
REMOVAL OF TRACE AMOUNTS OF DIELDRIN FROM AQUEOUS SOLUTION 
USING ELECTROCHEMICALLY TREATED CARBON 

by 

Samuel Azar 

Thesis submitted to the Graduate Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

APPROVED: 

J. A. Caskey 

MASTER OF SCIENCE 

in 

Chemtcal Engineering 

G. B. Wills, Chairman 

December, 1971 

Blacksburg, Virginia 

E. M. Jennelle 



ACKNOWLEDGEMENTS 

I would like to thank Dr. George B. Hills, Professor of Chemical 

Engineering at Virginia Polytechnic Institute and State University, 

for his valuable assistance during this investigation. 

Appreciation is also extended to Mr. R. W. Young, Department of 

Biochemistry, Virginia Polytechnic Institute and State University, 

for his assistance during this investigation. 

I would also like to thank B. W. Lewis, R. C. Luckner and J. E. 

Pace, graduate students in the Chemical Engineering Department at 

Virginia Polytechnic Institute and State University, for their help. 

I would like to thank Professor and Mrs. H. H. Wiss for their 

sincere concern and encouragement during my stay in the United States. 

Lastly, I would like to thank my parents for their love, under-

standing and support all through my education. 

ii 



TABLE OF CONTENTS 

I. Introduction . . . . 

II. Literature Review 

Activated Carbon • . 

III. 

History • . . .• . ..• . . 
Preparation of Activated Carbon 

Water Treatment • • . . . ••• 

Adsorption on Activated Carbon .. 

Experimental • . . . . . . . 

Plan of Experimentation ....•. 

Pi 1 ot Run • • • • • • • • • • . 

Equilibrium Experiments 

Electrolytic Activation 

Analysis of the Samples 

Page 

• . • • • • • 1 

• • 2 

2 

. . . . . 2 

2 

5 

. . • • • 11 

. 11 

. • 11 

.• 11 

. . 14 

. . 14 

Method of Procedure . . . • . . . . . • • 15 

Preparation of Aqueous Dieldrin Solution& ...•. 15 

Preparation of Standard Solutions 

Analysis of Samples 

Apparatus . . • . . . . • . 

Purification Cell 

Rotometer . . . 

Holding Tank ... 

Hi 

. . . . . . . . 15 

. . . 
. . 16 

. 17 

. 17 

• 20 

• • 20 



iv 

Electrolytic Cell• . 

Gas Chromatography 

Materials .•... 

Data and Results 

. . .. 

Data from Purification Unit •. 

Equilibrium Experiments . 

Ana lyti cal -Solution . . • . 

Ca lcul at ion of Diffusivity Constants 

IV. Discussion ..•••••.. 

Discussion of Procedures ...•• 

Purification Unit •••• 

. . . . . . . . 

.. . 
Sources of Error in Purification Unit Data •• 

Discussion of Purification Unit Data 

Equilibrium Experiments •... •.. 

Sources of Error in Equilibrium Experiments •. 

Analysis of the Samp 1 es . . . • • . . . . . 

Discussion of Results. 

Purification Unit •• 

Equilibrium Experiments. 

Recommendations . 

Limitations .• 

V. Conclusions ... 

VI. Summary. . . . . . • . 

VII. Bibliography •. 

VIII. Vita ......••• 

.. . .......... . 

. . . . . . . 

. . . 

20 

24 

24 

26 

26 

27 

39 

63 

67 

67 

67 

67 

68 

69 

69 

70 

71 

71 

72 

73 

73 

74 

76 

78 

81 



LIST OF TABLES 

Page 

I. Source Materials That Have Been Studied For the Pro-
duction of Activated Carbon • • • • . . . • • • 4 

II. Materials Causing Pollution ••.••••• 

III. Municipal Wastewater Treatment Objectives . 

IV. Purification Unit Adsorption Data for Non-Porous Carbon 
Grade 39 ...••..•..••.•........ 

V. Purification Unit Adsorption Data for Porous Carbon 
Grade 25. . . • • . . • • . • . • . . ••. 

VI. Purification Unit Desorption Data . 

VII. Purification Unit Data ... 

6 

8 

28 

31 

36 

38 

VIII. Short Time Equilibrium Data For Grade 39 Non-Porous Carbon. 40 

IX. Short Time Equilibrium Data For Grade 25 Porous Carbon •.• 43 

X. Long Time Equilibrium Data For Grade 39 Non-Porous Carbon . 46 

XI. Long Time Equilibrium Data For Grade 25 Porous Carbon . 51 

XI I. 24-Hour Equilibrium Data For Grade 39 Non-Porous Carbon 52 

XIII. 24-Hour Equilibrium Data For Grade 25 Non-Porous Carbon 55 

XIV. 24-Hour Equilibrium Data For Two Slices of Grade 39 Non-
Porous Carbon With Different Thicknesses. . • . . • . 58 

xv. Data of Blank Experiments • . . . . • . . • . 59 

V 



LIST OF FIGURES 

1. Schematic Representation of Purification Cell 

Page 

.... 12 

2. Setup of Equilibrium Experiments. . . . . . 13 

3. Detailed Drawings of Purification Cell .• 

4. Purification Unit Assembly ...• 

21-2 

23 

5. Percent Adsorption Data of Dieldrin on Non-Activated and 
Activated Non-Porous Grade 39 Carbon as a Function of Time. 30 

6. Percent Adsorption Data of Dieldrin on Non-Activated, Acti-
vated and Desorbed Porous, Grade 25 Carbon as a Function 
of Time . . . . . . . . . . . . . . . . . . . . . . . . . . 35 

7. Short Time Equilibrium Between Aqueous Dieldrin Solution 
and Non-Activated, Non-Porous Grade 39 Carbon ...•... 41 

8. Short Time Equilibrium Between Aqueous Dieldrin Solution 
and Activated Non-Porous Grade 39 Carbon ••.....••• 42 

9. Short Time Equilibrium Between Aqueous Dieldrin Solution 
and Non-Activated Porous Grade 25 Carbon ...•••.... 44 

10. Short Time Equilibrium Between Aqueous Dieldrin Solution 
and Activated Porous Grade 25 Carbon. • . . . • . . . • 45 

11. Long Time Equilibrium Between Aqueous Dieldrin Solution 
and Non-Activated, Non-Porous Grade 39 Carbon . . . . . 47 

12. Long Time Equilibrium Between Aqueous Dieldrin Solution 
and Activated Non-Porous Grade 39 Carbon. . . . . . • 48 

13. Long Time Equilibrium Between Aqueous Dieldrin Solution 
and Non-Activated Porous Grijde 25 Carbon .... . • . 49 

14. long Time Equilibrium Betv~een Aqueous Dieldrin Sol'ution 
and Activated Porous Grade 25 Carbon. . . . . . . . . 50 

15. Dynamic Equilibrium Between Non-Activated, Non-Porous 
Grade 39 Carbon and Aqueous Dieldrin Solution . . • . 53 

vi 



vii 

LIST OF FIGURES (cont.) 
Page 

16. Dynamic Equilibrium Between Activated Non-Porous Grade 
39 Carbon and Aqueous Dieldrin Solution . . • • • 54 

17. Dynamic Equilibrium Between Non-Activated, Porous 
Grade 25 Carbon and Aqueous Dieldrin Solution . • . 56 

18. Dynamic Equilibrium Between Activated, Porous Grade 25 
Carbon and Aqueous Dieldrin Solution. • . • • 57 

19. Solution of Fick's Law For The Samples Used . • • • 64 

20. General Solution of the Fick's Law .••.•••..•••• 65 



I. INTRODUCTION 

With the increasing importance of tertiary water treatment, acti-

vated carbon has attracted the attention of many investigators. Acti-

vated carbon is known to be an effective means of removing organics 

in water treatment, in sugar refining and in many other chemical pro-

cesses. 

A great majority of the plants that utilize activated carbon use 

a very costly reactivation method for the spent carbon. The method 

consists of subjecting the carbon to the action of an oxidizing gas 

at elevated temperatures with very close process control required. 

The cost of this method is due to the heavy loss of carbon during the 

oxidation as well as due to the required close control on the process. 

Even though the cost is very high, the use of activated carbon and 

its reactivation with oxidation is almost the only method known and 

used in the water treatment industry. Considering this high cost it 

is to be expected that the researchers in this field will direct their 

work toward cost reduction. 

Previous to this investigation, it was determined that (24 ) the 

wetted surface areas of several carbons were increased 450 percent or 

more by anodically electrolyzing the carbons in 20 percent by weight 

hydrochloric acid. The purpose of this investigation was to see 

whether or not the actual adsorptive capacity of the carbon was in-

creased by anodically electrolyzing in acid solution. 



II. LITERATURE REVIEW 

In this section a review of the publications pertinent to this 

investigation will be given. The information will be given under 

three headings: (1) Activated Carbon, (2) Water Treatment, (3) 

Adsorption on Activated Carbon. 

Activated Carbon 

History. Carbon has been used as a fuel and in metallurgy almost 

from the beginning of man's history. Its use for other purposes is 

quite old also. The oldest evidence dates back to 1550 B.C., an 

Egyptian papyrus mentioning the use of various carbons in medicine. 

