Explicit solutions for this condition, when 

the reactor volume is finite, are exceedingly complex. The 

analogous heat transfer problem leads to an infinite sum of 

12 16 
exponentials ' . It is expected that, in systems where 

turbulence level and degree of loading are low, film 

diffusion will control. 

The assumption of instantaneous equilibrium of a 

reaction site with the fluid in its immediate vicinity has 

5 8 17 
been incorporated into the work of others ' ' and has 

been shown to be valid. Hence, uptake limitation by the 

physical adsorption reaction itself is unlikely. 

ADSORPTION OPERATIONS 

The adsorption step in adsorption operations is carried 

out in upflow expanded beds, in downflow packed beds, or in 
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well-mixed reactors. Operations can be continuous, semi- 

continuous or batch. Each configuration has its advantages 

and disadvantages. Expanded beds operate with fewer opera- 

3 ting difficulties than packed beds* and can be run with 

continuous addition and removal of carbon. They are less 

susceptible to attrition losses than well-mixed reactors 

but more susceptible than packed beds. They require a 

higher inventory of carbon than batch reactors, because the 

rate of removal is slower. 

Regeneration is done chemically or thermally. 

Chemical regeneration makes use of the fact that the 

adsorbed material has a higher affinity for a specific 

desorbent than for the adsorbent. For example, phenol, 

adsorbed on activated carbon, may be completely desorbed by 

treating the complex with caustic. In this way phenol can 

be completely recovered. Chemical regeneration is used 

when adsorbate recovery is important, as in the recovery of 

precious metals. 

Thermal regeneration is accomplished under many 

conditions, and it is worthy of note that not all are based 

on rational requirements. One method is to treat the satu¬ 

rated carbon with steam. There is some controversy over 

whether the steam acts to add radicals directly to the 

* This is due to less head loss and consequently less 
frequent regeneration. 
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carbon, hence improving its adsorptive capacity, or whether 

it acts to volatilize the adsorbate. Another method of 

thermal regeneration is treatment of the saturated carbon 

in multiple hearth furnaces at elevated temperatures 

(frequently 1400° F to 1750° F) and low levels of oxy¬ 

gen.^' *"8, ^ Steam is added at alternate hearths and 

oxidized, hot natural gas is added at the other alternates. 

The adsorbed material may be thusly volatilized, decom- 

2 0 21 
posed or oxidized. ' See Figure 3. 

There is a third step in adsorption processes: 

dewatering the loaded carbon. This may be carried out 

either by filtering or by gravity separation. 

The interrelationships of the three steps are worthy 

of note. If the carbon is heavily loaded in the adsorption 

step it will be separated by gravity more easily due to its 

increased density. However, if it is necessary to comple¬ 

tely remove adsorbate (for example, if it is a particularly 

offensive pollutant), it is impossible to heavily load all 

the carbon in the adsorber at the same time, because this 

will give rise to effluent concentrations which would be 

objectionable. Countercurrent adsorbers, operated with 

continuous withdrawal of spent carbon, permit heavy loading 

of the spent carbon and still produce a polished product. 

Their use is indicated for this reason. 

To complete the cycle it is necessary to establish the 

effects of degree of saturation of carbon on regeneration 
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and the effects of regeneration on recovery of adsorptive 

capacity. A system can then be synthesized which 

a) completely removes the contaminant, 

b) affects good separation of the saturated carbon, and 

c) recovers as much carbon capacity as possible. 

THERMAL REGENERATION 

The objective of thermal regeneration is the recapture 

of as much of the removal capacity of the carbon in the 

adsorption step as the system will allow. During the heat 

addition step (multiple hearth furnace, rotary kiln, or 

some other type) the adsorbed material is driven off. 

Loaded carbon put through the thermal step may not recover 

virgin carbon capacity. This results from one or several 

of the following: 

a) The adsorbed material may be incompletely removed; hence 

the carbon leaves the regeneration step still partially 

loaded. 

b) The carbon is oxidized, vaporized or otherwise lost 

from the system on a mass basis. 

c) The carbon, while maintaining its mass, may lose some 

of its capacity, i.e., destruction of the pore structure 

occurs. 

d) The adsorbed material may be converted to activated 

carbon or act on the pore structure to change adsorp- 

tivity. 
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One purpose of this study was to evaluate the effect 

of regeneration on adsorbate removal, carbon mass loss, 

and pore change. 

