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A 9. O ppb solution of dieldrin in water was Passed through a

granular-activated carbon bed at the rate of.4 gprnf sq- ft. The per-

forrnance of the carbon was monitored from sarnpling Ports at bed

depths of.2-l/4 and,8'L/4 inches. Isotherm tests were also run with

a 9.0 ppb dieldrin solution'

The isotherrnal results were subjected to treatrnent by the

Michaels Method of rnass-transfer analysis and cornpared with the

experimental colurnn perforrrlance.

The granular-activated carbon bed was found to be capable of

rernoving essentially I00 percent of the dieldrin from solution' The

colurnn life, though dependent on the systern variables was found to

be excellent. In this test, with a carbon bed 8 L/4 incles deep, the

percolation bed was found to be capable of treating L70,000 gallons

of solution per cubic foot of carbon before an effluent concentration

of 0. 1 ppb was exceeded.
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Cornparison of experirnental and theoretical break-through

curves indicated that this systern is arnenable to analysis by the

Michaels Method.

The isotherrn followed the Langrnuir rnodel quite closely

indicating Elonomolecular deposition of dieldrin on the carbon.



REMOVAL Or. DIELDRIN FROM WATER
BY GRANULAR.ACTIVATED CARBON

by

MICHAEL HARVEY HARDMAN

A THESIS

subrnitted to

OREGON STATE UNIVERSITY

in partial fulfillrnent of
lhe requirernents for the

degree of

MASTER OT' SCIENCE

June I966



APPROVED:

Professor of Civil E eerlng
rge of Major

Head of Departrnent of Civil Engineering

Date thesis is presented lA, a/O ','- 
,

Typed by Marcia Ten Eyck

Dean'of Graduate School

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



ACKNOWLEDGEMENT

The author considers it a rare privilege to have worked with

Professor Fred Merryfield on this thesis, and wishes to exPress his

sincere gratitude for Professor Merryfieldrs inspiration, patience

and guidance. He further wishes to thank Dr. D. C. Phillips and

Dr. Frank Terraglio for their invaluable teqhnical assistance and his

fe1low students for their help and suggestions.

The author would particularly like to thank Dr. Charles Warren

and Mr. Chadwick of the Fish and Garne Departrnent of Oregon State

University for the support and assistance which rnade this thesis

possible. Special thanks also go to the Agricultural Chernistry

Departrnent of Oregon State University for perforrning the exacting

chernical analyses so vital to this project.

For financial support during this Past year, the author owes his

gratitude to the Arnerican Water 'W'orks Association and the Water

and 'W'astewater Equiprnent Manufacturers Association who honored

hirn with the Harry E. Jordan scholarship. To Douglas Taylor,

Superintendent of the Corvallis Water Departrnent, the thanks of a

grateful ernployee for the use of the laboratory facilities at the

W'illarnette Water Treatment Plant and for the rnany rewards of the

three years in his ernploy.

A heartfelt thanks goes to rny wife, Judy, and my two daughters,

Kari and Lisa, for their understanding and devotion during this

period of our lives.



TABLE OF CONTENTS

INTR ODUCTION

Pollution of W'ater by Pesticides
Characteristics of Synthetic Organic Insecticides

Toxicity to Fish
Toxicity to Mamrnals

Governrnental Control of Pesticides
Rernoval of Pesticides from 'Water

PURPOSE

SCOPE

THEORY OF ADSORPTION

Eff

t

z
5

7

rz
t4
t7

24

?s

z6

25
z8
30
3t
36

47

47
47
48
49
50
50
5?,

53
54
55
s6
56
59
60

62

62

General
Activated Carbon

Kinetics of Adsorption
Adsorptive Capacity of
Fixed-Bed Operation

EXPERIMENTAL EQUIPMENT

on Activated Carbon
Activated Carbon

AND METHODS

Materials
Dieldrin
Carbon
'Water

Apparatus
Dieldrin Source Colurnn
Carbon Bed
Conditioning Colurnn
Dearation Charnber
Purnps

Procedure
Colurnn Testing
Isotherrn Tests
Analyses

RESULTS

Percolation Bed



TABLE OF CONTENTS Continued

RESULTS Continued

Isotherrn

ANALYSIS OF DATA

Isotherrn

SUMMARY AND DISCUSSION OF RESULTS

BIBLIOGRAPHY

APPENDIX

P"tr

63

58

79

85

87

91



Figure

1

z

3

4

7

8

9

IO

5

6

LIST OT'FIGURES

Passage of pesticide through carbon beds (24).

Adsorption isotherrn for a typical dilute solution.

The adsorption wave (26).

Idealized break-through curve (26).

The adsorption zone (26).

Dieldrin.

Percolation-bed apparatus.

Carbon colurnn-influent dieldrin concentration.

Break-through curves at Z-L/4 and,8-Lf 4 indn
bed depths.

Concentration of dieldrin on the carbon after
colurnn run.

Carbon- dieldrin isothe rm.

Quantity of dieldrin rernoved by 195 grarns of
carbon.

Operating and equilibriurn lines.

Calculation of Ntol.

Cornparison of calculated and experirnental break-
through curves.

Langrnuir isotherrn.

B runaue r - Ernrnett- TeIle r is othe rrn.

Freundlich isotherrn.

Page

zz

36

37

4L

46

48

51

64

65

66

67II

L2

I3

L4

l5

16 
I

t7

I8

69

74

76

78

8I

83

84



LIST OF TABLES

Table

I Incidences of water pollution by organic pesticides
( 6).

II TLrn values for chlorinated hydrocarbon insecti-
cide forrnulations (10).

Page

4

8

III Cornparative toxicity of chlorinated hydrocarbon
and organic phosphorous insecticides to fish (23). I I

IV Acute and chronic toxicity of sorne synthetic
organic insecticides to rats.

V Estimated fatal doses of sorne synthetic organic
insecticides to a 70 Kg. man. 13

VI Chlorination of pesticides in raw river water (?4). l9

VII Ozonation of pesticides in raw river water (24). 19

Vl[I Oxidation of pesticides in river water with
potas siurn pe rrrrang anate (24).

IX Parts per rnillion of activated carbon required to
reduce the pesticide level in distilled water and in
Little Miarni River water (24).

X Rernoval of l0 ppb pesticide by coagulation and
filtration (24). Zl

XI Isotherrn data. 63

XII Calcu]ation of theoretical break-through curve. 75

XIII Derivation of experirnental break-through curve
with a W, of 29,000 liters. 77

XIV Data for the Langrnuir isotherrn. 80

XV Data for Brunaeur-Ernrnett-TeIIer isotherm. 8?.

IZ

z0

ZO



REMOVAL OF DIELDRIN FROM WATER
BY GRANULAR- ACTIVATED CARBON

INTR ODUCTION

In the past 25 years the use of pesticides of all kinds has in-

creased trernendously. The rnajority of this accelerated use is due

to increased pressure on agricultural producers to feed and clothe

a rapidly expanding population while available farrn land decreases.

Also of importance has been the use of insecticides through private

and governrnental prograrns to control or eradicate biting insects

and disease vectors.

Prior to L940, available insecticides consisted prirnarily of

natural organics such as rotenones and pyrethrins, and inorganics

such as arsenics, fluorides, and lead cornpounds. Although sorne

of these cornpounds are highly toxic, none of thern were used in large

arnounts and they either decornposed rapidly or becarne tightly bound

to the soil (20, ?3, Z4).

Since I940 the outstanding success of DDT (dichloro-diphenyl-

trichoroethylene) has spurred intensive research into the developrnent

of rnore such synthetic organic insecticides. The research has been

prolific. As of June, 1962, there were 500 synthetic organic insec-

ticides used in sorne 54,000 forrnulations and registered under sorne

7, 000 trade names (6, Z4). Acceptance of these insecticides by far-

rners has been enthusiastic. Production of synthetic organic
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insecticides in 1962 was over 700 rnillion pounds (6,24).

The benefits have been unprecedented. Millions of dollars worth

of crop darnage has been avoided and spread of disease by insect

vectors has been greatly reduced. It is estirnated that over five

rnillion lives have been saved and 100 rnillion illnesses avoided in

the first ten years of broad scale use of insecticides (ZZ).

Pollution of l,lflat.r bv P.sti"id"s

Although

evidence that

s erious water

This fact

kills occurred

the benefits are undeniable, there is increasingly more

the use of these agricultural poisons can result in

pollution.

becarne apparent in August of 1950 when rnassive fish

in the I5 strearns tributary to the Tennessee River in

Alabarna (6, L9,20, 34). Investigations indicated that the kills resul-

ted frorn the application of chlorinated hydrocarbon insecticides to

crops in the area for control of cotton insects. The insecticides used

were toxaphene, benzene hexachloride, DDT, and aldrin (34). The

outstanding fact about this incident was that although frequent rains

necessitated repeated applications of the chemicals, the applications

were generally well-docurnented and well within the recomrnended

lirnits of 30 to 70 pounds per acre per season (20,34). Authorities

began to realize that serious pollution by insecticides could result

frorn norrnal, well-controlled agricultural applications and was not
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limited to isolated instances of misuse and direct application to

waters for fish and aqu,ati"c insect control.

Since 1950, several other incidences of water pollution by insec-

ticides and other pesticides have occurred. Faust and Aly (6) have

prepared the following table which lists sorne of these.

Another incident not reported by Faust and Aly, occurred in the

lower Mississippi Ri-ver in 1963 where extensive fish kills were

blarned on the chlorinated hydrocarbon insecticide, endrin. Studies

of the fish showed that their body fat containeci 7 pprn of endrin. The

river water was found to contain frorn 0.054 to 0. I34 ppm of endrin

and trace arnounts of dieldrin. Subsequent studies found rneasurable

arnounts of the insecticides DDD, DDT, endrin, dieldrin, and hepta-

chlor in the shrirnp in the Gulf of Mexico (I3).

It is interesting to note that shortly after this incident, the

British Ministry of Agriculture, Fi.sher:ies and Food placed severe

restrictions on the u.se of dieldrin, heptachlor, and aldrin. In his

staternent, the spokesrnan for the ministry expressed alarrn over the

appearance of trace quantities of these corrrpounds in so rrrany

situations (13).

In 1960, the Divisr.on of Water Supply and Pollution Control of

the United States Public Health Service in cooperation with the state

conservation agencies initiated a survey of fish ki1ls (5, Z3). The Z8

states which took part in the survey reported 200 cases of fish kills



Table I. Incidences of water pollution by organic pesticides (6).

Location Year Pesticide Source Rernarks

Montebello, California Lg45 z, 4-D 1w,k Well waters contarninated for
several vears with phenol.

Saskatchewan River, Canada 1949 -51 DDT DA+ Blackflv larvae control.
Tennessee River, Alabarna I95 0 Toxaohene R++ Fish kill.
Detroit River, Mich. and
Lake St. Clair, Ontario

1953 DDT R Recovered frorn raw and treated
drinking water.

St. Lucie Countv, Florida 1955 Dieldrin DA Sandflv larvae control.
Snake, Missouri and
Mississiooi Rivers

1957 Aldrin R Isolated by Carbon Filter
technioue.

Great Lakes 1957 TFM DA Sea LarnDrev control
Lake Hopatcong,
New Jersev

1957 -58 Z, 4.D DA Aquatic Plant control.