In the time of Hippocrates carbons were used in treating certain ail-

ments. Adsorption, as understood now, came with the experiments of 

Scheele in 1793. From then on, it was applied in sugar refining as a 

decolorizing agent. At first carbon was applied on a use-and-discard 

basis. The first regenerating came in 1828, a method of revivifying 

by reburning the carbon. This method was gradually accepted and from 

then on continuously developed. The modern commercial activated 

carbon came into prominence with the patents of Ostrejko( 2) at the 

beginning of the twentieth century. This first step stimulated other 

work, and hundreds of patents have been issued since then. The need 

for activated carbon in the gas masks during the first World War was 

the greatest stimulation in developing methods for activating carbon. 

Preparation of Activated Carbon. "From a review of literature it 

will appear that activation has been studied from all angles, and one 

2 
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finds experiments ranging from irradiation with ultraviolet light to 

a simple extraction with solvents 11 ( 3)_ Of all these procedures only 

very few are being used in the industry. 

It has been proposed that( 5) activated carbon is essentially an 

amorphous form deposited at low temperatures and free from adsorbed 

and stabilized hydrocarbons which are normally associated with it. 

These hydrocarbons weaken its adsorption power. Primary carbons are 

presumed to consist essentially of a stabilized complex of hydro-

carbons adsorbed on a base of active carbon. 

According to the theory above, it can be said that(S) any method 

or process of releasing carbon from its compounds at low temperatures 

in the absence of hydrocarbons or other strongly adsorbed substances 

should yield active carbon. 

The first step involves the preparation of primary carbon(4). 

This is accomplished by carbonization of source materials at low tem-

peratures. Such source materials are given in Table (I). Because of 

the various source materials and the different methods of activation, 

we have numerous different carbons, differing in thei~ adsorptive 

powers(?). Adsorptive characteristics of the carbons depend on(B) 

(i) chemical nature and concentration of oxidizing agent (oxidizing 

agents can be air, steam, carbon dioxide, chlorine, etc)(9) (ii) tem-

perature of the reaction, (iii) extent to which activation is com-

pleted, (iv) amount and kind of mineral ingredients in the char. 

Numerous methods have been and are being devised to overcome the 
problems of this oxidation(lO). 
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TABLE 137 

SOURCE MATERIALS THAT HAVE BEEN STUDIED 

FOR THE PRODUCTION OF ACTIVATED CARBON 

Bagasse 

Beet-sugar sludges 

Blood 

Bones 

Carbohydrates 

Cereals 

Coal 

Coconut shells 

Coffee ueans 

Corncobs and corn stalks 

Cottonseed hulls 

Distillery waste 

Fish 

Flue dust 

Fruit pits 

Graphite 

Kelp and seaweed 

Lampblack 

Leather waste 

Lignin 

Lignite 

Molasses 

Nut shells 

Oil shale 

Peat 

Petroleum acid sludge 

Petroleum coke 

Potassium ferrocyanide residue 

Pulp-mi 11 waste 

Rice hulls 

Rubber waste 

Sawdust 

Wood 
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There are, again, several methods of reactivation of spent 

carbon(ll,lS) but they essentially consist of either reburning of the 

spent carbon or oxidation by an oxidizing agent. Both of these methods 

require very close control of the temperature and pressure(l 2,l 6). 

The reactivated carbon will have from 50 to 100 percent of its original 

adsorptive power, depending on the efficiency of the reactivating pro-

cess(l3)_and irregular recoveries ranging from,60 to 90 percent(l 4) 

will be obtained. 

Water Treatment. In the history of water treatment, the demand 

for clean water reaches back about a century(l?). Since then, the 

technically improving world produced numerous wastes in immense quan-

tities{lB). The materials given in Table {2) can cause pollution. 

In general, we can put the steps in water treatment as follows:(l 9) 

(i) Interception: A physical way of removing the inert, extra-

neous objects, which have no place in the treatment program, from the 

waste, 

{ii) Solids Stage: Removal of solids by gravitational settling 

or by chemical additives causing flocculation and precipitation, 

(iii) Biological or chemical: Aerobic and anaerobic bacterial 

processes are employed to remove or reduce the pollutants, 

(iv) Polishing Stage: In this stage adsorption or other ultra-

filtration methods are employed to remove colloidal or other particulate 

matter which has escaped the previous stages, 

(v) Solids Destruction Stage: The sludges produced in the 
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TABLE rr 38 

MATERIALS CAUSING POLLUTION 

Inorganic salts 

Acids and/or alkalis 

Organic matter 

Suspended solids 

Floating (lighter-than-water) solids 

Heated water 

Color 

Toxic chemicals 

Microorganisms 

Radioactive materials 

Foam-producing matter 
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earlier stages are reduced and destroyed by combustion, incineration, 

etc. 

Activated carbon comes into the scene in the fourth or polishing 

stage. This fourth stage is also called tertiary treatment. Several 

people have with activated carbon employing it on 

the primary and chemically treated waste water effluents. The 

quality of effluents out of such a process was found to be comparable 

if not superior in quality to the effluents of the more conventional 

primary-secondary (biological) -tertiary treatment sequence( 23 ). A 

comparison of these effluents is given in Table (3). 

Adsorption on Activated Carbon 

In general, adsorption on any surface passes through the follow-

ing sequence of steps( 25 ): 

(i) Transport of adsorbate from the bulk fluid to the fluid-

solid interface (external surface of solid adsorbent), 

(ii) Intraparticle transport of adsorbate into the adsorbent 

(if it is porous), 

(iii) Adsorption of adsorbate at interior sites of the adsorbent. 

Despite the intensive work on carbon, the actual kinetics of ad-

sorption from liquid solution are not well understood( 26 ). The work 

has always been done with granular carbon. We can group the mathemat-

ical treatments of intraparticle diffusion kinetics under two general 

headings which differ according to the particular description of ad-

sorbent particle( 2?). These models would be (i) Homogeneous diffusion 



8 

Table II r39 

MUNICIPAL ~~ASTEWATER TREATMENT OBJECTIVES 
11 Secondary 11 Treatment Water Reclamation 

Quality Parameter Concentration Percent Concentration Percent 
mg/1 Removal mg/1 Removal 

Suspended Solids 20 90 l >99 

80D5 20 90 <5 98 

COD 50 85 10 >95 

Total Phosphorus (as P} 7 30 2 >80 

Total Nitrogen 25 50 <lO 80? 
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model, and (ii) pore diffusion model. 

In all of the work done in homogeneous diffusion modeling exter-

nal phase concentration gradients and film resistance were neglected 

and the diffusivity in the solid phase is assumed constant( 2B). Sev-

eral researchers worked on this problem with different approaches( 29 ,3o)_ 

The infinite bath solution for radial diffusion into a sphere is 

well known. The following simple relation was adapted by all the 

researchers(3l): 

E 

where 

6 (Dt_ 3Dt) Dt < 0.4 - , a2 TI a2 a2 -

{ = 
6 2 Dt l [-TI Dt] > 0.4 - 2 exp a2 

, a2 TI 

E = fractional approach to equilibrium 

D = effective intraparticle diffusivity 

t = time 

a = radius of sphere or effective sphere for intraparticle 
effects 

This solution differs from the exact solution by no more than 

one in the third decimal place at any value of Dt/a2. 

The second model, pore diffusion and surface migration, gives 

the adsorbent as a solid matrix with extremely small pores( 32), 

whereas in the first model there was no effort done to relate the 
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kinetics of adsorption to the surface area, pore distribution, etc. 

In the second model diffusion takes place through the liquid in the 

pores with deposition on pore walls or by migration along pore walls. 

In this model the fractional approach to equilibrium is given 
by(33): 

E = 1 - (~)3 a 

with X 
a obtained from 

l (~)3 _ l (~)2 +l = 012ore Co 
3 a 2 a 6 a2 9* 

where x = radial position of front 

Dpore = pore diffusivity 

C0 = bath concentration 

t 

9* = equilibrium concentration in solid. 

If the tv-10 solutions for the models are compared by plotting 

the fractional approach to equilibrium against the appropriate time 

parameter, except for a scale factor, the curves practically super-

impose over most of the range of abscissa. However, pore diffusion 

model predicts equilibrium at a finite time where as homogeneous 

diffusion model gives an asymptotic approach< 24 ). 
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III. EXPERIMENTAL 

In this section all information regarding the work done in the 

laboratory, actual laboratory materials, apparatus, procedures, data 

obtained and results calculated will be given. 

Plan of Experimentation 

Pilot Run. A series of experiments were designed to find out 

for how long and how efficiently carbon surfaces could be used in 

tertiary water treatment to remove persistent pesticides. Essen-

tially the experiment consists of running aqueous Dieldrin solution 

through the small spacing between two blocks of carbon as shown in 

Figure (1). The carbons were placed into a cell which is referred 

to as the purification cell. The aqueous Dieldrin solution comes 

from a tank, called the holding tank, and it passes through a roto-

meter at a calculated flow rate, then it enters the purification 

cell. Samples of this solution are taken before and after the puri-

fication cell. These samples are analyzed and the percent purifi-

cation is calculated from this data. Experiments were run and cal-

culations were made for non-activated as well as electrolytically 

activated carbon. 