The four basic effects are confounded. Making a weight 

determination before and after regeneration and then 

conducting batch uptake runs to determine effects cannot 

clearly demonstrate which is most important. They all 

occur at the same time to different degrees. Furthermore, 

the degree of saturation of the input carbon, its fineness 

and moisture content, as well as the nature of the adsorbate 

are factors to consider. Finally, temperature, time and 

22 atmosphere of regeneration are very significant. 
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EXPERIMENTAL PROGRAM 

The experiments were divided into three groups: 

1. Equilibrium adsorption determinations 

2. Kinetics of adsorption, and 

3. Regeneration effects (studied in four phases.) 

Batch tests were conducted to determine the kinetics 

of adsorption.. The isotherm was generated in the same 

reactors, covered to minimize evaporation. Several condi¬ 

tions of regeneration were considered. 

Equilibrium distribution of phenol between bulk of 

solution and the particles was determined by varying 

initial amounts of phenol and carbon. Reactors were mixed 

on a Phipps-Bird six place stirrer at 162 RPM for one hour, 

once a day for three weeks before residual phenol was 

5 measured. If, on three consecutive days, the phenol 

concentration was constant, the reactor was considered to 

be at equilibrium. Sufficient overlapping of initial loads 

(mg phenol per gram of carbon) was used to allow for multi¬ 

ple points on the isotherm. See Figures 4 and 5. The 

carbon used was the same as that used for the rest of the 

study. 

Kinetics were developed for the virgin carbon. The 

spectrum of experiments conducted and the specific operating 

conditions are shown on Tables 1 and 2. It was determined 

early in the study that film diffusion did, in fact, limit 

the reaction for most of the experiments. The value of k in 
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equation 3 was determined. The range of operating conditions 

over which equations 2 through 4 were valid was determined 

and will be discussed in the section on RESULTS AND 

DISCUSSION. The parameters for equations 3 and 4 are shown 

on Table 3. 

Regeneration effects were studied in four phases. In 

phase JE a series of experiments were conducted to determine 

gross changes, in uptake rate on a unit mass basis for 

regenerated carbon at various times of regeneration. For 

this phase carbon was loaded initially to approximately 

1% (i.e., four grams of carbon removed 40 mg of phenol). 

The carbon was then separated and regenerated in pretreated 

crucibles at 1550° F for various regeneration times. The 

carbon was then weighed out, redosed with phenol, and the 

concentrations followed with time. See Figure 10. 

In phase II carbon was weighed out in units of one 

gram and the temperature-time effects of regeneration on 

mass loss were observed for three selected temperatures. 

See Figure 11. 

Phase III was conducted to separate, partially, the 

mechanisms operative in capacity loss during regeneration. 

Comparison was made to virgin carbon capacity. Stock 

carbon, dried at 105° C for six hours and cooled for fifteen 

minutes, was defined as dry virgin carbon. Virgin capacity 

was determined by dosing three samples of dry virgin carbon 

(3.450 grams) with 373 mg of phenol in 900 ml of buffered 
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deionized water. The residual phenol after one hour of 

reaction (b) was determined as the basis of comparison. 

In Experiment A three dry virgin carbon samples (3.450 

grams each) were left undosed and reacted for one hour. 

They were then transferred to tared aluminum pans and 

placed in a 105° C drying oven. Weight determinations 

were made at 2 1/2, 4, and 9 hours and found to be constant. 

The difference in weight between initial weight (3.450 grams) 

and final weight after drying was called (a). Capacity 

loss due to transferral and attrition was 

In Experiment B three carbon samples of 3.450 grams 

each were dosed with 373 mg of phenol in 900 ml of buffered 

deionized water, reacted for one hour, transferred to 

aluminum pans, dewatered and regenerated at 550° C for 

thirty minutes. All three were then cooled and redosed as 

before (373 mg of phenol in 900 ml of buffered deionized 

water), reacted, and sampled for residual phenol (d) at one 

hour. The total effects of transferral, attrition and 

regeneration were then 

Loss due to attrition 
and transferral (5) 

d - b = "All effects" (6) 

In Experiment C three carbon samples of 3.450 grams 

each were added to reactors with 900 ml of buffered 

deionized water, reacted for one hour, transferred to tared, 

pretreated aluminum pans, and placed in a 550° C muffle 
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furnace for thirty minutes. They were then cooled and 

weighed (f). 