Dickenson Res ervoir,
North Dakota

1 958 Toxaphene
Rotenone

DA Trash fish control

Dutchess Countv. New York 1958-60 2,4,5-T DA Aquatic plant control.
Denver, Colorado 1959 Z, 4-D IW Ground water contarnination.
Clayton Lake,
New Mexico

r9s9 Toxaphene DA Distribution study.

Various Lakes in Illinois I 960 Endothal DA uatic r:lant control
Farrn Pond,
South Carolina r960 Parathion R

Insect control in peach
orchard.

* Industrial waste water
+ Direct application
** Runoff
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during the rnonths of June to Septernber, 1960. The causes of the

kills, as reported by the state agencies u,ere as follows: pesticides -

38 percent, industrial pollution-27. 7 percent, rnini.ng wastes-3 per-

cent, dornestic sewage -7. 7 percent, rniscellaneous-9. 7 percent, and

undeterrnined-13. 9 percent (5).

Characteristics of Synthetic Organic Insecticidee

The rnajority of the synthetic organic insecticides fall into two

categories- -chlorinated hydrocarbons and organic phosphates.

Arnong the rnost cornrrron chlorinated hydrocarbons are the cornpounds

aldrin, endrin, dieldrin, DDT, chlordane, heptachlor, lindane,

rnethoxychlor, and toxaphene. ' Att orrg the rnost cornrnon organic

phosphates are the cornpounds chlorothion, EPN, dipterex, rnalathion,

rnethyl parathion, parathion, para-oxon, systox, and TEPP. I

Of the two classes of cornpounds, the organic phosphates are

generally rnore toxic to rnarnrnals, while the chlorinated hydrocarbons

are rnore toxic to fish. The chlorinated hydrocarbons, however, are

generally considered to present the rnost serious problerns frorn the

water pollution standpoint because of their extrerne stability (ZZ, Z4).

'While organic phosphates are readily hydrolized, chlorinated hydro-

carbons are not (33). Furtherrnore, destruction of chlorinated hydro-

carbons by rnicroorganisrns seerns to be lirnited to the conversion

I- For description and chernical narnes of these compounds -- see
Appendix



of aldrin to dieldrin in the soil (15).

A study reported by Robeck, et al. (24) illustrated this arnazing

persistence in soil. In this study, residues of dieldrin, benzene

hexachloride, and DDT were rneasured over a six year period. At

the end of six years, over 40 percent of the dieldrin, 25 percent of

the benzene hexachloride, and 70 percent of the DDT rernained.

In other studies (5) cornparable persistence was shown to exist

in water. Here, though, the pesticides tended to concentrate in the

flora, fauna, and bottorn sedirnents.

Lord and Solly (15) state that because of the persistence of

these chernicals, use of large quantities can result in reconcentra-

tion of the cornpounds in unexpected places. They also state that

the cornpounds can concentrate in the fats of rnan and anirnals and

can be greatly concentrated as they pass up through food chains.

Observations by Cottarn (5) add weight to this staternent. Cottarn

reports the findings frorn a study at Clear Lake in Northern California

where DDD (dichlorodiphenyldichloroethylene) was used to control

pest rnidges. DDD applications were rnade rn L949, L954, and I957.

In Decernber of 1954, I00 grebes were found dead. Their body fat

was found to contain 1500 pprn DDD. In i950 sorne gulls which were

shot were found to contain over 2, 000 pprn DDD in their body fat.

Plankton collected were found to contain sorrre five pprn DDD. These

results can only be explained by extrerne persistence and



concentration through food chains.

Toxicitv to Fish

There has been a great deal of research into the toxicity of in-

secticides. The rnajority of this research was probably prornpted

by the fish kills which have occurred and was therefore concerned

prirnarily with the toxicity of these corrrpounds to fish.

The results of these studies have been extrernely divergent and

seern to indicate that the tolerance of fish to toxic substances depends

on a great rnany variables. Arnong the rnost irnportant of these vari-

ables are the following: type of fish, water ternperature, pH, alka-

linity, hardness and turbidity, dissolved oxygen leveIs, rnethod of

toxicant application, fish activity, availability of food, and possible

presence of synergistic substances.

A cornprehensive survey of the various toxicity studies with

their widely divergent sets of conditions would only serve to cloud

the issue. However, several cornprehensive, well-controlled studies

have been rnade and can be used to indicate the general range of fish

tolerances which can be expected.

One of these, perforrned by Henderson, et al. (10), used four

species of fish- -fathead rninnows, bluegills, goldfish, and guppies.

They also used two kinds of water. The first was a soft water with

a pH of 8.0 and containing 8.0 rngfL dissolved oxygen, L8 rngfL.
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alkalinity, and 20 ^g/t. hardness. The hard water was pH 8.2 and

contained 8. O rng/L dissolved oxygen, 360 rng/L. alkalinity, and 400

rngfi.hard.ness. The tests were perforrned at a ternperature of Z5o C

and were used to deterrnine the 24-48- and 95-hour TLrn (rnedian

)
tolerance lirnit)'. Their findings are presented in Table II.

Table II. TLrn values for chlorinated hydrocarbon insecticide
forrnulations (I0).

Fo rrnulation
Dilution Kind of
water fish

TLrn
p. p. rn. (rnilligrarns/liter)

24 hour 48 hour 95 hour
Aldrin, technical
88.4 percent active
in acetone

Dieldrin, technical
90 percent active
in acetone

Endrin, technical
P1 percent active
in acetone

Endrin, ernulsible
concentrate, 19.5
percent active in
water

Soft
Hard
Soft
Soft
Soft

Soft
Hard
Soft
Soft
Soft

Soft
Hard
Soft
Soft
Soft

Soft
Hard
Soft

Fatheads
Fatheads
BIuegills
Goldfish
Guppies

Fatheads
Fatheads
Bluegills
Goldfish
Guppies

Fatheads
Fatheads
Bluegills
Goldfish
Guppies

Fatheads
Fatheads
Bluegills

.047
04r

.0I8

.056

.089

040
018
014
048
062

0048 .0032
0068 .0047
0042 .0042

. 040 .037

.032 .032

. 018 . 015

.032 .032

. 050 .037

.0r8 .018

.0r8 .018

.0093 .0088

.041 . 04I

.03? .025

0018 .0013 .0011
0015 .0015 .0014
00075 .00075 .00066
0055 .0023 . 0021
0034 .0028 .0016

.0029

.0038

.0037

' ,h" median tolerance lirnit
diluted water which causes

is the concentration
50 percent rnortality

of a chernical in
in the test fish.



Table II. Continued.

Forrnulation
Dilution

water
Kind of

fish

TLrn
p. p. 1rr. (rnillierarns/liter)

24 hour 48 hour 95 hour
Endrin, wettable
powder, 75 percent
active in water

Chlordane, refer-
ence standard, 100
percent active in
acetone

Chlordane, ernul-
sible concentrate,
75 percent active
in water

Heptachlor, techni-
cal, 72 percent
active in acetone

Texaphene, refer-
ence standard, 100
percent active in
acetone

DDT, technical
76 percent
p, prisorner in
acetone

DDT, screened,
I00 percent
p, prisorner in
acetone

Soft
Hard

Soft
Hard
Soft
Soft
Soft

Soft
Hard

Soft
Hard
Soft
Soft
Soft

Soft
Hard
Soft
Soft
Soft

Soft
Hard
Soft
Soft
Soft

Soft
Hard

Fatheads
Fatheads

Fatheads
Fatheads
BIuegills
Goldfish
Guppies

Fatheads
Fatheads

Fatheads
Fatheads
BIuegills
Goldfish
Guppies

Fatheads
Fatheads
Bluegills
Goldfish
Guppies

Fatheads
Fatheads
BluegiIIs
Goldfish
Guppies

Fatheads
Fatheads

. 0039

.0041

.069

.098

.036

. 166

.56

. 19

.26

134
084
042
72
zz5

0I3
0r5
00 75
00 8z
o42

056
078
026
180
135

03?
o?9

00zg
00 35

069
069
032
087
19

L7
I8

I3
080
03?
385
148

00 75
00 75
0038
0059
024

045
068
0zL
047
072

026
027

0026
0032

052
069
0?,2
082
19

L7
I8

t3
078
026
320
148

00 75

00 51

0035
005 6

020

042
045
021
036
056

026
026
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Table II. Continued.

Forrnulation
Dilution

wat er
Kind of
fish

TLrn
p. p rn. (rnillierarns/titer)
24 tour 48 hour 95 hour

Methoxychlor,
r e c rystalized,
100 percent active
in acetone

Lindane, recrysta-
Lized, 100 percent
active in acetone

BHC, technical,
15.5 percent garnrna
isorner in acetone

Soft
Hard
Soft
Soft
Soft

Soft
Hard
Soft
Soft
Soft

Soft
Hard
Soft
Soft
Soft

Fatheads
Fatheads
Bluegills
Goldfish
Guppies

tr'atheads
Fatheads
Bluegills
Goldfis h
Guppies

Fatheads
Fatheads
BIuegills
Goldfis h
Guppies

066
040
066
LZ0
Z4

072
070
rz0
Z3
ZO

.064
038

.06?

.085

. LZ5

. 070

.056

.077

.23

. 145

064
035
o62
056
tz0

062
056
077
L5?,

r38

22,

15

10
z5
18

I6
13

7.8
ZT

18

I5
13

5. I
I5
t4

Henderson also states that a safe concentration of these insecti-

cides would probably be in the range of frorn tf5 to t/tO of the 95-

hour TLrn.

Reyrnonds (23) in reporting sorne recent work by Henderson,

Pickering and Tarzewell published the following table which gives

a good cornparison between the chlorinated hydrocarbon and organic

phosphorous insecticides.
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Table III. Cornparative toxicity
organic phosphorous

of chlorinated
ins ectic ide s to

hydrocarbon and
fish (23).

Chlorinated Hvdrocarbon

Cornpound 96-hour TLrn Cornpound

Orsanic Phosphorous

Endrin

Toxaphene

Dieldrin

AIdrin

DDT

Methoxychlor

Heptachlor

Lindane

Chlordane

BHC

0. 001 3

0.0051

0.016

0. 028

0.034

0.035

0. 055

0.055

0.069

2.0

EPN

Para-oxon

TEPP

Parathion

Chlorothion

Systox

Methyl Parathion

Malathion

Dipterex

OMPA

Conc.
96-hour TLrn

25

Z5

0

6

z

?

0.

0.

1.

1.

3.

4.

7.5

LZ.5

5I

r35

As these tables show, insecticides, especially chlorinated

hydrocarbons, are extremely poisonous to fish and can pose a real

threat to fish conservation. In fact, endrin and toxaphene have

shown such highly toxic characteristics that they have been suggested

as possible replacernents for the cornrnercial fish poisons in use

today.
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Toxicitv to Marnrnals

Inforrnation on the tolerance of rnarnrnals to the synthetic organic

insecticides is rnuch less abundant than that for fish. Pres srnan (22)

and Reyrnonds (23), however, do report sorne findings of studies on

rats. These findings are presented in Table IV.

Tabte IV. Acute and chronic toxicity of sorne synthetic organic
insecticides to rats.