Equilibrium experiments. These series of experiments were 

designed to measure the equilibrium between the carbon and the 

aqueous solution containing the pesticide Dieldrin. These experi-

ments were also done for both electrolytically activated and non-
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SCHEMATIC REPRESENTATION OF PURIFICATION CELL 

Purified Stream 
Out 

Carbon or 
-::a......,e----+----Activated carbon 

Aqueous Oieldrin 
Solution In 

Figure 1 
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SETUP OF EQUILIBRIUM EXPERIMENTSa,b 

----Aqueous Dieldrin 
Solution 

~--_-_;:::.,;::c,..J-----+---carbon 

'---.....--.J.--t;;=~=;;;;;;;;1r-- Stirring Rod 
~---Magnetic Stirrer 

Figure 2 

aBeaker is kept covered to prevent evaporation 

bNot to scale 
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activated carbon. A measured amount of aqueous Dieldrin was put 

into a beaker placed on a magnetic stirrer. The carbon was suspended 

in the solution from a ring stand by nickel-chrome wire. The flask 

was then covered to prevent evaporation. The experimental set-up is 

shown in Figure (2). Blank experiments were made without the carbon 

to find out if the Dieldrin disappearance was for reasons other than 

absorption by the carbon. The solutions were changed every ten min-

utes (in short time equilibrium experiments) or every 24 hours (in 

long time equilibrium experiments). Samples of the solution were 

taken at the beginning and at the end of each experiment. The amount 

of Dieldrin adsorbed by the carbon could be easily calculated from 

this data. 

Electrolytic Activation. A cell of plexiglas was built for this 

purpose. The carbons were placed into the cell to form a series of 

ce 11 compartments. Then the ce 11 s were f i 11 ed with 20 percent hydro-

chro 1 i c acid and the carbon blanks were electrolyzed at a constant 

calculated current density for one minute. Since the surface area 

treatment of the carbon electrodes occurs only on the anode side, 

one extra carbon blank was necessary to act as the terminal cathode. 

Analysis of the Samples. The aqueous samples taken from the 

pilot runs and the equilibrium experiments were analyzed for Dieldrin. 

The Dieldrin vJas first extracted into chloroform for the analysis. 

Then dieldrin is transferred from the chloroform phase into hexane. 

A measured portion of the hexane extract was injected into an 
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electron-capture chromatograph with a nickel-63 detector. Detailed 

description of the chromatograph is given under apparatus. 

Method of Procedure 

In this section detailed descriptions of the procedures followed 

in this investigation will be given. 

Preparation of Aqueous Dieldrin Solutions. These solutions were 

prepared in stainless tanks of about 80 gallons capacity. The tanks 

were first filled v,ith distilled water. The necessary amount of 

Dieldrin for a 0.30 parts per million concentration was dissolved in 

200 milliliters of acetone. This was then added to the tank, and the 

tank's contents mixed thoroughly by means of a mixer. The tanks were 

kept covered so that evaporation, causing an increase in concentration, 

was prevented. t1ater was drawn off the tank by means of a tap at the 

bottom. Three such batches were prepared. 

Preparation of Standard Solutions. These solutions were prepared 

as standards to be used in the analysis of samples. 100 + 0.5 milli-

grams of Dieldrin was dissolved in 100 milliliters of hexane. This 

solution was called solution 11 N1 and had a concentration of one milli-

gram per milliliter. One milliliter of solution 11 A11 was made up to 

100 milliliters with hexane. This was called solution 11 811 , which had 

a concentration of ten micrograms per milliliter. One milliliter of 

solution 11 811 was taken and diluted to 100 milliliters and this solu-

tion was called solution 11 C11 , and had a concentration of 0.1 nano-

grams per microliter or 0.1 parts per million which was in the usual 
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range of concentrations conveniently detected by the gas-chromatograph. 

Analysis of Samples. The samples from the purification cell and 

equilibrium experiments were analyzed and the concentration of Dieldrin 

was found. The Dieldrin was extracted from the aqueous solution with 

chloroform and then transferred into hexane for injection into gas 

chromatograph. The extraction steps are given below: 

- Ten milliliters of aqueous sample were put into a separatory 

funnel of 60 milliliters capacity. 

- About ten milliliters of chloroform were used for the first 

extraction. 

- For the second, third and fourth extractions about five milli-

liters of chloroform were used. 

- Each time the funnels were shaken for five minutes on a mech-

anical shaker. 

- After phase separation, the chloroform (lmver) layer was 

drained into a flask. All the extracts were combined. 

- A chromatographic column is mounted over a flask and packed 

with inches of anhydrous sodium sulfate. 

- The combined extracts were run through this column to remove 

residual water. 

- After the extracts had passed through, the column was washed 

twice with five mi 11 i1 iters of ch 1 oroform. 

- Then the chloroform extract was evaporated just to dryness 

in a water bath. 
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- The flask was then washed carefully with small portions of 

hexane (up to one milliliter) about four or five times. 

- The hexane washings were collected into a centrifuge tube and the 

solution was made up to five to ten milliliters, according to the 

concentration of sample, by hexane. 

At this point, the sample was ready for injection into the 

chromatograph. An aliquot was withdrawn and injected into the gas 

chromatograph. The height of the peak was taken as a measure of con-

centration, and the concentration was figured out by comparing this 

peak height to the heights obtained from known standards. 

Apparatus 

This section gives a detailed list of all the apparatus used 

during the investigation. Designs and drawings of the apparatus that 

were specifically built for this investigation are also given. 

Purification Cell. This was built to hold the carbon surfaces 

for contacting with the aqueous Dieldrin solutions. Aqueous Dieldrin 

was passed through a narrow channel formed by parallel rows of carbon 

blanks mounted end-to-end in this cell. 

Design calculations were made to determine the magnitudes of: 

(i) the spacing, (ii} water flow rate, and (iii) carbon surface 

area. 

The molar and volumetric diffusivities of Dieldrin in aqueous 

solution were calculated as follows: 
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where Dm = Molar diffusivity, pound moles per foot per hour 

M8 = Molecular weight of solvent 

T = Absolute temperature, degrees Rankine 

(35) 

pM = Molal density of solution, pound moles per cubic feet 

µ = Viscosity of solution, pounds per foot per hour 

VA = Molal volume of dieldrin as liquid at its normal 
boiling point, cubic feet per pound mole 

k1 = Association parameter for water 

The necessary parameters were estimated as follows: 

T = 540 degrees Rankine 

~. 
= 18 pounds per pound mole 

PM = 3.47 pound moles per cubic feet 

= 2.085 pounds per foot per hour 

VA = 0.15 cubic feet per pound mole 

Using these values, the above formula gives 

and 

where Dv = 

Therefore 

OM = 6.63 x 10-5 pound moles per foot, per hour 
Dm 

Dv = Pm 

volumetric diffusivity, square foot per hour 

Dv = 1.91 x 10-5 square foot per hour 
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The diffusion time for the migration of Dieldrin from the 

liquid in the channel to the carbon surface was calculated as follows: 

An analogy was made between unsteady state heat transfer in a slab, 

and diffusion of Dieldrin in a slab of water. The equation becomes( 35): 

where tT = Diffusion time, hours 

Dv = Volumetric diffusivity, square foot per hour 

s = Distance from the midpoint of the aqueous channel 
to the carbon surface, feet 

Cs = Concentration of Dieldrin at the carbon surface 

CA = Concentration of Dieldrin at the inlet of the cell 

Average concentration of Dieldrin at outlet of the 
cell 

For a spacing of 0.04 inches and 90 percent removal of Dieldrin 

using a fresh carbon surface the diffusion time is 0.123 hours. 

Spacings larger than 0.04 inches would require much larger residence 

times in the cell for 90 percent removal and smaller spacings are 

difficult to work with and a uniformity of the spacing would be dif-

. ficult to maintain. Therefore, 0.04 inches was taken as the spacing 

bet\'1een the carbon surfaces in the purification eel l. 

The flow rate wa~ calculated as follows: It was decided that 16 

blanks of carbon (8 per side) would provide sufficient surface. The 

dimensions of the blanks were 2!25 x 2.25 x 0.5 inches so the total 
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configuration, on each side, was 2.25 x 18 x 0.5 inches with a 0.04 

inches spacing between surfaces. The flow rate was accordingly cal-

culated to be 0.060 milliliters per second. 

Detailed drawings of the cell are given in Figures (3) and (4). 

Rotometer. F. vi. Dwyer Manufacturing Company. Four rotometer 

tubes, mounted in parallel in a plexiglas block. Each is calibrated 

for 0-2 standard/cubic feet per hour of air. Maximum range of each 

with water at 80 degrees Fahrenheit was 0.05 milliliters per second. 

This rotometer was selected because of the low range of flows at-

tainable. 

Holding Tank. The holding tank was 10 inches high and 9.5 inches 

in diameter, giving a total volume of 0.41 cubic feet. It was used as 

a supply tank for aqueous Dieldrin or distilled water to feed to the 

purification cell. 