In Experiment D three dry virgin carbon samples of f 

grams each were weighed out and dosed with 373 mg phenol in 

900 ml of buffered deionized water. The residual phenol 

after one hour of reaction was measured (g). The loss of 

capacity due to transferral, pore damage, and mass loss was 

g - b. (7) 

The loss of capacity due to incomplete desorption was 

d - (g - b). (8) 

See Table 4. No further experiments were conducted in this 

section, because it was determined that, on the basis of 

the experiments run, the mechanisms operative could not be 

sufficiently separated to draw any firm conclusions. 

Furthermore, as will be discussed later, regardless of the 

mechanisms operating, the system cannot be controlled to 

minimize any one effect. 

Phase IV of the regeneration study consisted of the 

determination of overall capacity change under various 

conditions of regeneration. Two temperatures of regene¬ 

ration (550° C and 950° C) were studied. 

At each temperature overall regeneration effects were 

measured as follows: 

1. Six samples of carbon at equilibrium with the atmosphere 

were weighed out at 3.600 grams each. 
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2. All six were loaded with 3.77 milligrams of phenol in 

900 ml of buffered deionized water. 

3. They were then reacted in a Phipps-Bird six place 

paddle stirrer (162 RPM) for one hour and then sampled 

for residual phenol. 

4. The supernatants were poured off and the carbon samples 

transferred to crucibles. 

5. The carbon samples were dewatered. (See the section on 

Experimental Methods.) 

6. They were covered and placed in a muffle furnace for 

times varying up to one hour, at the temperatures 

specified. 

7. After cooling, the samples were then dosed with 377 mg 

of phenol in 900 ml of buffered deionized water. 

8. After one hour reaction (as in.step 3, above) they were 

sampled for residual phenol. 

9. Steps 1 through 8 were repeated with 37.7 replacing 3.77 

in step 2. 

10. Steps 1 through 8 were repeated with 377 replacing 3.77 

in step 2. 

As a basis for comparison, six carbon samples, at 

equilibrium with the atmosphere were weighed out in portions 

of 3.600 grams and dosed with 377 mg of phenol in 900 ml of 

buffered deionized water. The measure of virgin capacity 

used was the residual phenol after one hour reaction (as in 

step 3, above). See Figures 12 and 13. 



18 

EXPERIMENTAL METHODS 

PHHNOT. MEASUREMENT; Phenol concentration was measured by- 

light absorption on a Beckman DBG spectrophotometer at a 

wavelength of 271 millimicrons. The reference was deionized 

water. The machine was zeroed at 300 millimicrons where no 

absorbance by phenol was observed. Each sample was zeroed, 

and, after every five samples, deionized water was checked 

for any difference in absorbance between 300 and 271 milli¬ 

microns . This eliminated the effect of phenol adsorption 

on the walls of the spectrophotometric cells. The spectro¬ 

photometer maintained calibration throughout the study. 

For batch runs where a single sample and a single 

measurement was made, a concentration of 1 mg/1 of phenol 

was chosen as the lowest measureable concentration. This 

value was selected because at lower concentrations measure¬ 

ments tended to be erratic. The spectrophotometric cells 

themselves tended to give non-zero readings for phenol when, 

in fact, the phenol concentration was zero. A value of 

absorbance of + 0.003 is recommended by Beckman as the 

sensitivity of the spectrophotometer at zero absorbance. A 

statistical test of fifty samples containing no phenol was 

run and the value was found to be + 0.0025. Therefore, 

rather than using the more complicated titration of tribromo- 

phenol which is capable of detecting lower phenol 

concentrations, and rather than reading absorbance in a 
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range where percent error was high, the value of 1 mg/1 

phenol was chosen (absorbance of 0.0163.) 