Cornpound
_ Dose, rng/KF. of Bodv'W'eight
Lethal Dose, (LD50) Chronic Effects

(22) (23) (22)
Chlor inated Hvdr ocarbons
Endrin
Toxaphene
Dieldrin
AIdrin
DDT
Methoxychlor
Heptachlor
Lindane
Chlordane
Organic Phosphorous
EDN
Para-oxon
TEPP
Parathion
Chlorothion
Systox
Methy1 Parathion
Malathion
Dipterex

7. 3 -48
69-90
37 -87
39-67
1 18-250
5000- 7000 5000
90-t62
88-9r
335 - 590

7 -50
35
L Z.Z O

3-r5
550-1510
z 5-40
9 -25

5-45
40
50
50

90
LZ5
500

13. 6-42
3.5
T. Z-2. O

z -30
r 500
6-,tz
9 -25

5.0
25
l0- too*
5

IO

5. 0
0. L?5

z25 -450

I0-20*

--

5000*
trz

I000-2830 r r56
400-tI00 450

jr Concentration in food., rng/Kg.

Understandably, actual data on the toxicity

rnan is aknost non-existent. Pressrnan (22),

of these cornpounds

however, doesto
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Pres entedreport sorrre estirnated

in Table V.

Table V.

hurnan tolerances. These data are

Estirnated fatal doses of sorne
insecticides to a 70 Kg. rnan.

synthetic organic

Cornpound Fatal Dose, grarrrs

Chlorinated hydrocarbons :

Endrin
Toxaphene
Dieldrin
Aldrin
DDT
Methoxychlor
Lindane
Chlordan

Organic Phosphorous:
EPN
TEPP
Parathion
Chlorothion
Systox
Methyl Parathion
Malathion
Dipterex

25-I00
5

5

5

30
350
15
6-60

0.3
0.05
0. I
50
0. 1

0. I5
60
z5

DDT, because of its widespread use has rnore accurately de-

fined toxic lirnits than rnost other pesticides. . Pressrnan (ZZ) states

that water containingZ rng/L.DDT rnay be used for d.ornestic water

supply; but that in an organic solution, its concentration should not

exceed O.25 rng/L. DDT, however, is arnong the least toxic of the

new insecticides, so it cannot be used as a guide in setting perrnis-

sible lirnits.
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The concentrations of pesticides presently found in water sup-

plies are not considered to be a health hazard, but continual use of

these cornpounds indicates a potential danger (5). It is believed

that aside frorn acute poisoning, these new insecticides could cause

long range chronic poisoning in hurnans who are exposed to rnod.erate

arnounts for extended periods of tirne.

Chlorinated hydrocarbons accurnulate in the fats of rnan and

anirnals (15) and studies with lower anirnals show chronic effects

occurring frorn prolonged exposure to sub-lethal doses (ZZI. These

chronic effects include liver deterioration, nerve deterioration, and

a high rate of offspring rnortality.

Ore irnportant task facing public health officials today is the

deterrnination of the pesticide levels which rrray cause these effects

in rnan. The general consensus now is that if the flora and fauna of

a body of water show no ill effects, that body of water is probably

safe for hurnan consurnption (23). Research to date seerns to bear

out this assurnption.

Governrnental Control of Pesticides

The regulation of pesticides by the Federal Governrnent is car-

ried out under two fundarnental laws -- the Federal Insecticide,

Fungicide, and Rodenticide Act and the Food, Drug, and Cosrnetic

Act. The first assigns responsibility for pesticide control to the
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United States Departrnent of Agriculture (USDA). The second

assigns the responsibility for the safety of foods containing pesti-

cides to the Departrnent of Health, Education and Welfare (DHE$r).

The secretary of DHE'W'has in turn delegated this responsibility to

the Food and Drug Adrninistration (FDA).

Under these laws, a rnanufacturer wishing to place a new pesti-

cide on the rnarket rnust first apply for registration with the USDA.

If the pesticide is not proposed for use on food crops, USDA reviews

the experirnental data subrnitted by the rnanufacturer and issues

registration if it is felt that the pesticide presents no undue hazard

to rnan or dornestic anirnals.

If, however, the pesticide is proposed for use on food crops, the

applicant rnust list each crop to which it is to be applied and rnust

supply adequate data as to its effectiveness and toxicity. If adequate

evidence can be supplied that the pesticide will leave no residue on

the crops for which it is to be used, the forrnulation will be regis-

tered by the USDA under a rrno residue" itipulation.

If the cornpound does leave a residue, USDA withholds regis-

tration until a residue tolerance can be set by f'DA. To accornplish

this the rnanufacturer rnust subrnit a petition for tolerance with FDA

in which he presents experirnental evidence on toxicity to establish

safe tolerances and shows that these tolerances can be rnet with

norrnal use of the cornpound. He rnust also provide reasonable
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rnethods of analysis for enforcernent of these tolerances.

W'hen a tolerance has been set by the FDA, USDA registers the

pesticide for rnarketing. No pesticide can be shipped in interstate

cornrrrerce without USDA registration. There is a large loophole in

this law, though. Under present law USDA rnust grant registration

ilunder protestil upon written demand by any rnanufacturer who has

previously been refused registration. At present, law does not re-

quire that this unsanctioned status be indicated on the pesticide label.

With the exception of the t'protestrr registration, these controls

are considered to be very effective in safeguarding the public against

undue exposure to harrnful substances on their foods, but it has be-

corne apparent that sorne rneans of control of general environmental

contamination by pesticides is needed. Congressrlan John Dingle

(D-Mich. ) has rnade the first step in this direction by introducing a

bill which would establish a consultative role for the Departrnent of

the Interior sirnilar to that of the FDA. Under this bill, the depart-

rnent of the Interior would be allowed to screen any pesticide which

rnight endanger fish or wildLife, in rnuch the same manner that FDA

screens pesticides which rnight leave residues on food (13).

The next step should be official lirnits on the rnore noxious syn-

thetic pesticides in water by the United States Pub1ic Health Service.

The present USPHS Drinking 'W'ater Standards contain lirnits on

arsenic, seleniurn, fluoride and lead, but not on any of the synthetic
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organic pesticides (33).

It L962, consideration was given to lirnits on sorne organic

phosphate and chlorinated hydrocarbon insecticides, but it was felt

that available toxicity inforrnation was insufficient (24). Considering

the nature of these chernicals, it seems safe to assume that these

Iirnits are forthcorning.

The reader should be rerninded that drinking water tolerances

set by the United States Public Health Service are strictly enforce-

able only for water aboard interstate carriers. However, it can be

expected that once lirnits are set by the USPHS, State and local

authorities will follow suit.

Rernoval of Pesticides frorn Water

Research into rnethods of rernoving pesticides frorn water sup-

plies has, until recently, been sadly lacking. A great deal of this

research is reportedly underway now and results are beginning to

emerge.

To the authors knowledge, the rnost cornprehensive study pub-

lished so far was by Robeck et al. (25). This study was directed

prirnarily at evaluating the effectiveness of the standard water treat-

ment practices in rernoving sorne of the rnore repreEentative pesti-

cides.

The pesticides studied were DDT, dieldrin, endrin, lindane,
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2,4,5-T butoxy ethanol ester and parathion. The rsnoval rnethods

tried were coagulation and filtration, chlorination, ozonation,

application of potassiurn permanganate, and adsorption by activated

carbon. The carbon was applied as a slurry and used in the granu-

lar bed forrn.

The study was carried out using two 20 gpm pilot water treat-

rnent plants. The water source was the Little Miarni River with

approxirnately the following characteristics: pH- 7. 8, alkalinity-

250 rngfl., COD-5 to 35 ^g/L., turbidity-5 to 25 units.
.:

For the sake of brevity, a detailed description of the procedures

used will be ornitted. The results of the study are quite significant

and are presented in Tables VI through X.
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Table VI. Chlorination of pesticides in raw river water (24).

Pesticide Chlorine Doses'l' Pesticide Reduction
tvoe m e r cent

Lindane

Dieldrin

2,4, 5-T
ester

DDT

Parathion

8+
50

8+
50

8+
50

8+
50

3

5

7+
50

IO

IO

IO

< I0
<I0
<I0
< I0

<I0
<10

<t0
< l0

t5
76
97

>99

*

+

AII sarnples dechlorinated after 90 rnin.

Dose required in order to have 0.5 pprn free chlorine after 90

min. contact.

Tab1e VII. Ozonation of pesticides in raw river water (24)-

Pesticide Ozone Doses* Pesticide Reduction'i'
tvpe load, rn ercent

Lindane

Dieldrin

DDT

Parathion

10
z0

IO

ZO

10

II
38

11

36

II
36

3.5
IO
35

IO
55

l5
50

IO
30

76

94
99

* Between influent and effluent ports in I8-foot contact vessel.
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Table YIII. Oxidation of pesticides in river water with potassiurn
perlrrang anate (24).

Pe sticide
tvpe Ioad, ppb

KMnO4 Doees*
pprn

Pesticide Reduction
percent

Lindane

Dieldrin

DDT

Parathion

l0

IO

z5

z0

i0
40

l0
40

IO
40

IO
40

<10
< I0

< 10
<10

<I0
< I0

IO
L7

* Raw water pHwas 7.5, ternp. was 180 C, contact tirne was
90 rnin.

Table IX. Parts per rnillion of activated
the pesticide level in distilled
River water (24).

carbon required to reduce
water and in Little Miarni

Pes ticide Method I I.0+ 0. l+
l0 ppb* I.0 ppb*

0. I+ 0. 05+

Parathion

2,4,5-T

Endrin

Lindane

Dieldrin

ester

JT
P

JT
P

JT
P

JT
P

JT
P

0.5
0.9

0.5
I. I10

L7

2.5 5

5

2.5
t4 44

85

r.8
I1

ZLZ
29 70

3LZ
18

L4
LZ6 1

1.5 3

35
1.3 25
r23
1. t ?

69
I.I 1.7
7L?

+
+

Initial level of pesticide.
Pesticide level after treatrnent.
JT - Jar test, in which pesticide was rernoved from distilled water

by carbon alone, with a contact tirne of one hour.
P - Plant treatrnent, in which pesticide was removed frorn raw

river water by conventional treatrnent and activated carbon.
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Table X. Rernoval of l0 ppb pesticide by coagulation
and filtratron (24).

Pes ticide Removal, percent

DDT

Lindane

Parathion

Dieldrin

?,4,5-T ester

Endrin

98

<I0

80

55

65

35

Colurnn runs were rnade in which river water which had been

inoculated with pesticide was subjected to conventional treatrnent

and then passed through two pressure vessels in series. The first
?

vessel contained two cubic feet of granular carbon'which had been

exhausted by the usual standard for odor removal. The second con-

?
tained two cubic feet of fresh granular carbon'. The flow-through

rate was two gallons per minute. Figure 1 shows the results of

this test.

?" Type GW I0 by 30 rnesh, a product of Pittsburgh activated carbon
cornpany.
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Figure 1.
l

The colurnns did not reach breakthrough although more than

240,000 gallons of pesticide-laden water had been passed through

thern. Overall rernoval was at all tirnes better than 99 percent in

spite of sudden loads of COD up to l6 pprn and carbon chloroforrn

extract up to I, 200 ppb.