Electrolytic Cell. Design specifications were: (i) A current 

density of 0.05 amperes per centimeter square, (ii) 2-3 volts of 

potential difference required per electrode pair across the electrolyte-

electrode interfaces. As additional information: (i) Specific resis-

tance of a 20 percent hydrochloric acid and water solution isl .14 

ohm centimeter, (ii) Specific resistance of carbon negligible with 

respect to that of hydrochloric acid solution, (iii) The surface 

area of the immersed electrode was approximately 29 square centimeters, 

and (iv) The spacings between the electrodes were one inch. 

Using these design criteria, a current of l .45 amperes and a 
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Figure 3a 

l/8 11 pipe thread 
1/4'' deep 

_ l/8" drilled hole 

3/32 11 hole drilled 
lengthwise into block 

0.040" slot milled 1/4" 
deep - 2 1/4" long 

Activated carbon 

DETAILED DRAWii~G OF PURIFICATION CELL, SIDE VIEW NOT TO SCALE 
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DETAILED DRAWING OF PURIFICATION CELL, BOTTOM VIrn NOT TO SCALE 

Activated 
carbon 

~---5 7_3_2;;)..----5 -r----5 

0.035 11 space 

Figure 3b 

!fl 
(\J 

T 
1.11 

_L 
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PURIFICATION UNIT ASSEMBLYa 
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Legend: 
l - Holding tank 
2 - Rotometer 
3 - Purification Cell 
4 - Taps to get samples 
5 - To drain 
6 - Water Feeding Line 

aNot to scale 
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total voltage drop of 2.15 - 3.15 volts per carbon blank was cal-

culated. 

Voltmeter. Model 489, No. 62909, 1000 ohms per volt, range 

0-150 volts, from Weston Electrical Instrument Corporation, Newark, 

New Jersey. Used in the circuit of electrolytic cell. 

Ammeter. Type D07, Model 8DD7AY524 serial No. 2607496, internal 

shunt, from General Electric, used in the circuit of electrolytic 

ce 11. 

Gas Chromatography. Micro Tek Gas Chromatograph. Tracor Inc. 

Electron-capture, detector - Nickel-63. Column: 6 feet length, 

0.25 inches inside diameter, U shaped glass column packing: 1.5 

percent OV-17 and 1.95 percent QF-1 on 100 to 120 mesh Supelcoport 

(from Supelco Inc., Bellepowte, Pennsylvania). Gas flow .80 milli-

liters per minute. Inlet pressure of 40 pounds per square inch. 

Temperatures: column 220°c, injection port 220°C, detector 155 de-

grees °C centigrade. Attenuation: input 100, output 8. Used in the 

analysis of the samples. 

Materials 

This section gives a detailed list of all materials used during 

the investigation. 

Dieldrin. 99.5 percent crystalline Dieldrin, from Shell Lab-

oratories, Pennsylvania. Used to prepare the standard and spiked 

solutions. 
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Nickel-Chrome Wire. 0.0625 inches outside diameter, from 

Consolidated Wire and Associated Companies, Chicago, Illinois. Used 

to hang the carbon blanks in the equilibrium experiments. 

Carbon. "Graphi tar" grade 39, from the United States Graphite 

Company, Division of the Wickes Corporation, Saginaw, Michigan. Used 

as the adsorber. 

Carbon. Porous, grade 25, catalog No. 52306, from Union Carbide 

Corporation, Carbon Products Division, Fostoria, Ohio. Used as the 

adsorber. 

Hexane. Pesticide quality, HX297, U5093, from Matheson Coleman 

and Bell, Manufacturing Chemists, Norwood, Ohio. Used in preparing 

the samples for injection and the standard solutions. 

Chloroform. Pesticide Quality, CX1052, U5023, from Matheson 

Coleman and Bell Manufacturing Chemists, Norwood, Ohio. Used in the 

extraction of the water samples. 

Acetone. From Shell, repackaged by Axton Cross Corporation, 

Salem, Virginia. Used to prepare the spiked solutions and in cleaning. 

Sodium Sulfate. Anhydrous, granular, catalog No. 8024, from 

Mallinckrodt Chemical Works, St. Louis, Missouri. Used in the 

chromatographic column during the extraction of water samples. 

Hydrochloric Acid. Concentrated reagent grade, catalog No. 

A-144-C, Lot No. 792039, from Fisher Scientific Company, Fairlawn, 

New Jersey. Used to prepare the solutions for electrolysis. 
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Water. Distilled, from the still in chemical engineering depart-

ment, Virginia Polytechnic Institute and State University, Blacksburg, 

Virginia. Used to prepare the spiked solutions, desorption experi-

ments and in preparing solutions for electrolysis. 

Data and Results 

In this section, the data obtained from the experiments and the 

results calculated or concluded will be given. 

The first group of data will be from the purification unit. The 

adsorption of Dieldrin by different carbons was followed. Experiments 

to desorb Oieldrin from carbon were done as well. 

The second group of data will be from equilibrium experiments. 

This data will give us the equilibrium relation bet1•1een Dieldrin and 

carbon. This equilibrium relation will be used to solve the problem 

analytically. Fick's Law was applied to this problem and the problem 

was solved analytically. This analytical solution is the third group 

of this section. 

Data from Purification Unit. In these experiments the purifi-

cation cell was loaded vlith carbon and aqueous Dieldrin solution or 

distilled water was run through it at an approximately constant rate. 

Both adsorption and desorption data was obtained for porous (non-

activated, activated, desorbed) and non-porous (non-activated, acti-

vated) carbons. The data is given in Tables (4), (5) and (6). Ad-

sorption experiments were of 20 days duration. Desorption experi-

ments were of 7 days duration. The outflow from the cell was 
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collected in a flask and at the end of each 24-hour period the volume 

was measured and recorded. Samples of the outflow were taken every-

day and analyzed. From this information the percent of Dieldrin ad-

sorbed was calculated. The Tables give the amount of solution passed 

through the cell per day, the average concentration of this solution 

in parts per million, and the percent of Dieldrin adsorbed. The per-

centage adsorption is also given as a function of time in Figures (5), 

(6) and (7). 

From the data given in Tables (4), (5) and (6), the average flow-

rate, the average percent purification, the total amount adsorbed and 

the total amount desorbed can be calculated. These calculated quan-

tities are given in Table (7). 

Equilibrium Experiments. In these experiments carbon samples 

were placed in a beaker containing an aqueous solution of Dieldrin and 

a magnetic stirrer. Four types of experiments were carried out: 

1) Short time equilibrium tests in which the solution was re-

newed every ten minutes. 

2} Long time equilibrium tests in which the solution was re-

newed every 24 hours. 

3) Dynamic experiments in which the loss of Dieldrin from a 

single sample of solution was determined as a function of time over a 

24 hour period. 

4) Blank experiments which were designed to measure Dieldrin 

disappearance from the solution due to factors other than adsorption 

on the carbon surfaces. 
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Table IV 

PURIFICATION UNIT ADSORPTION DATAa 
FOR NON-POROUS CARBON 

GRADE 39 

Days Non-Activated Activated 

24 Hour Dieldrin in %Adsorptionb 24 Hour Oieldrin in %Adsorptionb 
Flow, ml Effluent.ppm of Dieldrin Flow,ml Effluent,ppm of Dieldrin 

l 2580 .053 82.4 2710 .003 97.0 

2 2860 .044 85.3 2445 .022 92.5 

3 3210 .032 89.5 3120 . 016 94.6 

4 1950 .040 86.7 2895 .049 83.7 

5 2645 .039 87.0 2950 .031 89.7 

6 3415 .058 80.7 3280 .023 92.4 

7 2475 .039 87.0 3670 .026 91.2 

8 2840 .066 78.0 1840 .032 89.3 

9 3120 .067 77 .5 2960 .041 86.4 

10 3385 . l 00 66.6 2550 .045 85.b 

11 3610 .083 72.3 2875 .063 79.0 

12 1850 .064 78.7 2765 .055 81.8 

13 2655 .084 71.5 2300 .064 78.7 

14 2480 .083 72.8 2915 .104 65.4 

15 2360 .046 84.5 3160 .067 27.6 

alnitial concentration of the solution was 0.30 parts per million. 

bBased on the initial concentration of solution. 
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Table IV (cont.) 