When the carbon mass concentration was at the minimum 

used in this study (0.05 gm/1) an error of 1 mg/1 of phenol 

translated into an error of 20 mg/gm in the variable X. 

When the values of the various parameters were being evalu¬ 

ated higher mass concentrations (1 to 4 gm/1) were used to 

reduce this error to the range of 0.25 to 1. mg/gm. Phenol 

dosages were adjusted accordingly. 

For equilibrium determinations where it was more 

important to measure phenol, multiple samples were taken 

and analyzed statistically to determine concentration. For 

each sample spectrophotometric cell absorbance at 271 milli¬ 

microns was determined and corrected for. In this way the 

sensitivity of the measurements was increased to an 

absorbance of + 0.001 (.061 mg/1 phenol.) 

SAMPLING BATCH REACTORS; A 5 ml wide mouth pipette was used. 

The pipette was rinsed twice in the reactor and the sample 

withdrawn. Activated carbon was allowed to settle to the 

tip and then discharged. Samples were stored no more than 

two hours before reading. The effects of sample storage 

were studied and found to be insignificant for two days 

storage. 

STOCK PHENOL: 1.000 gram/liter (APHA 1 ml = 1 mg) phenol 

was purchased from Curtin Chemicals, Inc. and used to 
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calibrate the spectrophotometer. Two different shipments 

gave the same calibration. For most of the experiments, 

phenol was made up from stock (approximately 95% phenol in 

water) and was standardized before each run. 

STOCK ACTIVATED CARBON: Pittsburg type PCB (cocoanut 

charcoal) activated carbon was used throughout. It was 

crushed in a Waring blender and sieved to 20/40 mesh size 

(mean diameter 0.615 mm). The charcoal was then washed to 

remove dust by fill and draw washing and moderate agitation 

until the supernatant was clear. The carbon was then dried 

in 1/4 inch layers in a 105° C oven overnight. It was then 

cooled and stored in a dissicator. Weight determinations 

were made on a Mettler balance where the smallest division 

was 0.1 mg. 

BATCH REMOVAL KINETICS: Batch runs were conducted with a 

Phipps-Bird six place paddle stirrer. Blades were set 1/16 

inch off the reactor bottoms and off-center. Reactors were 

1000 ml beakers which were filled to 900 ml during batch 

runs. The systems were buffered to pH 6.8 to 7.0 using 

equal mixtures of mono- and di-basic potassium phosphate. 

HEAT SOURCES: A muffle furnace was used for regeneration 

in the temperature range of 500° C to 1100° C. Small ovens 

were used in the temperature range of 105° C to 180° C. 

Air was neither excluded nor added to either heat source. 
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DEWATERING: To dewater the carbon after batch runs the 

carbon was allowed to settle and the supernatant poured 

off. The wet carbon was transferred to a crucible or 

weighing pan. A disposable capillary pipette was attached 

to an aspirator and used to dewater the carbon. When the 

pipette no longer removed water (after about 1 minute) the 

carbon was considered dewatered. 
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RESULTS AND DISCUSSION 

EQUILIBRIUM; THE ISOTHERM 

The isotherm (Figure 4) was generated as described in 

the EXPERIMENTAL PROGRAM section. Coefficients of the curve 

were determined by a reciprocal plot; 1/C versus 1/X; i.e., 

the Weber and Morris equation (Equation 1) was used. See 

Figure 5. The coefficients determined are shown on Table 3. 

KINETICS 

The film diffusion constant k in equations 3 and 4 was 

evaluated in two ways. The first is a semilogarthmic plot 

of phenol concentration versus time. For this method, only 

the initial portion of the curve was used, because only 

when C is much less than C can C be neglected in equations 

---2-and 3. -.Figure 6 shows the lines used to evaluate k by 

this method, k was found to be 0.047. 

The second method of evaluating k can be used 

regardless of (C - C ) as long as the system is film 

diffusion limited. It involves a plot of — versus t, 
■*“ A/T r*   r1 “ 

1\ dc 
M'-'C - C 

the slope of which is k as per Equation 4. Figure 7 shows a 

1 

& 
Figure 8 shows the plot of typical plot of C versus _ . 