-Dieldrin--J 
til

U
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Although paration was easily oxidized and rnost of these com-

pounds were rernoved to sorne degree by coagulation and filtration,

the outstanding general rernoval agent was activated carbon.

Other studies have also illustrated the effectiveness of acti-

vated carbon. In a plant scale study by Cohen et aI. (3,4) rotenone

concentrations ranging frqrn 0. I to 2.0 rng/L were reduced to less

than 0.013 rng/I, by powdered carbon applications ranging from 23

to 51 rng/I. In a study by Aly and Faust (35), 2, -Dichlorophenoxy-

acetic acid derivatives were also effectively removed by the use of

activated carbon.

It is this apparent, alrnost universal, affinity of activated car-

bon for these organic corrrpounds which has prompted the author to

concentrate on evaluating its effectiveness. As was expected frorn

theoretical considerations, 
n rn. use of carbon in a granular bed forrn

seerns to take best advantage of the adsorptive properties of carbon.

It is felt that the next step should be a rnore quantitative evalu-

ation of the use of carbon in this forrn. This paper will attempt to

supply some of this quantitative inforrnation.

n S"" section on theory of adsorption.



z4

PURPOSE

The purpose of this study is to evaluate the ability of granular

activated carbon to rernove minute quantities of the chlorinated in-

secticide, dieldrin, frorn water.

This thesis atternpts to provide some quantitative inforrnation

as to the removal capabilities of activated carbon for this compound

both from the standpoint of effluent quality that can be obtained and

colurnn life which can be expected.

An atternpt is al.so made to evaluate the applicability of the

filrn theory rnodel of rnass transfer to this type of systern.
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SCOPE

The scope of this study consists of the deterrnination of colurnn

exhaustion tirnes for granular activated carbon when loaded with

dieldrin in solution with water.

Equilibriurn (isotherrn) tests will be rnade in an attempt to

find a correlation between equilibriurn conditions and periolation

bed perforrrrance.

Sorne of the hydraulic characteristics of the carbon ilfilteril will

also be noted in an atternpt to determine practical flow rates for a

systern of this type.
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THEORY OF ADSORPTION

General

rrAdsorptionil is a rather general terrn referring to the phenorne-

non whereby a solute is rernoved frorn a solvent fluid onto the sur-

face of a solid by virtue of a non-equilibriurn condition between the

two phases. This non-equilibrium condition can be either physical

or chemical. Generally chernical adsorption results in a rather

strong bond which is not always reversible. Physical adsorption,

on the other hand, is the result of rather weak forces and is nearly

always readily reversible.

In general, reference to adsorption is understood to rnean

physical adsorption. This is the connotation which will be irnplied

by this term throughout the rernainder of this paper.

Physical adsorption has been explained in terrns of the surface

tension of solids. Surface tension is a result of Van der Wallrs

forces. According to this theory, molecules in the interior of a

solid are subjected to equal forces frorn a1l directions, while the

rnolecules on the surface are subjected to unbalanced forces (?L, I6).

This results in a net attractive force on the solid surface which can

be easily satisfied by the attachrnent of foreign rnolecules. This

process has been shown to be exotherrnic (21 ,25,l6).

Most solids exhibit a certain adsorptive selectivity. It is
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believed that where physical adsorption is the dorninant force, the

degree of affinity of an adsorbent for the solute is a function of the

relative polarity of the two rnaterials. Polar surfaces are observed

to attract polar solutes, and likewise, non-polar surfaces prefer

non-polar solutes (21).

The capacity of an adsorbent for a given adsorbate is dependent

upon a great E)any variables. In addition to relative polarity there

are two other irnportant variables -- the affinity of the solute for

the solvent and the adsorbent surface area available to the solute.

Various environrnental conditions such as ternperature and pH can

also play an irnportant role in deterrnining adsorptive efficiency, but

the effects of these conditions cannot be generalized. They rnust

usually be evaluated for each adsorbent-solute-carrier fluid systern.

A11 solids exhibit sorne adsorptive properties. Of course sorne

solids are better adsorbents than others and only a very few possess

the necessary capacity and selectivity to be useful for industrial

applications. Of these, activated carbon has been used lnore exten-

sively than any other. Its long history of use for taste and odor con-

trol in water treatrnent rnakes it a natural and convenient adsorbent

to consider for the rerrpval of refractory colrlpounds such as pesti-

cides frorn water supplies.
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Activated Carbon

Activated carbon is a black solid, either powdered or granular,

which is produced frorn wood, wood products, biturninous coal, or

coconut shell. The production of activated carbon takes place in

three basic steps. First char is forrned by heating and drying the

raw rnaterial. The char is activated by heating it to 250o C where

the tars distill off. The ternperature is then raised. to 4000 C where

calciurn, rnagnesiurn, or zinc chloride is added. It is in this tern-

perature range that carbonization takes place (11).

The result is a highly porous rnaterial with an extrernely large

surface area. This surface area is generally in the range of frorn

500 to 1,200 square rneters per grarn of carbon and is the prirnary

reason why activated carbon has such excellent adsorptive Proper-

ties (2I ).

The subrnicroscopic structure of activated carbon has, of course,

never been observed, but it is believed to consist of irregularly

shaped particles randornlypacked in such a rnanner as to produce ir-

regular and partially interconnected passages. According to the

Pittsburgh Activated Carbon Cornpany (21), evidence for the existence

of these pores is plentiful. This indirect evidence includes the large

discrepancy between observed surface area and the small geornetric

area of the carbon granules, and the fact that Iarge arnounts of liquid
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can be adsorbed without appreciable change in the size of the granule.

The pore structure of activated carbon is believed to be divided

into two general sizes -- the rnicropores and the rnacroPores. The

o
rnicropores range in size frorn I0 to I,000 A and rnake up rnost of

the surface area of the carbon. The rnacropores are greater than

o
I, O0O A in diarneter and serve prirnarily as access routes to the

rnicropo r e s.

The size distribution of these pores

This distribution of the pores, in view of

which is assurned to take place, helps to

lated properties of activated carbon (21).

varies anrong carbons.

the "rnolecular screeningil

explain apparently unre-

Sifnply, the "rnolecular screeningil theory is this. Solute rnole-

cules will not penetrate into pores srnaller than a certain diarneter.

The surface area available to a rnolecule, then, is that surface area

possessed by the pores which are larger than this critical diarneter.

Different rnolecular species have different critical pore diarneters,

so the area available to a given type of rnolecule depends on the size

of that rnolecule and the pore size distribution of the carbon.

The rnolecular screening concept serves to explain why carbon

which is saturated with respect to one adsorbate firay sti1l retain

rnuch of its adsorptive capacity for another. It also helps to explain

why carbon capacities for various adsorbates differ so widely.
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Techniques have been developed which can Ereasure the Pore

size distribution of carbons with good accuracy. This should becorne

a powerful tool for predicting perforrnance of activated carbon in the

futur e.

Kinetics of Adsorption on Activated Carbon

Adsorption of rnaterial.s frorn solution onto porous solids rnay be

characterized by three basic steps (31). First the solute rnust rni-

grate to the outer surface of the granule. Then the rnolecules rnust

diffuse into the pores of the granule. Fina11y, the solute is actually

adsorbed onto the solid surface.

In trying to predict the kinetics of an adsorptive process it is

first necessary to deterrnine which of these is the rate-limiting step.

Characterization of the rate-lirniting step will facilitate the deterrni-

nation of the variables which govern the adsorptive process.

If the rate-controlling step is the adsorption reaction, the rate

of adsorption should be directly proportional to the solute concen-

tration in the liquid. If on the other hand, the rate-controlling step

is intraparticle diffusion, the rate of reaction would not be expected

vary linearly with solute concentration (31). Sirnilarly, the rate

adsorption would vary inversely with the adsorbant particle di-

arneter if controlled by the adsorption step, This rate would vary

as the reciprocal of the square of the particle diarneter if diffusion

to

of
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controls (31).

It is possible to enurnerate a nurnber of these variables and de-

scribe their effects on the rate of adsorption under each of the ad-

sorptive steps. The irnportant point is that it is necessary to know

which step or cornbination of steps control the rate of adsorption

under a given set of circurnstances to predict the results which can

be expected.

'Weber and Morris (31)have observed that the rate of uptake of

ABS frorn solution onto activated carbon varies as the square root

of tirne. This would seern to indicate that intraparticle diffusion

controls the rate of reaction for this system. Other experirnents

by Weber and Morris (18,31) seern to substantiate this conclusion.

There is, however, some doubt that this would necessarily hold true

for other systerns.

An understanding of the kinetics of adsorption is important be-

cause it is the speed of the adsorptive reaction which governs the

contact tirne necessary to reach a given effluent quality. This con-

tact tirne, in turn, is an irnportant engineering consideration in the

design of adsorption systerrrs.

Adsorptive Capacitv of Activated Carbon

While the kinetics of adsorption dictate the contact times re-

quired, the capacity of the carbon deterrnines the carbon "lifeI which
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can be expected. Adsorptive capacity, then rnakes uP the other half

of the inforrnation required in the rational design of an adsorption

Process.

Though the step which lirnits the rate of adsorption is not known

with certainty, the capacity is known to depend on the properties of

the adsorbent surface and the area of that surface which is available

to the solute.

The classical rnethod of delineating adsorbant capacity is the

adsorption 'tisotherrn". The adsorption isotherrn is deterrnined

through batch tests where solute in sorne known concentration is

allowed to reach equilibriurn with a known arnount of adsorbent.

This is done with several different adsorbent concentrations and the

results are plotted as arnount of solute rernoved per unit weight of

adsorbent versus the equilibriurn solute concentration in the liquid

phase. This is analogous to the treatrnent of solute distribution be-

tween to irnrniscible solvents.

Several types of isothermal adsorption relationships rnay occur.

The sirnplest is the Langrnuir rnodet (14, 30). This rnodel assurnes

that the adsorbate distributes itself on the surface of the adsorbant

in a rnonornolecular layer. It has been found that rnost dilute single-

solute systerns follow this rnodel fairly well. The derivation of the

Langrnuir reJationships will not be presented here. It is available

in the literature (14, 30). Equation I is the rnathernatical
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representation of the Langrnuir isotherrn.

x _ xmbc
1rr (I +bC) (1)

Where:

C = concentration of the solute at equilibriurn, rnoles/I.

X = nurnber of moles of solute per grarr of carbonrrr adsorbed in the forrnation of a complete rrlono-
layer on the carbon.

x = nurnber of rnoles of solute adsorbed on the carbonrn surface per grarn of carbon at equilibriurn con-
centration, C.

b = constant related to the energy of adsorption.

The linear forrn of this equation is:

nq- 1 ++A-) G)x X 'bX liC/
rN ITI

An experirnental plot of E 'r.t"o" ] should yield a straight line^xU
with the intercept at I and a slope of I for systerns which

Xtt

follow the Langrnuir rnodel.

bx

A second relationship for adsorption equilibria is the Brunauer

Ernrnett-Tel1er rnodel (2,30). This rnodel provides a good repre-

sentation of systerns where adsorption rrray occur in rnore than one

Iayer. Again the derivation is available in the literature (2) and

will not be given here.