PURIFICATION UNIT ADSORPTION DATAa 
FOR NON-POROUS CARBON 

GRADE 39 

Days Non"-Activated Activated 

16 

17 

18 

19 

20 

24 Hour Dieldrin in %Adsorption b 24 Hour Dieldrin in %Adsorptionb 
Fl 011, ml Effluent,ppm of Dieldrin Flow,ml Effluent,ppm of Dieldrin 

3245 .100 66.6 3285 .121 59.7 

3165 . 106 64.5 3405 . 114 62 .1 

2845 . l 05 64.8 2975 .100 66.6 

2595 .120 60.0 3130 .091 69.8 

3230 . 139 53.8 3285 .078 73.2 

ainitial concentration of the solution was 0.30 parts per million. 

bBased on the initial concentration of solution. 
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PERCENT ADSORPTION DATA OF DIELDRIN ON NON-ACTIVATED AND ACTIVATED 
NON-POROUS, GRADE 39, CARBON AS A FUNCTION OF TIME 
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Table V 

PURIFICATION UNIT ADSORPTION DATAa FOR POROUS CARBON GRADE 25 

Days Non-Activated Activated 

24 Hour Dieldrin in %Adsorptionb 24 Hour Dieldrin in %Adsorptionb 
Flow,ml Effluent,ppm of Dieldrin Cflow,ml Effluent,ppm of Dieldrin ,c 

l 2360 0.020 93.2 2865 0.031 83.5 

2 3080 (0.015) (95.0) 3100 (0.028) (90. 7) 

3 2560 (0.015) (95.0) 2545 (0.028) {90.5) 

4 3185 0.028 90.8 2650 0.028 90.7 

5 2730 {0.016) (94.5) 2465 {0.030) (90.0) 

6 2825 (0.018) {94.0) 2810 (0.032) (83.2) 

7 3015 {0.013) (93.8) 2990 (0.034) (88.8) 

8 2810 0.019 93.6 3125 0.034 88.6 

9 2940 (0.021) (93.0) 3230 (0.037) (87.5) 

10 2635 (0.022) (97.5) 3080 (0.040) (86.5) 

11 2440 (0.024) (92.0) 2940 (0.045) (85.0) 

12 3260 0.029 90.2 2435 0.040 86.5 

13 3120 (0.033) (89.0) 2625 (0.054) (82.0) 

14 2985 (0.037) (87.6) 2715 (0.060) (80.0) 

15 2645 (0.039) (87.0) 2540 {0.065) {78.3) 

alnitial concentration of the solution was 0.30 parts per million. 
bBased on the initial concentration of solution 
cOnly 6 samples from each experiment were analyzed. The values in 
parenthesis were taken from the graphs by extra pol a ti on. 



32 

Table V (cont.) 

PURIFICATION Uf~IT ADSORPTION DATAa FOR POROUS CARBON GRADE 25 

Days Activated Non-Activated 

24 Hour Dieldrin in %Adsorption 24 Hour Dieldrin in %Adsorption 
Flow,ml Effluent,ppm of Dieldrinb,c Flow,ml Effluent,ppm of Dieldrinb,c 

16 2980 0.077 74.2 3140 0.040 86.7 

17 2485 (0.076) (74.8) 3810 (0.051) (83.0) 

18 3180 (0.082) (72.8) 3075 (0.055) ( 81 . 8) 

19 3435 (0.09) (70.0) 2395 (0.061) (79.8) 

20 3235 0.109 63.8 2250 0.071 73.5 

alnitial concentration of the solution was 0.30 parts per million 

bBased on the initial concentration of solution 

cOnly 6 samples from each experiment were analyzed. The values in 
parenthesis \'Jere taken from the graphs by ex trapo 1 a ti on. 
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Table V (cont.) 

PURIFICATION UNIT ADSORPTION DATAa FOR POROUS CARBON GRADE 25 

Days Desorbed 

24 Hour Dieldrin in % Adsorption 
Flow, ml Effluent, 212m of Dieldrinb,c 

1 3125 0.044 85.2 

2 3265 (0.039) (87.0) 

3 2450 (0.040) (86.8) 

4 2385 0.038 87.4 

5 2730 (0.045) (85.0) 

6 2895 (0.046) (84.5) 

7 3240 (0.098) (84.0) 

8 2835 0.047 84.2 

9 2750 (0.056) (81 .3) 

10 3100 (0.060} (80.0) 

11 3005 (0.063) (79.1) 

12 2820 0.072 76.0 

13 2975 (0.069) (77. 0) 

14 2610 (0.074) (75.3) 

15 2555 (0.076) (74.5) 

alnitial concentration of the solution was 0.30 parts per million. 
bBased on the initial concentration of solution. 
cOnly 6 samples from each experiment were analyzed. The values 
parenthesis were taken from the graphs by extrapolation. 

in 
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Tab 1 e V (cont. ) 

PURIFICATION UNIT ADSORPTION DATAa FOR POROUS CARBON GRADE 25 

Days 

16 

17 

18 

19 

20 

24 Hour 
Flmv, ml 

2435 

2395 

2960 

3120 

2450 

Desorbed 

Dieldrin in 
Effluent, 

0.075 

(0.084) 

(0.092) 

( 0 .100) 

0 .119 

% AdsorptioB 
of Dieldrin ,c 

75.0 

(72.0) 

(69.2) 

(66.6) 

60.2 

alnitial concentration of the solution was 0.30 parts per million. 
bBased on the initial concentration of solution. 
cOnly 6 samples from each experiment were analyzed. The values in 
parenthesis v1ere taken from the graphs by extrapolation. 
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PERCENT ADSORPTION DATA OF DIELDRIN ON NON-ACTIVATED, 
ACTIVATED AND DESORBED POROUS, GRADE 25, CARBON AS A FUNCTION OF TIME 
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Table VI 

PURIFICATION UNIT DESORPTION DATA 

Days Grade 39 Carbon 

Non-Activated Activated 

24 Hour Dieldrin in 24 Hour Dieldrin in 
Flow.ml Effl uent,ppm Flow.ml Effl uent,2pm 

l 2860 0.15 3125 0. 16 

2 3740 0.14 3085 0.15 

3 3220 0.11 2375 0.15 

4 3100 0.12 2185 0. 11 

5 2960 0.09 2940 0.08 

6 2125 0.06 2860 0.07 

7 3245 0.09 3445 0. 07 
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TableVIa 

PURIFICATION UNIT DESORPTION DATA 

Days Grade 25 Carbon 

Non-Activated Activated Desorbed 

24 Hour Dieldrin in 24 Hour Dieldrin in 24 Hour Dieldrin in 
Fiow,ml Effluent,ppm Flow,ml Effluent,ppm Flow,ml Effluent,ppm 

l 3280 0.17 2875 0.18 2935 0.16 

2 3120 0.15 2940 0.15 2840 0.14 

3 2865 0.15 3260 0.16 3185 0 .14 

4 2170 0.12 3835 0.14 3250 0. 11 

5 3440 0.10 2685 0.10 3300 0.09 

6 3130 0.07 2965 0.08 2980 0.05 



Table VII 

PURIFICATION UNIT DATA 

Grade 39 Carbon Grade 25 Carbon 

Adsorption Non-Activate Activated Non-Activate Activated Desorbed 

Flow 

Total volume, ml 56515 58465 57430 56840 56100 
Av. rate per day 2825.75 2923.25 2871.5 2842.0 2805.0 

Average Percent 

Purification 75. 51 80.78 82.97 89.30 78.52 w co 

Total Amount Adsorbed,µg 12703.94 14091.70 14253.50 15280.87 13247.13 

Av. Adsorbed per day 635.20 704.59 412.68 764.04 662.36 

Desorption 

Flow 

Total volume, ml 21250 20015 18005 18560 18490 
Av. Rate per day 3035.71 2859.29 3000.83 3093.33 3081.67 

Amount Desorbed, µg 2364.75 2235.90 2278.85 2522.70 2116.60 

Percent desorbed 18. 61 15.87 15.99 16. 51 15.98 

Amount Not Recovered, µg 10339.19 11855.8 11974.65 12758. 17 11130. 53 
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Data from the short time equilibrium experiments is given in 

Tables (8) and (9) and in Figures (7), (8), (9) and (10). 

Data from the long time equilibrium experiments is given in 

Tables (10) and (11), and in Figures (11), (12}, (13) and (14). 

Data from the dynamic experiments is given in Tables (12), (13), 

and (14), and in Figures (15), (16), (17) and (18). Table (14) gives 

the dynamic data for the same carbon with different dimensions. 

Data from the blank experiments is given in Table (15). Two 

types of data are shown: Data for tests in which the solution was 

renewed every 15 minutes and data for the apparent loss of dieldrin 

from a single solution sample over a four-day period. This data was 

found to fit a first order rate equation with a rate constant of 

0.00865 per hour. 

The straight lines in Figures (7) to (14), inclusive, are the 

closest linear approximation of the data points over most of the 

range of interest, except at very low concentrations. 

Analytical Solution. For the purpose of calculating the dif-

fusivity of oieldrin in different carbons, the following adsorption 

problem was solved analytically: Fick 1s second law was assumed and 

solved assuming: (i) Dieldrin was adsorbed only to a certain depth 

L from the surface, (ii) Edge effects were neglected, (iii) The 

surface of the carbon reaches equilibrium spontaneously. 