Cs 

M-'C - C versus f°r a11 data where the loading of the car- 
dc 

bon was less than 4% by weight. The slope of the line best 

fit, k, is 0.045. Table 3 summarizes the results of the 

first two parts of the study (Equilibrium and Kinetics). 
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For several batch runs where the carbon was more 

heavily loaded it was determined that the points generated 

by the latter method of calculating k deviated from the 

straight line. See Figure 9. As the carbon is more heavily 

loaded gradients within the particle begin to effect the 

reaction rate more than the film gradient. 

The data in Figure 9 indicate intraparticle diffusion 

limitation. The dashed line is an approximation of the 

trajectory below which intraparticle diffusion limitation 

controls and above which film diffusion controls. It also 

represents an approximation of the lower confidence limit 

about the line and corresponds to the trajectory of loading 

of approximately 40 mg/gm. Hence, at loadings in excess of 

40 mg/gm, design based on film diffusion limitation (Equa¬ 

tions 2 through 4) would be in error. 

With this information the designer can specify a batch 

adsorber. Knowing the input of phenol, the concentration of 

carbon can be selected to maximally load the carbon, thereby 

minimizing carbon inventory. With the value of k derived in 

this study, and assuming its validity for the full scale 

unit, the detention time can be selected as is shown in the 

illustrative example on page 24. The first column was gene¬ 

rated by choosing convenient concentrations which were 

sufficiently close to allow linear connection of the points 

s 
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For the example shown, if time available is less than 

78.1 minutes and the objective is 1 mg/1 of phenol, then 

more carbon must be used. 

Using this simple method a batch system can be 

designed in such a way that some objective is optimally met. 

For example, detention time can be balanced against carbon, 

working within the constraints of, say, an eight hour work 

day. 

REGENERATION 

Phase I_ was conducted to determine gross changes in 

rate constant due to regeneration. A single temperature, 

1550° F (850° C), was selected to indicate whether signi¬ 

ficant changes occur. Figure 10 shows that changes did 

occur. 

Reasons for the change in rate constant were not 

examined, but there are several possibilities. Before 

regeneration the particles were loaded to 1% by weight. 

Incomplete desorption of phenol can be eliminated on the 

basis of results obtained in Phase IV of the regeneration 

study, which indicated complete desorption within five 

minutes of regeneration. Changes in pore structure or 

particle radius will lead to a change in reaction constant 

as per Equation 4. A/V will change and 6 will change because 

. 24 it is related to particle size. 

Phase II of the regeneration study indicated that when 

carbon in equilibrium with the atmosphere was heated it 
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underwent a mass loss and was ultimately destroyed if the 

temperature was 950° F (515° C) or 1550° F (850° C). It 

reached a constant mass loss of approximately 3% when the 

temperature was 338° F (170° C). See Figure 11. The 

value of 3% indicated that in equilibrium with the atmos¬ 

phere the carbon used contained 3% moisture. It should 

also be noted that destruction of unloaded dry carbon at 

high temperatures begins almost immediately. 

Phase III of the regeneration study was conducted to 

determine whether the effects of regeneration on carbon 

capacity could be clearly separated and quantified. See 

the section on Experimental Program.) Table 4 shows that 

the various effects of attrition, transferral, mass loss, 

pore destruction, and incomplete desorption could not be 

clearly separated when three samples were analyzed. 

While it is interesting to determine which mechanisms 

are operative in capacity loss during regeneration, it is 

impossible to operate the system to minimize any one effect. 

Only the losses due to attrition and transferral can be 

separated operationally from those due to pore destruction, 

mass loss (burn), and incomplete desorption, because attri¬ 

tion and transferral occur in reactors separate from the 

regeneration step. Pore destruction, mass loss and desorp¬ 

tion occur simultaneously in the regeneration step. 

It is, therefore, of little value to analyze a single 

carbon type for separate mechanisms. The value of such 
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analysis is in comparison of different carbons. Those which 

have high ignition temperatures will show minimum capacity 

loss due to mass loss (burn). Those with tough pore struc¬ 

ture will show minimum capacity loss due to pore destruction. 

Those which have lower affinity for adsorbate will show 

minimum losses due to incomplete desorption. (This latter 

property of a carbon, however, renders it undesirable as an 

adsorbent.) 

