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Modeling Point-of-Entty
Radon Removal by GAC

Jerry D. Lowry and Sylvia B. Lowry

Results of a study which showed that an adsorption-decay steady state is established within a
granular activated carbon (GAC) bed, allowing it to be maintenance-free for long periods of
time, led to field research to develop a design model for point-of-entry application and the
installation and monitoring of GAC technology in more than 100 homes across the United
States. The research showed that with an effective GAC better than 99 percent removal of

radon can be achieved.

The health implications of airborne
radon-222 (22?Rn) in households are well
documented,!-8 as is the significance of
an elevated 222Rn level in water and how
it contributes to the airborne 2%?2Rn
concentration. 129-19

The feasibility of removing ?2?Rn from
household and small system water sup-
plies with granular activated carbon
(GAC) or aeration devices has been
reported by various researchers,}20-Band
a detailed report regarding radon re-
moval from public water supplies has
recently been prepared for the US Envi-
ronmental Protection Agency (USEPA).%

In response to increasing concern

about airborne and waterborne 222Rn,
research was initiated at the University
of Mainein 1980 to identify technologies
to remove 222Rn from groundwater.17:22
Aeration and GAC were identified as
potentially cost-effective treatment proc-
esses for point-of-entry applications.
Laboratory testing of full-scale point-of-
entry GAC and diffused bubble aeration
units showed that both methods were
effective, but GAC appeared more
promising for household applications.
That study and a previous one docu-
mented that an adsorption~decay steady
state is established within a GAC bed,
allowing it to be virtually maintenance-

axes
should be "nci/L"

Fig. 4 y axis should
be "1n Radon, pci/L"

free for an indefinite but long period of
time. These studies led to laboratory
research to model the GAC process for
municipal application, field research to
develop a design model for point-of-entry
application, and installation and moni-
toring of the GAC technology in more
than 100 households throughout the
United States. This article reports on
the findings of the second and third
aspects of the preceding research.

Development of a GAC model

Previous research indicated that the
adsorption-decay steady-state perfor-
mance could be modeled by first-order
kinetics, allowing the use of the following
equation to describe and predict removal:

C,=Ce K

in which C,= the ?22Rn concentration at
time £ in picocuries per litre, C, = the

2.50-cu ft 70-L
Sample port

\ Control vatve

Raw water

Freeboard —
. Riser tube

GAC bed — 0.25-cu ft 7-L

. ':] Sampie port
05-cu ft 14-L

::] Sample port

— 1-cu ft 28-L

:] Sample port
1.5-cu ft 42-1

:] Sample port

2-cu ft 56-L

::l Sample port

Basket distributor — _._E

Support gravel

Figure 1. Experimental GAC vessel
for K, determination

TABLE 1
Summary of adsorption-decay design constants
Carbon Manufacturer Type K —h-1
A American Norit Peat (8 X 20) 1.35
B ICI Americas* HD4000 (12 X 40} 2.09
C Calgon F-400 (12 % 40) 1.53
D Barneby Cheney 299 or 1002 3.02

*Now manufactured by American Norit

TABLE 2
Typical levels of uncertainty for this study
222Rn Concentration Uncertainty
pCi/L percent

800,000 0.5
300,000 0.5
40,000 1.0
2,000 45
1,000 6.0

500 15

100 25

60 45
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initial 222Rn concentration in picocuries
per litre, K, = the steady-state adsorp-
tion-decay constant per hour, and /=the
length of empty bed detention time
(EBDT) in hours.

This is logical because at steady state
the adsorptive removal equals the decay
of adsorbed 222Rn at all points in the bed,
and decay kinetics are first order. The
actual achievement of the adsorption-
decay steady state is quite complex. It
involves non-steady-state adsorption
kinetics, which dominate the early pe-
riod, followed by an increasingly signifi-
cant decay phenomenon set up by 222Rn
and its short-lived progeny. The result of
these processes is the establishment of
the steady-state distribution of 222Rn and
its short-lived progeny on the GAC.
Although the establishment of the steady
state is a complex process, the perfor-
mance after steady state is reached can
be accurately described by the simple
steady-state model.