The symbols used in the solution were: 

vs = volume of solid containing dieldrin 
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Table VIII 

SHORT TIME EQUILIBRIUM DATA FOR GRADE 39 NON-POROUS CARBONa,b,c 

Time,min. 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

Non-Activated 

Liquid Conc.c Solid Conc.d 

0.164 

0.20 

0.20 

0.21 

0.23 

0.23 

0.24 

0.25 

0. 21 

0.26 

0.26 

0.23 

0.26 

0.26 

0.27 

1.11 

l.94 

2.77 

3.52 

4.27 

4.86 

5.38 

5.82 

6.57 

6.93 

7.29 

7.88 

8.48 

8.84 

9.37 

Activated 

Liquid Conc.c Solid Conc.d 

0.13 

0.155 

0.19 

0.195 

0. 21 

0.22 

0.233 

0.242 

0.27 

0.258 

0.265 

0.25 

0.278 

0.282 

0.28 

l. 51 

2.79 

3.76 

4.69 

5.49 

6.20 

6.79 

7.31 

7.57 

7.95 

8.26 

8.70 

8.89 

9.05 

9.23 

aThe concentration of the fresh solution is 0.29 parts per million 

bTotal surface area of the carbon samples is 94.36 square centi-
meters 

cin parts per million 
d. . t· t ,n micro-grams per square cen 1me er 

e Aqueous die 1 dri n so 1 uti on was rene1ved every ten minutes 
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SHORT TIME EQUILIBRIUM, SOLUTION RENHJED EVERY l O MINUTES, BETWEEN 
AQUEOUS DIELDRIN SOLUTION AND NON-ACTIVATED NON-POROUS GRADE 39 CARBON 
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SHORT TIME EQUILIBRIUM, SOLUTION RENEWED EVERY 10 MINUTES, BETWEEN 
AQUEOUS DIELDRIN SOLUTION AND ACTIVATED, NON-POROUS GRADE 39 CARBON 
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Table IX 

SHORT TIME EQUILIBRIUM DATA FOR GRADE 25 POROUS CARBONa ,b ,c 

Time,min Non-Activated Activated 

Liquid Conc.c Solid Cone. d Liquid Conc.c Solid Cone. d 

10 0.10 1.77 0.087 1.89 

20 0.14 3.19 0.12 3.48 

30 0.18 4.25 0.165 4.68 

40 0.195 5.27 0.18 5.74 

50 0.21 6.07 0.20 6.63 

60 0.23 6.69 0.22 7.33 

70 0.235 7.26 0.23 7.95 

80 0.245 7.75 0.24 8.49 

90 0.26 8. 11 0.25 8.93 

100 0.255 8.50 0.258 9.30 

110 0.26 8.86 0.265 9.61 

120 0.25 9.30 0.27 9.86 

130 0.265 9.61 0.276 10. 09 

140 0.27 9.88 0.28 l 0. 27 

150 0.28 l 0.05 0.28 l 0.44 

aThe concentration of the fresh solution is 0.30 parts per million 
bTotal surface area of the carbon samples is 94.36 square centi-
meters 
cin parts per million 
d. . t· t ,n micro-grams per square cen 1me er 
eAqueous dieldrin solution was renewed every ten minutes 
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SHORT TIME EQUILIBRIUM, SOLUTION RENEWED EVERY 10 MINUTES, BETWEEN 

AQUEOUS DIELDRIN SOLUTION AND NON-ACTIVATED POROUS GRADE 25 CARBON 
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SHORT TIME EQUILIBRIUM, SOLUTION RENEWED EVERY 10 MINUTES, BETWEEN 

AQUEOUS DIELDRIN SOLUTION AND ACTIVATED POROUS GRADE 25 CARBON 
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Table X 

LONG TIME EQUILIBRIUM DATA FOR GRADE 39 NON-POROUS CARBON f 

Days Non-Activateda,b Activateda,e 

Liquid Conc.c Solid Conc.d Liquid Conc.c Solid Cone.ct 

l 0. 010 l. 66 0.040 2.65 

2 0.025 3.24 0.044 5.26 

3 0.035 4.75 0.070 7.59 

4 0.038 6.25 0.065 9.97 

5 0.046 7.70 0.074 12.26 

6 0.050 9 .12 0.072 14. 57 

7 0.061 10.48 0.083 16. 77 

8 0.069 11. 79 0.102 18.76 

9 0.072 13.09 0.098 20.79 

10 0.084 14. 31 0.118 22 .61 

11 0.092 15.49 0.126 24.35 

12 O. l 08 16. 57 0.145 25.89 

13 0. l 07 17. 66 0.140 27.48 

14 0.115 18.70 0.147 29.00 

15 0.120 19.70 o. 160 30.37 

aThe concentration of the fresh solution was 0.29 parts per million 
bTotal surface area of the sample carbon is 168.39 square centimeters 
cin parts per million 
din micro-grams per square centimeter 
eTotal surface area of the sample carbon is 94.36 square centimeters 
f Aqueous dieldrin solution v1as renev1ed every 24 hours 
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LONG TIME EQUILIBRIUM, SOLUTION RENEWED EVERY 24 HOURS, BETWEEN 
AQUEOUS DIELDRIN SOLUTION AND NON-ACTIVATED NON-POROUS 

GRADE 39 CARBON 
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LONG TIME EQUILIBRIUM, SOLUTION RENEWED EVERY 24 HOURS, BETWEEN 
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LONG TIME EQUILIBRIUM, SOLUTION RENEWED EVERY 24 HOURS, BETWEEN AQUEOUS 
DIELDRIN SOLUTION AND NON-ACTIVATED POROUS GRADE 25 CARBON 
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LONG TIME EQUILIBRIUM, SOLUTION RENEWED EVERY 24 HOURS, BETWEEi AQUEOUS 
DIELDRIN SOLUTION AND ACTIVATED POROUS GRADE 25 CARBON 
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Table XI 

LONG TIME EQUILIBRIUM DATA FOR GRADE 25 POROUS CARBONe 

Days Non-Activateda,b 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Liquid Conc.c Solid Conc.d 

0.030 

0.039 

0.052 

0.055 

0.062 

0.067 

0.077 

0.084 

0.090 

0.099 

0.107 

0.120 

0.122 

o. 129 

0.141 

2.95 

5.41 . 

7.94 

l 0.43 

12.84 

15. 21 

17.46 

19.65 

21. 77 

23.79 

25.73 

27.53 

29.31 

31.02 

32.60 

Activateda,b 

Liquid Conc.c Solid Conc.d 

0.020 

0.037 

0.055 

0.062 

0.073 

0.087 

0.091 

0. l 01 

0.105 

0.118 

0.124 

0 .115 

0.136 

0.142 

0.152 

2.86 

5.54 

8.03 

10.45 

12.75 

14.90 

17 .01 

19 .01 

20.97 

22.80 

24.56 

26.41 

28.04 

29.61 

31 .07 

aThe concentration of the fresh solution was 0.29 parts per million 
bTotal surface area of the sample carbon is 94.36 square centimeters 
cln parts per million 
dln micro-grams per square centimeter 
eAqueous Dieldrin solution was renewed every 24 hours 
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Table XII 

24-HOUR EQUILIBRIUM DATA FOR GRADE 39 NON-POROUS CARBON 

Time,hours 

0.0 

1.0 

2.5 

5.0 

8.0 

12.0 

24.0 

Liquid Concentration, ppm 

Non-Activateda 

0.195 

0.083 

0.052 

0.014 

0.013 

0.012 

Activatedb 

0.290 

0 .185 

0.147 

0.110 

0.087 

0.061 

0.057 

aTotal surface area of the sample carbon is 168.39 square centimeters 

bTotal surface area of the sample carbon is 94.36 square centimeters 
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DYNAMIC EQUILIBRIUM BETWEEN NON-ACTIVATED, NON-POROUS GRADE 39 
CARBON AND AQUEOUS DIELDRIN SOLUTION 
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DYNAMIC EQUILIBRIUM BETWEEN ACTIVATED, NON-POROUS, GRADE 39 
CARBON AND AQUEOUS DIELDRIN SOLUTION 
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Figure 16 
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Table XIII 

24-HOUR EQUILIBRIUM DATA FOR GRADE 25 POROUS CARBON 

Time,hours Liquid Concentration, ppm 

Non-Activateda Activateda 

0.0 0.29 0.29 

1.0 0. 17 0.14 

2.5 0 .11 0.072 

5.0 0.085 0.030 

8.0 0.067 0.022 

12.0 0.039 0.016 

24.0 0.035 0.011 

aTotal surface area of the sample carbon is 94.36 square centimeters 
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DYNAMIC EQUILIBRIUM BETWEEN NON-ACTIVATED, POROUS GRADE 25 CARBON 
AND AQUEOUS DIELDRIN SOLUTION 
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DYNAMIC EQUILIBRIUM BETWEEN ACTIVATED, POROUS GRADE 25 CARGON 
AND AQUEOUS DIELDRIN SOLUTION 
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Table XIV 

24-HOUR EQUILIBRIUM DATA FOR TWO SLICES OF 

GRADE 39 NON-POROUS CARBON WITH DIFFERENT THICKNESSES 

Liquid Concentration,ppm 

Tirne,hours Thick Slicea Thin Sliceb 

0.0 

1.0 

2.5 

5.0 

8.0 

12.0 

24.0 

0.195 

0.083 

0.052 

0.014 

0.013 

0.012 

0.195 

0.126 

0.086 

0.080 

0.075 

0.070 

0.060 

aDiameter was 3.5 inches; thickness was 1.60 centimeters 

bDiameter was 3.5 inches; thickness was 0.30 centimeters 
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Table XV 

DATA OF BLANK EXPERIMENTS 

Short Timea 

Time, min. Liguid Cone. Qem % Disaeeeared 

0 0.30 0.0 

15 0.29 3.3 

30 0.30 0.0 

45 0.28 6.7 

60 0.28 6.7 

·Long Timeb 

Time,da_ys Liguid Cone. ~em % Disaeeeared 

l .24 20.0 

2 .18 40.0 

3 .17 43.4 

4 .14 53.4 

aSolution was changed every 15 minutes 

bConcentration of the same solution was followed for four days 
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L = penetration depth of Dieldrin into the solid 

S = total surface area of the solid 

v1 = Volume of the aqueous Dieldrin solution 

D = diffusivity 

C = Concentration 

t = time 

x = distance 

The subscripts indicates solid and the subscript l indicates the 

liquid phase.· 

The initial, final, and bound·ry conditions were: 

(i) at t = 0 c, = cl , cs = a 
0 

(ii) at t = 00 c, = C cs = cs le e 
(iii) at X = 0 dCs 

-= 0 dx 
(iv) at X = L .c1(t) = c1Lcs(t,L) + c2 

The last boundary condition uses a linearized equilibrium rela-

tion obtained in the previous section. 