The rnathernatical repres entation of the B runauer - Ernrnett-Teller



34

model, if it is assurned

energies of adsorption,

that all layers

is: (2, 30\

beyond the first have equal

(3)
rnX

rn
=AC(C -C)

S
+(A- r )

e)

A.I lC \r*\q,)C /rn\
(%-)(.?

('

Where:

C

The linear forrn

A

saturation concentration of the solute

a function of the energy of interaction
the carbon surface and the solute.

of this equation is:

rnoles /1.

between

I
=--t AXrn

(4)

Both of the equations can be derived frorn either kinetic or

therrnodynarnic considerations. They provide an excellent rnethod

for the rational expression of equilibriurn phenornena and they help

to reveal the nature of adsorption.

There is a third equation used to express isotherrnal relation-

ships. This is known as the Freundlich equation and is given by

Equation 5.

l
x - KCn (5)
ITl

where K and n are systern constants. The linear forrn of this

equation is:
x
rn

l
n

log = logK* Iog C (6)
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Data following this relationship should plot as a straight line on

1og-log paper with its intercept at K and a slope "f I .
n

According to Weber and Morris (30) there is no significant

theoretical basis for this equation. However, the Freundlich equa-

tion is probably the rnost corrrrnon and widely used of these relation-

ships. Since it often approxirnates experirnental results quite well

it warrants presentation here.

One very important characteristic of equilibriurn adsorption

phenornena is the dependence of adsorption efficiency on solute con-

centration.

Most dilute solutions behave in a rnanner approxirnating the iso-

therrn shown in Figure 2. Here it can be seen that the arnount of

solute adsorbed per unit weight of carbon increases with increasing

solute concentration. The way to rnake the best use of the carbon,

then, is to aIlow it to carry out its adsorption in the highest possible

concentration range. As will be shown 1ater, this is one reason why

the percolation bed is an ideal systern for adsorption with activated

carbon.

These adsorption isotherrrrs are dependent upon many variables

other than solute concentration. The effect of ternperature is pre-

dictable since adsorption is an exotherrnic reaction (26, 30). Other

variables, however, rnay have unpredictable effects and isotherrn

tests should always be run under closely controlled conditions.
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Equilibriurn s olute concentration

Adsorption isotherrn for a typical dilute solution.

Fixed-Bed Operation

It has been found that activated carbon can be used rnost ef-

ficiently in a percolation-bed (26, 30). There are several rnethods

of application of the percolation-bed but the rnost corrlrnon and so far

the rnost practical rnethod is the fixed-bed adsorber. The fixed-bed

adsorber constitutes an unsteady state process since the condition

of the carbon at any point in the bed charges with tirne. This is

known as an adsorption wave and has been well illustrated by Treybal

(26). Figure 3 shows Treybal's conception of the adsorption wave.
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Here the density of the lines

the carbon. The solution enters

concentration, C At tirne (a),
o

short time and only the top layer

of the adsorption is taking place

as the adsorption zone.

indicates the relative saturation of

the colurnn at the top with a solute

the bed has been operating for a

of carbon is saturated. The bulk

in a relatively narrow band known

At tirne (b), approxirnately half of the bed is saturated. The ad-

sorption zotte has rnoved down the column but has not changed in

shape. Very little adsorption is taking place above the adsorption

zorle and the solution is entering this zor,e essentially at concentra-

tion C Note that the effluent concentration has risen slightly, indi-
o

cating that the true adsorption zone extends the length of the colurnn.

The lower lirnit of the adsorption zone is usually arbitrarily chosen

as the maxirnurn allowable effluent concentration and is designated as

the break-point.

At tirne (c), the adsorption zone has just reached the base of the

colurnn and there is a corresponding abrupt rise in the effluent con-

centration. At tirne (d), the adsorption zot:,e has nearly rnoved out of

the colurnn and the effluent solute concentration is approaching the in-

fluent concentration.

As indicated by Figure 3, all of the carbon above the adsorption

zotte is in equilibriurn with a solute concentration approxirnating the

influent concentration, Co. This condition corresponds to the



39

upperrnost point on the adsorption isothernl representing this systern.

In other words, the amount of solute adsorbed on the carbon in this

zone is the rnaxirnum obtainable with a working solution of concen-

tration C The carbon in and below the adsorption zone is not sat-
o

urated and retains the ability to rernove rninute arnounts of solute

frorn solution. If the bed is operated until the allowable effluent

concentration is reached, the only carbon which has not been used to

its fullest potential is the carbon within the adsorption zor:e.

The shape and tirne of appearance of the adsorption wave depends

upon the systern involved. Sorne important systern characteristics

are the influent solute concentration, flow-through rate, nature of

the adsorbent and the nature of the adsorbate. The S-shaped adsorp-

tion wave is idealized and actual break-through curves rnay depart

frorn this considerably. There is always a rninirnum or critical bed

depth corresponding to the height of the adsorption wave. Any bed

which is shallower than this rninirnurn will exhibit a sharp rise in

effluent concentration at the first appearance of the effluent (26).

Treybal (26) reports a rnethod by Michaels by which the perfor-

rnance of adsorption systerns can be predicted. The system must

rneet certain requirernents, however, before the Michaels method

can be applied. The following are these conditions:
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1. Adsorption rnust be lirnited to dilute solutions.

Z. The equilibriurn adsorption isotherrn rnust be concave to
the solution concentration axis.

3. The adsorption zorle rnust rernain constant as it travels
down the colurnn.

4. The height of the adsorption bed rnust be rnuch larger than
the height of the adsorption zone.

The Michaels rnethod has been presented by Treybal in the

following rrranner: Irnagine an idealized adsorption wave sirnilar

to the one shown in Figure 4. Assurne that the flow rate of the sol-

vent is L- tb. /{lnr. ) (sq. ft. ) and that the liquid contains Y^ lb.-s^0

solute/lb. solvent. The total amount of solution which has passed

through the colurnn at any time will be designated W fb./sq. ft. of

cross-section. Sorne concentration, YO will be arbitrarily chosen

as the break-point and some higher concentration. Y" will be chosen

as the point at which the column is essentially exhausted.

The total effluent collected during the appearance of the break-

through curve will be W" = Wu-WO and:

e -wea_r (7)
s

where 0^ is the tirne required for the saturation wave to travel its
CL

own height down the column in hours. Also:

e =Wu (8)
tL

s
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where 0 is the tirne required for the adsorption zone to move corn-
e

pletely out of the bed.

If. Z is the height of the adsorptiott zorre in feet and Z is the
a

total height of the colurnn in feet, then:

Z = zoa (e)

carbon

ar o"-of

0, is the tirne required for the forrnation of the zone.

ow if U represents the arnount of solute adsorbed by the

adsorption zone, Ib. /sq. ft. then:

rW

" = ) *o (Yo-Y) dw (

where

N

Break-point

r0)

in the
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'Where:

Y = concentration of solute in the liquid entering theo adsorptio n zorre, lb. solute/lb. solvent.

Y = concentration of the solute in the liquid at any
point in the adsorption zone, ib. solute/lb. solvent.

Since Y W Ib. solute /q..ft. represents the arnount of soluteoa
which would be adsorbed if the carbon were cornpletely saturated

then:

f=r-Y+ (rr)
oa

where f is the fractional degree of unsaturation of the carbon, or the

arnount of solute which could stilI be adsorbed if the carbon were in

equilibriurn with the solution at concentration, Yo.

If the adsorption zone is saturated (f=0), the tirne of forrnation

of the zone should be approxirnately the sarne as the tirne required

to travel a distance equal to its own height. If f = I.0, the tirne of

forrnation should be essentially zero. These lirniting conditions can

be described by:

0r=(1-f) 0" (lZ)

Cornbining Equations 9 and I2 yields:

Z^=z 
%#fuq- = zflftr-r;-w. (13)

Assurne that the colurnn has a unit cross-sectional area and is

packed with a solid of apparent density, p s. Let X, represent the
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concentration of solute on the ad.sorbent at saturation, lb. adsorbate/

lb. adsorbent. 'When the saturation wave has iust reached the bottorn

of the colurnn, Z - r^ feet of the adsorbent are essentially saturated.

Z feet have a degree of saturation equal to l-f. Then the total
a

arnount of solute adsorbed by the bed, q, can be expressed by:

q = (Z-Z 
a')p "r, 

* Z 

^p "(I 
-f )xt (r4)

and the degree of sat-uration is:

Tr : (Z'Z)p .Xt * Q-f)Z^p .Xt (15)
ZP ,X,

or:

D_z-(r-f,)za
Z

L (Y -o) = A (x.-o) (I7)
SOST

A Y,
t'=f (r8)
st

(16)

Now if it is imagined that the adsorbent travels upward through

the colurnn instead of the adsorption wave traveling down through the

adsorbent, a rrtass balance can be written. If it is further assurned

that the adsorbent is sufficiently effective to produce an effluent

solute concentration of nearly zero, this rnass balance will take the

forrn:
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Where:

A = superficial rnass velocity of the adsorbent,
" tu.-/(rrr. ) (sq. ft. )

Y = initial solution concentration, lb. solute/lb.o 
s olvent

X = saturation concentration of the solute on thet adsorbent, Ib. solute/lb. adsorbent

L = superficial rnass velocity of the solvent,
" tu.-,/1rrr. ) (sq. ft. )

An operating line can now be drawn (Figure 5). The equation

of this line, assurning an effluent concentration of zero, is:

LY=AX (I9)
SS

Where:

X = the solute concentration on the adsorbent at any
point in the colurnn, lb. solute/Ib. adsorbent.

Y = the solute concentration in the solvent at any
point in the colurnn, Ib. solute/lb. solvent.

Frorn mass transfer considerations the rate of adsorption for

a differential height, dZ is:

L dY=K a (V_Y'l; o.". (20)syp

'Where:

K = the overall rnass transfer coefficient accountingy for resistance in both phases in terms of the
liquid concentration grad.ient, rc. /{.lnr. ) (sq. ft. )

a = external surface of the solid particles, sg.
P f.t. /cu. f.t. of packed volurne.
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Y{' = the liquid phase solute concentration which would
exist at equilibriurn with the concentration on the
solid at this point on the operating line, 1b.
solute/Ib. solvent.

For the adsorption zone:

N -('" dY = Za - Zd- et)'"tot -)" flfx 6 
- IZ-x, ap t

/'b

Where:

N,ol = overall nurnber of liquid transfer units,

H,ol = overall height of liquid transfer unit, ft.

For any value of Z Less t}:an Zu assurning Hro, rernains

constant:

(Y ur-
Z -,rl[-1,1/r-, =Jyt y-y'-
z^ w. /Y" 9Y=

) ro Y-Y

(zz)

A break-through curve can be plotted frorn graphical integration

of equation 2I.

It should be ernphasized that this treatrnent is accurate only

under the conditions stated previously and only if 
^r., 

.rd H,ol

rernain relatively constant throughout the adsorption zone.

In this paper, the author will atternpt to deterrnine the plausibil-

ity of application of the Michaels rnethod of analysis to the dieldrin-

water-carbon systern at extrernely 1ow dieldrin concentrations.
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EXPERIMENTAL EQUIPMENT

Materials

AND METHODS

Dieldrin

Dieldrin was chosen as the insecticide for this study for several

reasons. First, it is representative of the chlorinated hydrocarbon

insecticides. Its toxicity is arnong the highest of this group of corn-

pounds and it has been shown to be as difficult to rernove as any of

the insecticides tested to date lZ4). It was also chosen for the sake

of convenience, since analyses for dieldrin could be provided by the

Agricultural Chernistry Departrnent of Oregon State University.