Recovery of overall capacity is the best measure of 

both process efficiency and carbon type. Regardless of the 

mechanism causing the loss', make up carbon must be added to 

bring overall capacity up to design standard for the 

adsorber. 

The clear inference to be drawn from Table 4 is that 

the overall capacity loss cannot be due to attrition losses 

or transferral losses alone for the temperature studied. 

At another temperature (for example that used in Phase IV) 

losses due to attrition and transferral may be the only 

losses, and, in fact, may be overcome by high levels of 

activation in the heat cycle. 

Phase IV of the regeneration study was the culmination 

of the regeneration phases. Overall capacity recovery for 

the regeneration facilities used was determined, and several 

results indicated the best conditions for regeneration by 

this equipment. For a temperature of regeneration of 550° C 

(1020° F) regeneration of heavily loaded carbon was 
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incomplete, whereas at 950° C (1740° F) regeneration caused 

complete recovery of capacity and more when the time of 

regeneration was beyond some minimum value. See Figures 

12 and 13. Heavier loads on the carbon retarded its 

destruction. 

The graphical presentation is of residual phenol 

concentration after heavy dosage and reaction for one hour. 

The lower that value is, the better the regeneration method. 

Figure 12 shows for light loadings (0.1% and 1%) at 550° C 

that virgin capacity was reached or approached within five 

minutes, but capacity recovery rapidly deteriorated with 

extended heating. At the heaviest loading capacity was 

never fully recovered, but that which was recovered was not 

so rapidly lost with extended heating. Beyond time t^ the 

more heavily loaded carbon (10%) maintained higher capacity 

with time than the 0.1% loaded carbon, and beyond t2 it 

retained capacity better than the 1% loaded carbon. This 

demonstrated that the adsorbed phenol served to protect the 

carbon from destruction. 

It was hypothesized that as temperature was increased, 

the rate of destruction of carbon would increase. For dry 

unloaded carbon this was the case. See Figure 11 and the 

discussion of phase II on page 25. However, for phenol 

laden carbon the reverse was found to be true. Figure 13 

shows for 950° C (1740° F) that capacity was recovered to a 

greater extent than it was at 550° C (1020° F). And,•in 
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fact, greater than virgin capacity was realized for a 

period of regeneration of from five to twenty minutes, 

regardless of initial loading. Here again, as at 550° C, 

it was found that higher loading served to retard destruc¬ 

tion of capacity. 
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GENERAL DISCUSSION 

The objective of this study was to gain insight into 

activated carbon adsorption. While the adsorption of 

phenol by cocoanut charcoal and thermal regeneration of the 

carbon may not be broadly applicable, the system does 

demonstrate several basic considerations in the adsorption 

process. 

The use of a complicated mathematical model to describe 

laboratory observations is not valid if the system at hand 

can be simply described. This study used a simplified vis¬ 

ualization which was found valid for the system used. For 

systems that are film diffusion limited a similar mathema¬ 

tical tool may be of help. The singular contribution of the 

section on kinetics was the demonstration that first order 

dependence of reaction rate on bulk concentration was valid 

only up to the point where the effective interior concen¬ 

tration was small compared to bulk concentration. In order 

to determine or predict this interior concentration the 

history of the particle's reaction environment must be 

known. 

In effect, initial concentration is critical in systems 

where the extent of conversion is large. If an attempt is 

made at rigor in mathematical description of a process, then, 

for the phenomenon under consideration, the state of satu¬ 

ration of the particles must be known at some point in time. 

This point is conveniently taken as the initial condition. 
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In terms of design, dependency of reaction rate on 

film concentration gradient can be used for this system 

only if the degree of saturation is kept low. It has been 

5 
reported that the Langmuir equation does not hold where 

the degree of saturation of the particle is large. Hence, 

the problem of rigor is further complicated for heavily 

loaded systems. 

In approaching the problem of adsorption one peripheral 

problem arose which was worthy of note. At the outset it 

was assumed that intraparticle diffusion resistance might 

well be limiting. A model to describe this type of resis¬ 

tance was transformed from the analogous problem of heat 

diffusion from a metal sphere immersed in a well-mixed 

reactor. The solution of this problem gives rise to an 

infinite sum of exponentials. If, however, all the expo¬ 

nents with the exception of one closely approximate zero 

the reaction is first order. For this case, both intra¬ 

particle diffusion and film diffusion limitation give rise 

to identical functional forms. 