Fick 1 s Law is applied to the carbon slice giving: 

(1) 

Another equation is obtained from the fact that the loss of 

Dieldrin in the solution phase is equal to the amount adsorbed by 

the surface of carbon. Therefore, we can write that 
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dC dC1 - SID _SI X = L = V dx l dt (2) 

The following dimensionless variables were introduced: 

* Cl - C 
c, = o l 

c, - c, 
o e 

* LCs - (LCs\ 
cs = (LCs)e - (LCs)o 

* X X = [ 

* Dt t = 
L2 

The equations and the initial final, and boundary conditions 

become: 

and 

(i) 

(ii) 

(iii) 

(iv) 

* dCS 
-*-dt 

* dC * 
1-+1 x=l 
dx 

at t* = 0 

at t* = 00 

at x* = 0 

at x* = l 

= 

= 

(1) 

dC * l (2) dt* 

* * cs = 0 , c, = 0 
* C * = l c, = l s ' 

dC * s - 0 dx* - , 

C * = K*C*+K* s l l 2 
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where K * s = - cl vl l 

K * = 
S(C10-C2) - ClS(LCS)O 

2 c, vl (c1 -c1 ) 
o e 

c1 and c2 are obtained from the linearized equilibrium data and 

they represent slope and intercept of the straight line which ap-

proximates the data in the concentration range of interest. 

The equations were solved by use of Laplace transformation, 

and the dimensionless liquid concentration was found to be 

l 
l K * + E - 1 n=l 

00 

where bn 1 s are the roots of 

-b2t* 2 Tan bn e n 

bn(l - bn Tan bn) 

b K * = 0 Tanb - 1 

At this point there are three equations: (i) The dimensionless 

liquid concentration as a function of dimensionless time, (ii) The 

equation giving the conservation of Dieldrin in the system; this 

equation can be given as follows: 

where the left hand side gives the amount of Dieldrin lost from the 

solution, and the right hand side gives the increase of the amount 

of Dieldrin in the carbon, (iii) The equation of the straight line 
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that approxirnates the equilibrium relation between the aqueous 

Dieldrin solution and the carbon, this equation is as follows: 

c1 and c2 are the slope and the intercept of the line, respectively. 

The last two equations can be solved for the equilibrium values 

of liquid and solid concentration giving 

and 

c1 = c1(LCs)e + c2 
e 

These two values \'Jere used in the first equation to calculate the 

dimensionless liquid concentration as a function of dimensionless 

time. 

A Fortran program was written to solve this equation. The re-

sults are given in Figure (19). 

Another Fortran program was written to give dimensionless con-

centration as a function of dimensionless time at different parameters 

for future reference. The results are given in Figure (20). 

Calculation of Diffusivjty Constants. The values calculated in 

this section is not only the diffusivity constant but D/L 2. In 

these calculations the results of dynamic equilibrium tests and the 
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SOLUTION OF FICK'S LAW FOR THE SAMPLES USED 
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GENERAL SOLUTION OF THE FICK I S LAil 
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aK * = 1 - K * 2 l 
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analytical solution of Fick's Law is used. 

From dynamic equilibrium tests the concentration of the aqueous 

Dieldrin solution which is in contact with carbon is found at a 

certain time. From this value the dimensionless concentration c1* 

is calculated. Then using this value t*, dimensionless time which 

is defined as Dt/L2, is found. Dividing t* with t, D/L2 is obtained. 

The values calculated are: 

Non-porous grade 39 carbon 

Non-activated 0.0442 per hour 

Activated 0.0448 per hour 

Porous grade 25 carbon 

Non-activated 0.0514 per hour 

Activated 0.0798 per hour 



67 

IV. DISCUSSION 

In this section the results obtained during the investigation 

are reviewed, analyzed and discussed, recommendations for future work 

and a summary of limitations imposed on the work are given. 

Discussion of Procedures 

Purification Unit. The purification cell was designed to give 

90 percent removal with fresh carbon surfaces. Removals of this 

magnitude were observed during initial operation. However, with in-

creased loading of the carbon with Dieldrin, the removal efficiency 

decreased as would be expected. 

Sources of Errors in Purification Unit Data. The following 

paragraphs give the sources of error in these experiments, the 

reasons for these errors and the extent to which they might have ef-

fected the results. 

The flowrate of the aqueous Dieldrin solution through the cell 

was not held constant throughout the experiment. The reaons for this 

were the drop or increase in the static head pressure, the plugging 

of the rotometer by some impurities, and the insensitivity of the 

rotometer. This caused changes in the residence time of solution in 

the cell. This, in turn, caused variations in the amount of Dieldrin 

adsorbed. The change in the amounts adsorbed can be observed in 

the scattering of data points from the smooth curve representing the 

adsorption efficiency of carbons. Analyzing these scatterings it 
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can be seen that the absolute value of the maximum deviation is not 

more than 9 percent. The effects of this error were averaged 

throughout the experiment, thus giving us a fairly correct estimate 

of adsorption efficiency. 

Another variable to be considered should be the temperature. A 

completely isothermal system was not built due to the size of equip-

ment. The temperature in the room, where the experiments were being 

held, vms found to vary betvJeen 68°F and 76°F, that is, an 8 degree 

difference between the maximum and minimum measured temperatures of 

the room. This change in temperature (undoubtedly) had at least 

some effect on the amount of Dieldrin adsorbed by carbons. Because 

the long duration of the experiments had an averaging effect, and 

because of the comparatively small change in temperature, this tem-

perature variation was adjudged insignificant. 

Another source of error would be the variation of the concen-

tration of the Aqueous Dieldrin solution, vJhich might change due to 

either evaporation from the holding tank or to decomposition of 

Dieldrin. The daily samples taken from the fresh solution over the 

20 day period of the experiments give a Dieldrin concentration of 

0.30 + 0.015 parts per million. This shows that the change in the 

concentration of the fresh solution is insignificant compared to the 

accuracy of the analysis. 

Discussion of Purification Unit Data. Experiments were run for 

porous and non-porous carbons in their original forms and in their 
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electrochemically activated forms. First, the non-activated fresh 

carbons were subjected to the 20 day adsorption test after which 

desorption was carried out for about six days using distilled water. 

Then the carbons were electrochemically activated and the adsorption 

and desorption experiments repeated. 

The results show that we get a slight improvement in the adsorp-

tive ability of the carbon by electrochemically activating it. 

Equilibrium Experiments. These experiments were designed to 

study the equilibrium betvJeen the aqueous Dieldrin solution and the 

carbons. Carbon samples were suspended into a beaker containing the 

aqueous solution by nickel-chrome wire. The solution was continuously 

stirred to obtain an uniform concentration throughout the solution. 

The beaker was covered to prevent solvent evaporation. 

From these tests the equilibrium relation between the carbon sur-

faces and the aqueous Dieldrin solution was obtained. Also dynamic 

equilibrium tests were conducted in which the concentration of the 

solution was followed as a function of time until equilibrium was 

reached. All these tests were done for porous and non-porous carbons 

and for their electrochemically activated forms. 

Sources of Error in the Equilibrium Experiments. The experimental 

errors in these experiments were due to the following factors. 

The temperatures of the solutions were measured while samples 

were being taken and while fresh solution was introduced into the 

beakers. The fresh solution's temperature on the average was 66°F, 
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and the temperatures at the end of each test changed from 70°F to 

75°F, that is, from the beginning of the experiment to the end the 
-

temperature increased from a 4°F minimum to a maximum of 10°F. These 

changes in temperature undoubtedly caused changes in the equilibrium 

amount of Dieldrin adsorbed, but the small change in the temperatures 

suggests that this effect is insignificant, and not more than 10 per-

cent change in the amount adsorbed would be expected due to changes 

in temperature. 