Die1drin, is the corrrrrron narne for an insecticide containing not

less than 85 percent L, 2, 3, 4, L0, I0-Hexachloro-6, 7-epoxy-L, 4, 4a,

5, 6, 7,8, 8a-octanydro -1,4-endo, exo- 5, 8-dirnethanophthalene

(HEOD): fhu .rrrpdrical forrnula for HEOD is CrZHgOClt, and the

structural forrnula is shown in Figure 5. Dieldrin is produced as a

Iight tan,flaked solid. It is soluble in rnost organic solvents and can

be applied either in solution or as an ernulsion. The solubility of

dieldrin in water is very slight. Robeck et al. (?4) reported it to be

in the neighborhood of 200 ppb. In this study, the rnaxirnurn solubil-

ity observed was about I50 ppb.
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CI.C -Cl

Figure 6. Dieldrin.

Carbon

The activated carbon used in this experirnent was Granular Darcq.

lZx40 rnesh. This carbon has a surface area of about 700 square

rneters per grarrr and is fairly representative of the carbons avail-

able for water treatrnent at the present tirne.

The carbon was prepared for use by washing it thoroughly several

tirnes in a nurnber 40 standard seive to remove the fines. It was then

boiled in water f.or ?0 minutes to drive off adsorbed gases. A second

washing was then perforrned by elutriating the rernaining fines frorn

the carbon in place in the colurnn.
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Carbon used in the isotherrn tests was also Granular Darco

l?x40 rnesh. This was ground in a ball rnill and washed through a

nurnber 325 standard seive. The carbon that passed the seive was

dried f.or 48 hours at l00o C, then irnrnediately weighed and placed

in suspension in water at a concentration of 400 rng/l. This suspen-

sion was agitated until used by a rnagnetic stirrer turning at about

2000 rprn.

This rnethod of grinding the carbon for isotherrn tests is in ac-

cordance with work done by Joyce and Sukenik (I2) and others and is

believed to speed the approach to equilibriurn without appreciably in-

creasing the capacity of the carbon.

'W'ater

A11 water used in this study carne frorn the City of Corvallis

water systern. It was conditioned prior to use by passing it through

a four-foot deep activated carbon bed at the rate of five gpm/sq. f.t.

The purpose of the conditioning was to rerrlove interfering substances

to the greatest possible degree. The characteristics of the experi-

mental water after conditioning were:

Ternperature

pH

Alkalinity (CaC03)

Hardness (C"CO3)

65-7oo r

7. Z-7. 4

30 rng/L.

30 rng/L.
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Turbidity

Chern. Oxygen. Dern.

Negligible

Negligible

Apparatus

The experimental work for this thesis was perforrned in the lab-

oratory of the Willarnette Water Treatrnent Plant with the consent

of the City of Corvallis Water Departrnent.

The general layout for the percolation bed testing is shown in

Figure 7. This apparatus was constructed to operate in the following

rnanner: Tap water was passed up through the conditioning colurnn

and into a deaeration charnber. From here, a portion of it was

passed through a dieldrin source colurnn. The effluent frorn the

source colurnn was diluted to the desired concentration and allowed

to percolate through the adsorption bed.

Dieldrin Source Column

The dieldrin source colurnn was constructed frorn a 2-inch I. D.

pyrex glass tube, 54 inches long. The tube was fitted with a riurnber

I I rubber stopper. The stopper was bored for an outlet port and

covered with a piece of 50 rnesh stainless steel screen. The bottorn

L-l/Z inches of the colurnn were filled with pea-sized gravel and

the next 48 inches filled with aquariurn sand. The colurnn was then

filled frorn the bottorn with a saturated acetone-dieldrin solution.
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Figure 7. Per colation-bed apparatus.
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The acetone was drawn out of the colurnn and a vacuum was applied

to dry the sand. This left a heavy coating of dieldrin on the aquariurn

sand.

Water which was passed through this colurnn, ernerged con-

taining frorn 78 to 85 ppb of dieldrin.

Carbon Bed

The carbon percolation bed was contained in a 2.30-inch I. D.

stainless steel tube. This tube was 5 feet long and was fitted with

sarnpling ports at 6-inch intervals. These sarnpling ports were

3f8-inct, stainless steel tubes which extended LfZ inch into the

rnedia. The inside ends of the sampling ports were covered with

50 rnesh stainless steel screen to prevent any escape of the rnedia

during sarnpling.

The bottorn of the colurnn was fitted with a stainless steel ef-

fluent port 3f I inches in diarneter. This port was also covered with

50 rnesh stainless steel screen.

The underdrain systern for this colurnn was rnade up of one

inch of pea-sized gravel overlaid with l/Z indn of aquariurn sand.

This colurnn was charged by spooning carbon into the top.

During this operation the tube was kept fulI of water in an atternpt

to keep the carbon subrnerged at all tirnes.

After the addition of each foot of carbon the fines were elutriated.
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It was found that this could be accornplished with a rninirnurn of bed

expansion by using a reciprocating purnp. During the initial phases

of testing this elutriation was done with the colurnn in a vertical

position. However, this had a tendency to grade the carbon, bringing

the finer granules to the top. Subsequent investigations with a glass

colurnn showed that by setting the colurnn at a slight angle (about

3Oo; the rnedia could be rnade to circulate during the elutriation.

This is believed to have virtually elirninated the gradation.

After the colurnn was filled to the desired Ievel, the carbon was

backwashed for five seconds to level the surface. Dieldrin-free

water was then percolated through the bed at the experirnental flow

rate for 48 hours to pack the carbon. The bed depth was subsequently

adjusted as required and the procedure repeated.

An overall bed depth of about 44 inches was deemed desirable.

This would provide a sarnpling port within two inches of the surface.

The actual bed depth used was 44-Lf 4 incines.

Conditioning Colurnn

It becarne obvious at the outset of these experirnents that work-

ing with realistic dieldrin concentrations would require a dilution

water which was relatively free frorn interfering organic rnaterials.

Since extrernely large volurnes of water were to be needed, distilled

water was out of the question.
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It was decided that treatrnent of tap water with granular.acti-

vated carbon would render it acceptable. For this, a carbon colurnn

was constructed frorn a 4 f.oot piece of.2-LfZ rnchI.D. cast iron

pipe. The pipe was threaded and capped at both ends. Each cap

was fitted with a Lf4-inch cast iron port over which 50 rnesh stain-

less steel screen had been welded. Each cap was then packed with

Pyrex glass wool. This colurnn was filled with 12x40 rnesh Granular

Darco Carbon and placed in the vertical position. The lower port

was connected to a water tap with copper tubing. A 3/8-inch Tygon

outlet line was fed directly into the deaeration charnber.

The carbon in the conditioning colurnn was changed weekly to

prevent exhaustion. Since the water used was laready of high quality

this was considered sufficient.

The flow rate through the conditioning colurnn was fairly con-

stant at 5 gprnf sq. f.t.

Dearation Charnber

During prelirninary testing with a glass carbon colurnn it was

noted that air pockets forrned in the rnedia wi.thin 24 hours of the

beginning of the tests. This was, of course, undesirable so a rrreans

of water deaeration was devised.

This deaeration charnber took the forrn of an open plastic box

24 inches long, l4 inches wide, and 18 inches deep. The water in
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this box was recirculated at the rate of 6 L. frnin by two Gorman-

Ropp centrifugal purnps. The purnp intakes were fitted with I /4-incih

to LfZ-inch expanding sections. This created a low pressure area

which drew enough air out of the water to prevent air locking in the

colurnns.

Water was fed into the deaerating box frorn the conditioning

colurnn and was drawn out by the feed purnps At a purnping rate of

nearly 500 ml. frnin. the detention tirne in the box was about 3-3/4

hours.

This box was equipped with an overflow pipe and allowed to over-

flow continuously to rnaintain a constant head on the feed purnps.

Purnps

The feed purnps used in this experirnent were ModelrrOArr and

Model "R" Brosites proportioning purnps. Both purnps were equipped

with gurn rubber purnping tubes and check valves. The rnodel rrOArr

was used with two purnping tubes, one on each side of the unit. Its

function was to supply dilution water to the carbon colurnn. The

rnodel "R" purnp was used to purnp feed water to the dieldrin-source

colurnn. It utilized only one purrping tube.

As previously stated, Gorrnan-Rupp centrifugal purnps were

used for deaeration.
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Procedure

Colurnn Testing

Since it was suspected that the final colurnn run would have to

last a rnonth or rrrore without interruption, a great deal of prelirni-

nary testing was deerned desirable.

Initial colurnn testing was perforrned using a Z-inch I. D. glass

percolation bed encasernent. Visual observations of head loss and

hydraulic characteristics were rnade. It was during these tests

that the need for water deaeration becarne apparent. The deaeration

systern was installed and further tests indicated that it was effective.

More prelirninary runs were then made using the stainless steel

colurnn. The primary purpose of these tests was to deterrnine a

working flow rate for the final testing phase and to see if the carbon

would be effective enough to rnake futher testing worthwhile.

For these tests the colurnn was packed with carbon following

the procedure outlined previously. Pu.re water was then percolated

through the colurnn for several days. Next, dieldrin was added to

this water at the concentration of about 9"0 ppb. Head loss rneasure-

rnents were taken periodically by connecting transparent tubing to

the sarnpling ports and rneasuring the static head differential in these

tubes. The physical characteristics of the systern precluded the use

offlow rates resulting in head losses greater than I.3 feet per foot
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of bed.

Flow rates of I0 and 5 gprn/sq,. f.t. were tried. At both of these

flow rates the head loss increased gradually until it reached the lirnit

of I.3 ft. /ft. This took 50 hours at I0 gprn/sq.. ft. and 12 days

at 5 gprn. /"q. ft. In both cases the increase in head loss was at-

tributed to packing of the carbon since the turbidity of the feed water

was negligible.

None of the sarnples drawn during either of these runs contained

rrreasurable amounts of dieldrin. Since tirne was lirniting, additional

head loss testing was suspended and 4 gprnf sq. f.t. was selected as

the test flow rate.

For the final colurnn run, the dieldrin source colurnn was re-

charged. Since previous testing had indicated that the effluent frorn

this colurnn would take sorne tirne to stabilize, it was run to waste

for one week prior to use. At the end of a week the effluent frorn

this colurnn contained 85 ppb. of dieldrin. Ten ppb was the desired

operating dieldrin concentration and the carbon column was to be

operated at 435 ml. frnin., so a flow rate of 50 rnl. /rnin. was selec-

ted for the dieldrin source colurnn.

The final colurnn run was begun on JuIy 26, 1965, at 2:00 p. m.

The flow through the carbon bed was rnade up of 5l rnl. /rnir.. of

source colurnn effluent and 385 rnl. frnin. of dilution water.
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An average of two samples were taken daily from selected ports

on the carbon colurnn. Initially the sarnple volurne required for an-

alysis was two gallons. Later the rnethod of analysis was refined

and the required volurne was reduced to one gallon. These sarnples

were drawn at the rate of 50 rnl. /rnin. The sarnple port was always

allowed to run to waste for a few rninutes prior to sampling.