The use of the average EBDT is appro-
priate because the GAC bed at steady
stateacts as a decay-storage device. This
means that for all practical purposes,
the normal intermittent diurnal flow
experienced in a typical household is not
important in terms of its effect on the
steady-state performance. An analogy
can be made to a chromatographic
column in which the 222Rn travels along
the bed at arelatively slow rate compared
with the water and decays down to the
effluent value. The bed is simply a
concentrating device that stores 2?2Rn
and is equivalent to a plug flow storage
tank having a much greater liquid deten-
tion time. For example, a GAC bed
giving a 99 percent reduction is equiva-
lent to an ideal plug-flow decay-storage
tank having a detention time of 25.3
days. Thus, { should be calculated for
the water volume used over a period of
two to three weeks because this is the
period to which the GAC bed is respond-
ing. In a typical household, the three-
week flow average does not vary signifi-
cantly, except perhaps seasonally in a
gradual manner.

To accurately document this model
and to test the relative effectiveness of
several different GAC products, a field
study was designed to measure the
steady state adsorption-decay constant,
K. A Maine household with extremely
high levels of 222Rn in its groundwater
supply was selected to demonstrate the
general applicability of the model across
a wide range of 222Rn levels. The per-
formance of three GAC products (Table
1) was examined using a modified com-
mercial treatment unit (Figure 1). Slotted
(0.012-in. [0.3-mm]) laterals were in-
stalled at depths of 0.25, 0.50, 1, 1.5, and
2 cu ft (7, 14, 28, 42, and 57 L) bed
volumes to obtain depth samples. The
total bed volume was 2.5 cu ft (71 L).

Water samples for 222Rn analysis were
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Figure 5. Contrast of the steady-state
adsorption-decay relation for test
carbons A, B, and C with GAC D

taken directly from sampling valves with
a 10-mL syringe, which was subse-
quently discharged directly into a pre-
viously prepared liquid scintillation vial
containing 5 mL of fluor. The vial was
immediately capped and mailed to the
laboratory for counting. The basic count-
ing procedure used was one described by
Pritchard and Gesell,® except that a
mineral oil rather than a toluene-based
fluor was utilized because of postal regu-
lations. Precision of the 222Rn analysis is
a function of the level of 22Rn present,
the counting time, and the time elapsed
between sampling and counting. Typical
levels of uncertainty (2-sigma) for this
study are given in Table 2.

The water use at the household was
monitored by a standard %-in. (17-mm)
meter and totalizer readings were taken
daily. Water temperatures ranged be-
tween 43 and 50°F (6 and 10°C) through-
out the study.

The various GAC products were tested
sequentially, each by the same method.
The virgin carbon was placed in the
pressure vessel over a gravel support
and commissioned after a backwashing
period of 15 to 30 min to remove fines.
The GAC bed remained in service to
allow a steady state to be achieved
(approximately three weeks) and was
monitored for an additional three- to
four-week period. Fourteen sets of sam-
ples (all ports) were collected to deter-
mine K.

Typical examples of the results of the

field testing are illustrated by Figures
2-4for GAC B. Figures 2 and 3 show the
results for the depth of #22Rn removal
and the establishment of the adsorp-
tion-decay steady state. The exact reason
for the elevated point for each depth on
day 42 was not known, but was suspected
to be the result of desorption because of
extreme raw water 2?2Rn variation that
was not documented by sampling the
previous week. This particular well is
subject to such variations, and previous
monitoring has documented that the
222Rn variation over a period as short as
several days can be from 150,000 to more
than 2,000,000 pCi/L. For bed volumes
deeper than 1.5 cu ft (42 L), these
variations are not significant in relation
tothe raw water concentrations because
there is enough GAC to provide adequate
dampening. They are apparent in this
case because of the extremely high
average raw water #22Rn.