The regeneration study indicated that low temperatures 

of regeneration for this system did not lead to complete 

recovery of capacity of the carbon. It was originally 

thought that if the temperature was raised to the point 

where phenol would be vaporized, the carbon's capacity would 

be completely recovered. This has still not been disproved. 

However, when the temperature of regeneration was in excess 
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of the boiling point of phenol (182° C) by 370°C; i.e., 

when the regeneration temperature was 550° C, full capacity 

was not recovered. But when the temperature was 950° C the 

full capacity and more was recovered. The mechanisms of 

capacity change have been discussed in the Background 

section, and an attempt to separate them was detailed in 

the Experimental section. Using three samples the mechanisms 

could not be differentiated with certainty. What did stand 

out was that there was an increase in capacity recovery 

when the temperature was raised from 550° C to 950° C. 

This occured most markedly-for heavily loaded carbon. At 

the lower temperature (Figure 12) heavily loaded carbon did 

not regain its full capacity, whereas at the higher 

temperature (Figure 13), it did. 

For time varying systems, where the degree of external 

control exerted is small, it is necessary to design a system 

which is insensitive to time in order to accomplish a consis¬ 

tent result. Systems which change rapidly require a greater 

degree of control in order to meet a given objective. The 

objective of thermal regeneration is the attainment, using 

the available equipment, of maximum capacity recovery. A 

measure of the sensitivity of the system studied is the 

range of regeneration times for which this objective is met 

as a function of regeneration temperature and loading. The 

length of time for which the curves of Figures 12 and 13 

remain horizontal is the sensitivity measure. For a given 
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loading, for example 1%, the higher temperature of regene¬ 

ration resulted in the curve remaining nearly horizontal for 

a longer time. Hence, the higher temperature was desirable 

in the sense of minimum required external control. 

Also, for a given temperature of regeneration, for 

example 550° C, the most heavily loaded carbon generated a 

curve that was nearly horizontal for longer periods of 

regeneration. 

Therefore, use of the highest temperature studied and 

the most heavily loaded carbon studied is indicated for 

attainment of objective and minimization of external control. 

t 
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CONCLUSIONS 

The results of this study lead to the following 

conclusions: 

1. The use of high temperatures of regeneration (950 °C) 

increases the capacity recovery over that at 550 °C 

for carbon loaded to 10 % by weight. 

2. High initial loadings of the carbon allow for delay of 

capacity destruction with time, when time of regeneration 

is more than some minimum. 

3. High degrees of saturation in the adsorption step require 

reaction rates which are not only a function of bulk 

concentration, but also require a knowledge of the 

history of the carbon particles. 

4. When carbon is loaded in excess of some value (for this 

study, approximately 4 % by weight) intraparticle dif¬ 

fusion limits the rate of adsorbate removal. 
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FUTURE WORK 

1. For better description of the adsorption process, as 

it is practiced under film diffusion limitations, the 

system's response under high gradients across the film 

and high levels of carbon loading needs definition. 

2. The findings of the regeneration study show the desir¬ 

ability of heavily loaded carbon. Hence, countercurrent 

adsorption systems are indicated. More work, such as 

5 8 15 26 
that of Weber, et al. ' ' ' needs to be carried out 

with emphasis on the effects of fluidization or expan¬ 

sion of bed for both rate and extent of adsorption—in 

short, reactor kinetics and control requires study. 

3. Expansion of the writer's work to cover the full spec¬ 

trum of regeneration temperatures would lead to 

indications of the sharpness of approach to optimal 

regeneration conditions, as well as their exact temper¬ 

atures and times. 

4. Controlled experiments on the effects of regeneration 

atmosphere (specifically oxygen content) and moisture 

content of the input carbon should be conducted. 