A11 points along the colurnn were tested for dieldrin concentra-

tion during the first week of operation. OrIy the upperrnost port

showed a rrreasurable dieldrin concentration. Thereafter, only the

top two ports were used since it was known that the adsorption wave

had not yet passed thern.

This final colurnn run was run continuously until Septernber 2,

L965. This was sufficient tirne to allow the adsorption wave to

travel past the first port, at a bed depth of. Z-lf4 indnes, and be-

corne well established at the second port, 8-L/4 inches frorn the top.

At the cornpletion of this run, the top I7 inches of carbon were

rernoved. frorn the bed in lf2-inch layers. The dieldrin they con-

tained was extracted and measured.

The results of these tests are reported in the next section of

this paper.

One interesting phenornenon noted during this extended testing

was that the head loss increased continuously throughout the entire

colurnn run. This seerned to be due to a packing or caking of the
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carbon prirnarily at the surface. It seerns likely that this suscepti-

bility to caking is an intrinsic characteristic of granular activated

carbon.

In this case the bed could not be backwashed since it was essen-

tial that the relative position of the carbon granules remain un-

changed. Under norrnal operating conditions, however, it should

be a sirnple rnatter to loosen the carbon bed whenever necessary

with a brief backwashing.

Isotherrn Tests

Isotherrn tests were run for the purpose of correlating perco-

lation bed perforrnance with equilibriurn conditions. These data

were also used for comparison with the Langmuir and Brunaeur-

Ernrnett-Teller equations. It was felt that a corrrparison of this

nature rnight help to reveal the type of rnolecular deposition which

takes place in a systern of this kind.

As indicated previously, the carbon for these tests was ground

to a fine powder. 'Work by Weber and Morris (3I) indicated that

activated carbon in the granular forrn takes several weeks to reach

equilibriurn with ABS. It was felt that by grinding the carbon, intra-

particle diffusion could be enhanced and this process speeded up.

Since the rnajor portion of the surface area of a carbon granule is

in the rnicropores, this grinding should not greatly increase the
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surface area of the carbon.

The isotherm test was perforrned in the following manner:

Carbon which had been ground, screened, and dried was suspended

in water at a concentration of 400 rrlgfi. and stirred continuously.

Aliquots from this suspension were introduced at various concen-

trations into two-1iter beakers containing water with a dieldrin

concentration of nine ppb. These solutions were then stirred by

Phipps and Bird laboratory stirrers at 90 rprn for 48 hours.

At the end of 48 hours the carbon was rernoved by filtration

through nurnber 40 Watnran filter papers. This was also done with

a control solution containing no carbon. The filtrate was then

analyzed for dieldrin.

The carbon concent::ations used were: 0, 0. I, 0.5, 1.0, 2.0,

3. 0, and 5. O rng/t.

Analvses

Many rnethods for pesticide analysis have been developed in the

Iast few years. An exhaustive three-volurne collection of the avail-

able analytical procedures has been cornpiled by Zweig (35). The

reader is referred to this work for detailed descriptions of analytical

rnethods that are available.

Analyses for this study were performed by the Agricultural

Chernistry Departrnent of Oregon State University under
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Doctor Terrier and UIo Kiigemagi.

An outline of the procedure used is presented below.

I. I500 ml. of the sample was extracted with 250 mI. of
redistilled hexane for three minutes by hand agitation.

This was repeated three tirnes.

?,. Anydrous sodiurn sulfate was added to the hexane to
rernove any rernaining water.

3. The hexane was concentrated to about 50 rnl. in a stearn
bath.

4. Three g. of MgO-Celite rnixture were added. The flask
was shaken for L-l/? rninutes. The MgO-Celite rnixture
was then filtered out.

5. The flask and filter paper were washed with 50 ml. of
redistilled benzene and the benzene was allowed to
evaporate to near dryness.

6. A known volume of the benzene-dieldrin solution was
then introduced into the gas chromatagraph.

The chrornatagraph used was a Microtek gc-2000-R with a

Sargent Model SR recorder and a tritium electron-capture detector.

The colurnn was a 6 ft. x L/8 in. copper tube containing two types

of silicon adsorbant on Chrornosorb W support rnedia. The colurnn

was operated at 19SoC. Nitrogen was used. as a carrier gas. The

sensitivity of the unit is approxirnately IO-I0 grarrs of dieldrin.

In this case, 0. I ppb was the minimurn dieldrin concentration that

could be rneasured with acceptable accuracy.
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RESULTS

Percolation Bed

The data collected frorn the percolation bed testing are pre-

sented in Figures 8, 9, and 10. Figure 8 shows the variation in

influent dieldrin concentration encountered during the run, It

should be noted that the concentration dropped rapidly at first, then

rernained relatively constant throughout the remainder of the test.

For the purposes of analysis this concentration was assumed to re-

rnain constant at 9. 0 ppb throughout the run. This should be a fair

assurnption, since the dieldrin should have re-distributed itself on

the carbon as the influent concentration changed.

The perforrnance of the activated carbon bed is recorded in

Figure 9. OrIy the upper two sampling ports yielded significant

data in the time allotted for this test. At no tirne did sarnpling at

larger bed depths produce dieldrin concentrations above 0. I ppb,

the lower lirnit of the analytical rnethod. At the 8-l/4 inch bed

depth, the dieldrin concentration was not of a rneasurable rnagni-

tude until sorne 13,000 liters of solution had passed through the

bed. Here, a gradual increase to 0. I ppb was assurned to occur.

Figure I0 shows the results of removing the carbon frorn the bed

in lf?-inch sections and extracting the dieldrin frorn it, following the

colurnn run. The top two inches of carbon were inadvertently lost
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It does, nonetheless,

the dieldrin on the

Isotherrn

The isotherm for dieldrin concentrations in the colurnn working

range is shown in Figure 1I. Data frorn which this isotherm was

derived are presented in Table XI.

Table XI. Isotherrn data.

Initial
Dieldrin
conc. ,

Equil.
Dieldrin
Conc. ,

Dieldrin
Rernoved

Carbon
Conc. , X,**

In rngCo, ppb C, ppb x, ppb ,n, ,r.s,. /L,

8.47

8.47

8.47

8.47

8.47

8.47

7. 7,8

4. 24

2.67

L. 48

0.46

0.27

t. rg

4. 23

5.80

6.99

8. 0I

8. Z0

0. 1

0.5

I.0

2.0

3.0

5.0

II.9o

8.46

5. 80

3.50

2.67

r. 64
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ANALYSIS OF DATA

The results of this testing show that it is possible to obtain

essentially I00 percent dieldrin rernoval using an activated carbon

percolation bed. The usuable life of the carbon will depend upon

the depth of the bed and the effluent quality desired.

Suppose, for the purpose of calculation, that the allowable

effluent dieldrin concentration was 0. I ppb. Frorn Figure 9, with

a bed 8-l/4 inches deep, it can be seen that approximately I3,000

liters of solution passed through the bed before this lirnit was readEd.

The diarneter of the bed was 2.30 inches, so its volurne was 0.020

cu. f.t. Therefore, at this bed depth, the carbon was able to treat

650,000 liters or about I70,000 gallons per cubic foot of bed.

The average packed unit weight of the carbon bed was found to

be 9750 g/cu. ft. (21.5 7b. /cu. ft.). The average carbon efficiency

on a weight basis was deterrnined by calculating the area between

the two curves in Figure 12 and dividing by the weight of the carbon

in that section of the bed. By this rnethod, the average dieldrin

concentration on the carbon was found to be:

x
IN

- t I8. 6x103 u* dieldrin-@ = 0.606 ps
rng

The condition of the

with part (a) of Figure 3.

carbon at this point corresponds roughly

That is, the adsorption zone had just
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established itself. If the zone had been allowed to rnove further

down the colurnn, the overall carbon utilization would have been

rnuch greater, since rrrore of the carbon would have been above the

adsorption zone where it would have been rnore nearly saturated.

If the velocity (see p. 43) of the adsorption wave could have been

determined, the carbon life at any bed depth could have been calcu-

lated. Deterrnination of this velocity requires that the tirne of travel

between two points in the bed be known for a fully-developed adsorp-

tion wave. Unfortunately, this was not possible here since there

was insufficient tirne to allow the adsorption wave to travel to the

next sarnpling port.

Adsorption, with all the variables involved, does not lend itself

easily to rnathematical analysis. The results of this testing are

valid only for this systern. A change in any one of the variables,

be it influent concentration, allowab1e effluent concentration, or

even operating ternperature, would result in entirely different char-

acteristics. It is not easy, therefore, to predict the perforrnance

of one systern using the results frorn another.

The Michaels rnethod, outlined in the section on theory of ad-

sorption, is a possible solution to this dilernrna. If the Michaels

rnethod is applicable to this kind of systern, it is only necessary to

know the rnass transfer coefficient to predict colurnn perforrnance

frorn experirnental equilibriurn data. It would seelTl worthwhile,
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therefore, to estimate the validity of the Michaels approach to the

dieldrin-wate r - carbon systern.

To be applicable the systern rnust rneet certain basic conditions.

First, the solution rnust be dilute. Aty dieldrin-water solution

should cornply with this restriction because of the low water solu-

bility of dieldrin.

The second condition is that the isotherrn be concave to the

solution concentration axis. Again, frorn Figure IZ this is seen to

be true.

The adsorption wave should not change in shape as it travels

down the colurnn. It can only be assurned, until rnore extensive

tests are run, that the process cornplies with this restriction, too.

A fourth restriction is that the adsorption zone be srnal1 rela-

tive to the height of the percolation bed. With the perforrnance data

available, it was not possible to calculate the height of the adsorp-

tion zone, since the length of tirne required for its forrnation was

not known. The size of this zone couId, however, be estirnated

frorn the carbon extraction data, assurning that the Freundlich iso-

therrn was a straight line throughout the concentration range used.

The limits on the adsorption wave were arbitrarily set at 0. 5

and 8.5 ppb. Frorn the Freundlich isotherrn (Figure 18) the degree

of carbon saturation at equilibriurn with these dieldrin concentrations

was found to be 1.7 and L3 p"gfrng respectively. Now frorn Figure l0
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it can be seen that these points corresponded to bed depths of about

4. 25 and Z inches. Thus the height of this arbitrary adsorption

wave was estirnated to be about Z. 25 inches'

This is about equal to the height of the bed sarnpled, so this

fourth condition is not cornplied with here. It can be seen, though,

that by sirnply sarnpling at a greater depth this condition could be

rnet.

The prirnary consideration in comparing the experirnental re-

sults with the results calculated by the Michael's rnethod is that

the two adsorption waves be of the sarne general shape and charac-

teristics. This cornparison was rnade in the following manner:

The experirnental equilibriurn (isotherrn) curve, was plotted in

Figure 13. The allowable effluent, Y., was chosen as 0.5 ppb and

the near-saturation concentration, Yb, was chosen to be 8. 5 ppb.

The operating line was then drawn to intersect the equilibriuln curve

at the colurnn influent concentration, Yo.