Evaporation from the beaker was kept insignificant by keeping 

the beakers covered. Evapor2tion causes an increase in concentration, 

consequently an increase in concentration gradient or driving force 

for adsorption, and thus increasing the amount adsorbed. 

Growth of algae on the carbon surfaces would effect the results 

in two ways: by decomposing the Dieldrin and by plugging the pores 

and thus preventing the transfer of Dieldrin molecules to inner sites. 

The beakers were kept in a semi-dark room to prevent this. There was 

no observable algae growth. 

Several times the stirring had to be stopped to renew the solu-

tions. Even though care was given to get the same stirring rate, 

this rnay have been small changes in stirring rate. But the change 

could not have been very large, and therefore it can be said that 

the error introduced due to the change in stirring rate was not 

significant. 

Analysis of the Samples. With the analysis procedure used, a 
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reproducability of+ 7 percent was obtained. This variation v>1as 

due to variable recovery of Dieldrin in the analysis. The recovery 

factor was found to range from 82 percent to 97 percent giving an 

average of 91 percent which was used in the calculations. The loss 

of Dieldrin was due to the following factors: Even though the solu-

tion is four times extracted still some Dieldrin remains in the solu-

tion. Considering the very low concentration of the analyzed sam-

ple, this remaining, unextracted Dieldrin amounts to a maximum of 5 

percent of the original amount. Another way to loose Dieldrin is by 

over drying during the drying phase. This over drying causes the 

Dieldrin to decompose. Even though care was taken to prevent this, 

some Dieldrin might have been lost in this way. 

Discussion of Results 

Purification Unit. Modest increases in the adsorptive capacity 

of the spent carbon with respect to unused carbon were obtained by 

electrochemical activation. All the purification experiments were 

of 20 days duration. Using grade 39, non-porous carbon the average 

percent purification was increased from 75.51 percent to 80.78 per-

cent by electrochemical activation. The average percent purification 

for untreated, grade 25, porous carbon was 82.97 percent, after this 

untreated, grade 25 ~arbon was desorbed and subjected to the experi-

ment again, the percent purification dropped to 78.52 percent, 

whereas after electrochemical activation the average percent purifi-

cation increased to 89.30 percent. 
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The desorption data reveals that the amount of desorbed 

Dieldrin decreases 1;1ith increasing porosity of the carbon. For the 

non-porous carbon, electrochemical activation caused a decrease in 

the amount desorbed, but in the porous carbon case it caused an 

increase. 

Equilibrium Experiments. From the equilibrium experimental 

results we can observe a slight improvement in the adsorptive capac-

ity of the carbons follm·Jing electrochemical activation. From the 

dynamic experiments it can be observed that activated carbons give 

a shorter half-life time, that is, the time required for adsorption 

of half of the Dieldrin present in the solution. 

Also attention should be given to the half-life times with the 

same carbon with different dimensions. The increase in the thick-

ness of the second sample causes a slight increase in the surface 

area of the carbon, but a huge increase in the volume. But experi-

mentally, about the same half-life time was obtained, verifying the 

penetration depth theory that the Dieldrin penetrates down to acer-

tain depth from the surface and not all the way into the sample. 

Blank experiments showed that the decomposition of Dieldrin 

was a first order reaction with a rate constaint equal to 0.00865 

per hour. 

Using the data from dynamic equilibrium experiments and the 

analytical solution to the adsorption into the carbon, diffusivity 

constants were calculated and were found to increase both with acti-



73 

vation and porosity of the carbon. 

Recommendations 

Continued work in this area should be directed towards deter-

mining the economic feasibility of the process. Behavior during 

repeated cycles of adsorption - reactivation needs to be determined. 

It is also recommended that studies be made of electrochemical 

activation of granular carbon such as that used in conventional 

tertiary water treatment. This could be done by placing a very 

thin layer of granules on an electrode surface having a higher 

chlorine overvoltage than that of the carbon. Alternately, acti-

vation could be accomplished by placing a thick layer of granules 

on a solid carbon surface and stirring the granules that all parti-

cles received equivalent treatment. 

Limitations 

The following limitations were placed on this investigation. 

Electrochemical Activation. The carbons were activated in a 

20 percent hydrochloric acid electrolyte for one minute at a current 

density of 0.05 amperes per square centimeters. 

Flowrate in Purification Unit. This was held constant at about 

0.035 millimeters per second. 

Temperatures. All experiments were run at room temperature. 

Concentrution of Aoueous Dieldrin Solution. Solution at a con-

centration of 0.30 parts per million or 0.29 parts per million were 

used. 
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V. _CONCLUSIONS 

The adsorptive capacity of graphitar type carbon grades 25 and 

39 after electrochemical activation was investigated. This investi-

gation led to the following conclusions. 

l. The average percent purification, for a 20-day period, 

using grade 39 non-porous carbon was increased by electrochemical 

activation from 75.51 percent to 80.78 percent. 

2. The average percent purification, for a 20-day period, 

using grade 25 porous carbon was increased by electrochemical acti-

vation from 82.97 percent to 89.30 percent. 

3. The average percent purification, for a 20-day period, was 

found to decrease from 82.97 percent to 78.62 percent for spent and 

desorbed grade 25 porous carbon. 

4. It was verified that the Dieldrin penetrated to a certain 

depth from the surface of carbon and not all the way into the bulk 

of carbon. 

5. The equilibrium relation bet1t1een aqueous Dieldrin solution 

and non-activated, non-porous grade 39 carbon was approximated, over 

the concentration range being considered, by a straight line with 

intercept at 0.02 and slope equal to 0.0048. 

6. The equilibrium relation between aqueous Dieldrin solution 

and activated, non-porous grade 39 carbon was approximated by a 

straight line with intercept at 0.013 and slope equal to 0.0036. 
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7. The equilibrium relation between aqueous Dieldrin solution 

and non-activated, porous grade 25 carbon was approximated by a 

straight line with intercept at 0.008 and slope equal to 0.0046. 

8. The equilibrium relation between aqueous Dieldrin solution 

and activated, porous grade 25 carbon was approximated by a straight 

line with intercept at 0.018 and slope equal to 0.0043. 

9. The apparent diffusivity into several carbons were calcu-

lated as diffusivity over the square of penetration depth was found 

to be for: 

Non-porous grade 39 carbon 

non-activated 0.0442 per hour 
activated 0.0448 per hour 

Porous grade 25 carbon 

non-activated 0.0514 per hour 
activated 0.0798 per hour. 
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VI. SUM:•i!IRY 

The µurpose of this investigation \/aS to determine 1;Jhether or 

not the actual adsorµtive cupacity of carbons were increased by elec-

trochemical activation. The carbons used in this investigation were 

grapllitar type carbon grades 25 and 39. 

Several kinds of experiments were designed and carried out for 

this investigation. A purification unit was designed to measure the 

adsorptive capacity of carbon with respect to time. Equilibrium 

experiments ~vere set up to determine the equilibrium relations between 

the aqueous Dieldrin solution and carbons. 

The purification unit consists of a holding tank, a rotometer 

and a purification cell. The purification cell was designed in such 

a way that when loaded with carbons, it will have two blocks of car-

bons \'iith a 0.035 inch spacing betv:een them, through \rJhich the 

aqueous Dieldrin solution flows. Samples of this solution were 

taken before and after the purification cell. First the fresh car-

bons were subjected to the adsorption experiment. This experiment 

lasted 20 days, during which the carbons were loaded with Dieldrin; 

then a desorption experiment of 7-days duration was conducted, to 

desorp the Dieldrin from carbons by means of fresh distilled water. 

The carbons were then electrochemically activated and subjected to 

adsorption and desorption experiments once more. 

The results from these purification unit experiments gave 
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modest increases in the adsorptive capacities of carbons. 

In the equilibrium experiments the carbon samples were sus-

pended into aqueous Dieldrin solutions in beakers by nickel-chrome 

wires. The beakers were kept covered and the solutions were stirred 

continuously. 

The results of these experiments gave the equilibrium relations 

between aqueous Dieldrin solutions and several carbon surfaces. 

These relations were approximated by straight lines over the range 

of concentration of interest~ 

Fick 1 s second law was applied to the adsorption problem at hand. 

This analytical solution and the results from equilibrium experiments 

were combined to obtain the diffusivity constants for carbons. It 

was observed that the diffusivity constants calculated increased both 

with activation and porosity. 
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REMOVAL OF TRACE J\MOU~HS OF DIELDRIN FROM AQUEOUS SOLUTION 

USING ELECTROCHEHICALLY TREATED Cf1RBON 

by 

Samuel Azar 

(ABSTRACT) 

It had been shown that electrochemical activation of carbons 

increases the surface area. This investigation was conducted to 

find out whether or not electrochemical activation will improve the 

adsorptive capacity of carbon. 

Two types of carbons were used: Graphitar type grades 25 and 

39. Aqueous Dieldrin solution was used. Experiments were run to 

determine the adsorptive capacities of these carbons and their 

electrochemically activated forms. 

It was found that the adsorptive capacity of carbons i..;ere im-

proved slightly by activation and by the porosity of the carbons. 

Also the equilibrium relations between aqueous Dieldrin solutions 

and carbons were determined. 
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