5. Other work not specifically related to the system studied 

shows great promise for waste treatment: aerated carbon 

columns which allow biological regeneration of carbon 

3 
and retention of organics for biological degradation. 
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TABLE I: EXPERIMENTAL CONDITIONS FOR BATCH RUNS (GENERAL) 

1. Room Temperature (22 4^ 2 °C) 

2. Pittsburg Carbon type PCB: 20/40 mesh, washed 

Mean diameter = 0.615 mm. 

3. pH = 6.8 to 7.0 

4. Volume of reactor = 1000 ml 

5. Volume of fluid = 900 ml 

6. Phipps-Bird Six Place Paddle Stirrer 

7. Shaft off-center of reactor. 

8. Paddles 1/16 inch off bottom of reactor 

9. 162 RPM 

10. Virgin activated carbon 
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TABLE 2: BATCH EXPERIMENTS CONDUCTED 

MASS OF INITIAL INITIAL LOAD TIME OF NUMBER OF 
CARBON PHENOL ON CARBON RUN REPLICATES 
(GM/L) (MG/L) (MG/GM) (MIN) 

0.5 40.7 0 1545 0 

0.3 40.0 0 1537 1 

0.3 20.0 100 270 0 

0.3 48.0 100 2000 0 

1.0 49.0 ' 0 300 0 

0.5 49.0 0 300 0 

0.3 49.0 0 300 0 

0.1 49.0 0 300 0 

1.0 28.3 0 300 0 

0.5 28.3 0 300 0 

0.1 28.3 0 300 0 

0.05 28.3 0 300 0 

0.5 18.7 0 240 4 

0.5 8.9 0 240 1 

1.0 17.5 0 240 1 

1.0 8.9 0 240 1 

2.0 17.1 0 120 1 

3.0 17.1 0 120 1 

4.0 17.1 0 120 1 

2.0 21.4 8.55 120 1 

3.0 21.4 5.70 120 1 

4.0 21.4 4.28 120 1 

2.0 21.6 19.35 180 1 
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TABLE 2 (CONTINUED) 

MASS OF 
CARBON 
(GM/L) 

INITIAL 
PHENOL 
(MG/L) 

INITIAL LOAD 
ON CARBON 
(MG/GM) 

TIME OF 
RUN 
(MIN) 

NUMBER OF 
REPLICATES 

3.0 21.6 12.90 180 1 

4.0 21.6 9.68 180 1 

2.0 21.2 30.0 180 1 

3.0 21.2 20.0 180 1 

4.0 21.2 15.0 180 1 

2.0 19.5 39.7 180 1 

3.0 19.5 26.5 180 1 

4.0 19.5 18.8 180 1 

2.0 20.3 50.0 180 1 

3.0 20.3 33.3 180 1 

4.0 20.3 25.0 180 1 

2.0 20.3 60.1 180 1 

3.0 20.3 40.1 180 1 

4.0 20.3 30.0 180 1 

4.0 40.7 0 60 1 

4.0 203 0 60 1 - 

4.0 405 0 60 2 

4.0 419 0 60 5 
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TABLE 4: PARTIAL SEPARATION OF EFFECTS (LOSSES) OPERATIVE 
DURING REGENERATION AT 550 °C FOR THIRTY MINUTES 

LOSS DIFFERENCE IN FINAL PHENOL 
CONCENTRATION DUE TO LOSS 

Attrition + transferral 4.43 + 5.45 mg/1 

Attrition + transferral + mass 14.32 + 9.05 mg/1 
loss + pore destruction 

Incomplete desorption 9.59 + 6.68 mg/1 

All effects 24.2 + 13.6 mg/1 

Final concentration of phenol for virgin carbon = 16-6 mg/1 

t 
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XJTQ = Mass of Adsorbate Adsorbed per Mass of 
Adsorbent at Equilibrium (mg/gm) 

CJTQ = Bulk Concentration of Adsorbate at 
Equilibrium ( mg/1) 

FIGURE 1: TYPICAL ISOTHERMS 
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FIGURE 2: VIZUALIZATION OF PHENOL CONCENTRATION PROFILE 

USED IN FILM DIFFUSION MODEL 
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FIGURE 6 : SEMILOG PLOT OF BATCH DATA FOR EVALUATION OF k 
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FIGURE 10: REACTION RATE CHANGE DUE TO REGENERATION 
AT 1550 °F (850 °C) 
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