Table 12 shows the calculations rnade in converting this data

to a break-through curve. Colurnn (I) lists values of Y on the oPer-

ating line between the dieldrin concentrations, YO and Y". In

colurnn (?) are the corresponding values of Y{', taken frorn the

equilibriurrr curve at the sarrre value of X, the dieldrin concentra-

tion on the carbon. Colurnn (3) was cornputed from these data' The

curve in Figure L4 of. colurnn (t) as the abscissa and colurnn (3) as
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the ordinate was integrated graphically between values of Y in the

table and Y,. The values of colurnn (5) were deterrnined frorn
b

colurnn ( ) in accordance with equation 22. Colurnn (6) was obtained

by dividing each entry in colurnn (1) by the influent dieldrin concen-

tration, Y-. The theoretical break-through curve (Figure I5) was
o

then plotted with colurnn (5) as the abscissa and colurnn (5) as the

ordinate.

Figure I5, then, is a plot of fractional dieldrin rernoval versus

the fraction of the volume of water required to establish a cornplete

break-through curve between the lirnits chosen. It was not possible

to deterrnine WO without the rnass transfer coefficient, so this curve

is essentially definitive rather than quantitative.

The experirnental break-through curve coqld, however, be corn-

pared with the calculated one by placing it on the sarne fractional

basis. This was done with the data gathered frorn fne Z-Lf 4 indn

bed. To accornplish this the curve in Figure 9 was extrapolated to

an effluent concentration of 8.5 ppb. The volurne of water at this

point was about 29,000 liters, and represented the value W" in

equation 22. Then, by perforrning the calculations shown in Table

XilI, the experirnental adsorption wave was corrrpared with the

theoretical curve (Figure l5).

There was sorne scatter in the experirnental data but, in

general, it fits the theoretical curve quite well. This is a strong
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Table XlL Calculation of theoretical break-through curve.

(r)

Y, ppb

(z)

Y*, Ppb

(3)

I
Y- Y*

(4)

dY

(s)

w-wb
War;. Y

Y- YX Y^

Yb= 0.5

1.0

z.o

3.0

4.0

5.0

5.0

7.0

8.0

= 8.5

0. 30

0. 50

I25
r. 90

z60
3. 45

4.40

5. 50

6. 80

7. 70

5. 00

2. 50

r. 33

0. gr

0. 71

0. 64

0. 62

0. 67

0. 83

L. 25

0

1. 87

3.78

4.90

5. 7L

638
7.0I
7. 65

8. 40

8. 90

0

0. zI0

0. 425

0.55I

0.642

0.7I8
0.788

0.860

0. 943

r.000

0.0s5

0. I l1

o. z2,z

0.333

0.444

0.555

0.666

0. 777

0. 888

0.945

{
(rl
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Y

Calculation of N tol.Figure I4.
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Table XIII. Derivation of experirnental break-through curve
with a W" of 29, 000 liters.

w w-Wt
thousand liters Wa Y, ppb

Y
Y^

3. I

4.3

5.7

7.6

8.7

10. I

LL. Z

13. 8

14. 3

15.4

15.7

16.2

17.8

r8.2

19. 3

19. 9

20.4

21, L

zL. g

22.4

23. 0

0. 105

0. r50

0. 196

0. z6L

o.302

0. 348

0. 387

0.475

0.496

0.522

0. 54r

0. s60

625

643

666

685

706

0. 730

0.757

o.775

0.795

0. 67

r. 28

t. ?,8

I.17
L. 46

r. 55

t. 66

?.46

?.64

3. 64

4.05

3. 82

4. 80

4.40

4.80

52

48

76

30

4L

34

0. 074

0. L42

o. r4z

0. I30

0. L6?

0. L7Z

0.185

0. 274

0.294

0.404

0. 450

0. 425

0. 553

o. +90

0. 533

0.502

0. 500

0.530

0. 590

0.600

0.705

0.

0.

0.

0.

0.

4.

4.

4.

5.

5.

6.
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of this nature are arrrenable to treatrnent by

The isotherm data obtained in this experirnent were plotted in

accordance with several of the isotherrnal relationships which have

been derived. It was felt that this might give sorrre indication of the

kind of rnolecular deposition which occurred.

Table XIV gives the data for the Langrnuir plot (equation 2) and

Figure I6 is a plot of this data. Table XV andFlgure I7 give the

Brunauer-Ernrnett-Teller treatrnent (equation 4). The Freundich

isotherrn was also plotted (Figure I8) prirnarily for use in the cal-

culations of the previous section.

f'or the Brunauer-Ernrnett-Teller plot, a dieldrin saturation

concentration of 150 ppb was assurned.

If the two points at the lowest dieldrin concentrations are irv-

nored, this systern appears to cornply best with the Langmuir rnodel.

It was felt that these points could reasonably be ignored since the

Langrnuir equation tends to rnagnify errors in the lower ranges.

If this is true, then the dieldrin was adsorbed in a monornolecular

layer -- a fairly predictable result since the dieldrin solution was

very dilute.



Table XIV. Data for the Langrnuir isotherrn.

Initial Dieldrin
Conc. ,

Co, [r,p,rnoIes
rnole Hz O

Equil. Dieldrin Dieldrin Rernoved Carbon Conc.
Conc. ,

C, l.r.tlrnoles
x, plrrnoles m,--tS-- I rnole s

rnole HzO -"--- --z- -'---- --L- C pu,rnolernole H2O rnole H2O ,PH
tlurnole

405

405

405

405

405

405

349

zo3

rz8

7L

z2

I3

56

202

277

334

383

392

r.8

9.0

r8.0

36.0

54.0

90. 0

0. Z8 TxlO-Z

O. 49ZxLO-2

0.780xI0-2

1.400xI0-2

4. 55OxLA-Z

7 ?OOxLI-?

3.. ZZxLO-Z

4.45xlO-Z

6. 5}xLo-Z

I0.80x10-2

I4.10x10-2

23.00xI0-2

@o
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Table XV. Data for Brunaeur-Ernrnett-Teller isotherrn.

Initial Dieldrin
Conc. ,

Co, p.]-rrnole
Conc. ,

C, lrLr,rnoles
Rernoved
x, pp,rnoles

Carbon
Conc.

ITI, p,g

Sat. Dieldrin
Conc.

Cs, plr.rnole
c-_"e)

rnole s

Equil. Dieldrin Dieldrin c
cs

rnole s

rnole H

405

405

405

405

405

405

rnole H - O

349

203

rz8

71

zz

13

890x1 0 
- 5

_A
l44xL0 "

66xLO-6

3OxI0-6

8xI0 - 6

6*10 - 6

mole
-?49.6xl0 '

-?29.Zxl} "

-?t7.BxI0 -

-?9.9xI0 -

-?3. Ixt0 -

.?
t. 8x10 -

rnole H- O rnole Hz O rnole Hz O rnole

56

202

277

334

383

392

r.8

9.0

r8.0

36.0

54.0

90. 0

7r 80

7r80

71 80

7180

71 80

7r 80

@
N
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SUMMARY AND DISCUSSION OF' RESULTS

Frorn the data presented herein, the following conclusions can

be drawn.

L Granular-activated carbon should be very effective in re-

rnoving the chlorinated hydrocarbon insecticides frorn water. The

activated carbon bed tested was able to rerrrove essentially I00 per-

cent of the dieldrin and should prove at least as effective with the

other chlorinated hydrocarbons.

Z. The carbon life, though dependent on the systern variables,

should be cornparatively good in a system of this kind.

3. The percolation bed appears to be a very effective rrreans

of utilizing the adsorptive properties of activated carbon.

4. The granular carbon-dieldrin-water adsorption system

seerns to lend itself to analysis by the Michaels Mass Transfer

Method.

5, Adsorption of dieldrin on carbon appears to take place in

a rnonornolecular layer.

The use of granular activated carbon for rernoving refractory

rnaterials such as chlorinated hydrocarbons frorn water shows great

prornis e.

This study indicates that further studies along these lines would

be well worthwhile.
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The author believes that there is sufficient proof as to the

effectiveness of activated carbon to warrant further studies into the

economics of such systerns and the rnethods of predicting their

perforrnance. Experirnental deterrnination of the rnass -transfer

coefficients involved would seerrl in order.

W'e are likeIy to be facing rnore and rnore pollution of our

natural waters by agricultural chernicals in the future. It is of

pararnount irnportance that rnethods for rernoving these chernicals

be known and evaluated before the need for these rnethods arises.
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APPENDIX

INDEX OF' SYNTHETIC ORGANIC INSECTICIDES

Chlorinated Hvdroca rbons

Aldrin: Not less than 95 percent I,2,3,4, I0, 10-hexachloro-

L, 4, 4a, 5, 8, 8a-hexahydro -L, 4, 5, 8-dirnethanonaphthalene.

ctz 
^6 

cL6

Benzene Hexachloride: L,2, 3, 4, 5, 6-hexachloro-cyclohexane,

five stereoisorners. C5 H6 Cr6

Chlordane: 60 -75 percent octochloro-hexahydrornethanoindene.

cio H6 c1g

DDD: Dichlorodiphenyldichloroethane. Cte HtO Cl+

DDT: Dichlorodiphenyltrichoroethane. arnrg arU

Dieldrin: Not less than 85 percent of the endo-exo isorner of

L, ?, 3, 4, I0, 10-hexachloro-6- 7-epoxy-L, 4, 4a, 5, 6, 7, 8, 8a-

octahydro-L, 4, 5, 8-dirnethanophthalene. Cn Hq OC15

Endrin: l, Z, 3, 4, L0 i I 0-hexachloro- 5, 7- epoxy- l, 4, 4a, 5, 6, 7, 8, 8a-

octahydro -L, 4, 5, 8- end- endo-dimethanophthalene'

Heptachlor: Refined chlordane.

Lindane: Garnrna isorner of Benzene Hexachloride

Methoxvchlon CI6 HtS CL3 OZ

_to=-trene, CIO HfO Clg
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APPENDIX Continued

Organic Phosphates

Chlorthion: 0, 0-dirnethyl 0 (3-chloro-4-nitrophenyl) phosphoro-

thioate.

Diaz inon : 0, 0 - dirnethyl 0 - (2 - chloro- 4 - nitrophenyl) pho s phorothioate.

Dicapthon: 0, 0 - dirnethyl 0 - (2 - chloro - 4- nitrophenyl) pho sphorothioate.

Dipte rex : 0, 0 - dirnethyl- ( I - hydroxy - Z, ?, 2 - trichlo roethylphos phonate.

c+ Hg cI3 04 P

EPN: ethyl p-nitrophenyl thiono-benzenephosphate C, qHS PS05

Malathion: S- ( l, 2 - dicarbethoxy- ethyl) - 0, 0 - dirnethyldithiopho sphate

cro Hr9 05 PSz

Metasvstox: rnisture of 0. 0-dirnethyl 0-(2-ethylthio) ethyl phosphor-

othioate and 0, 0-dirnethyl S-(2-ethylthio) ethyl phosphorothioate

Methv1 Parathion: 0, 0-dirnethyl-o-p-nitrophenyl thiophosphate.

Parathion: 0, 0-diethyl-0-p-nitrophenyl thiophosphate. CrO Hr.+

05 NPS

Svstox: beta- ethylrnercaptoethyl diethylthionophosphate.

c8'r9 og PSz

TEPP: tetraethyl phosphate. Cg ,ZO OZ Ot