A semilogarithmic plot of bulk solution
22Rn (In) versus EBDT yields a linear
relationship with a slope equal to K.
This relationshipisillustrated in Figure
4 for one of the carbons tested.

The analysis of variance (ANOVA) for
the data is summarized in Table 3.
Although the deviations from regression
were statistically significant, they were
small compared with the variation ex-
plained by regression. This fact is
reflected by the relatively narrow con-
fidence limits (95 percent) around the
least-squares regression line in Figure 4.
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TABLE 3
Summary of analysis of variance for GAC B
Source of Variation df SS MS F
Among groups (EBDT) 5 534.7 106.9 829*
Linear regression 1 530.6 530.6 515*
Deviations from regression 4 41 1.0 8.0*
Within groups (ports) 78 10.1 0.13

*Significant at 0.001 level
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Figure 6. Histogram of the steady-
state performance of 66 GAC treat-
ment units
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Figure 7. Histogram of the steady-
state performance of properly operat-
ing GAC units containing GAC D

The performance for carbons A, B,
and C are contrasted with that of carbon
D, which has been determined by other
researchers2326 to have the highest K
value tested to date. A summary of the
K, values for these carbons is given in
Table 1. The ranking of these carbons
bears little relation to how they per-
formed previously by isotherm testing
and shows that isotherms are not indi-
cators of how a carbon will perform at
steady state.!? This group of four carbons
contains the best and worst carbons,
with respect to their ability to remove
222Rn. It is clear that the type of GAC
selected has significant bearing on the
performance achieved. For example, at
99 percent removal the required carbon
volume for carbon D is 50 percent of that
needed with carbon A. For equal bed
volumes, carbon D achieves a 99 percent
reduction, compared with an 88 percent
reduction with carbon A. The bulk
densities for carbon A and D are approx-
imately 18 and 32 Ib/cu ft, respectively,
and on a mass rather than a volume
basis, all GAC types tested are much
closer in performance. Because the
number and size of vessels required are
determined by the volumetric perfor-
mance, this has little practical sig-
nificance. Of more importance is the
probable positive influence of decreasing
particle size. No studies have docu-
mented, however, the magnitude of this
factor for the 222Rn steady state.

Because of the small flow treated and
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the relatively narrow range of bed sizes
required to cover the entire range of
222Rn encountered in point-of-entry appli-
cations, thelong EBDT is easily satisfied
by commercially available pressure ves-
sels. A range of bed volumes from 1 to 3
cu ft (28 to 85 L) will remove more than
98 percent of the 222Rn from any house-
hold groundwater supply. In contrast,
therelatively long EBDT is of significant
importance when increasing design flow
in municipal applications. Compared
with an EBDT of approximately 15 min
for organics removal, the residence time
for 222Rn removal is quite long. Although
the GAC will last indefinitely in the
222Rn application, the initial high capital
cost for the GAC makes aeration an
attractive alternative for larger water
systems.

Field experience with GAC treatment

Since 1981, GAC units have been
installed in a number of households to
remove 222Rn from water and thereby
lower the airborne ?22Rn levels in homes.
The current number of units that exist
for this purpose is unknown but is esti-
mated to be in excess of 500. Approxi-
mately 100 units have been installed and
monitored as part of a data base for
future research on aspects other than
simple removal, such as the resulting
gamma exposure rate from 2“Pb and
214Bij and the long-term buildup of 21°Pb.
In each of these installations, the GAC
type, the GAC quantity, and the installa-

tion date are known. In some of the
installations the water use is known,
and the radium and uranium content of
the raw water has been documented.
This data base is unique in that it covers
GAC units that have been installed over
a wide area—12 states and Canada—
and includes the longest operating GAC
units for 222Rn. In addition, these units
are installed on water supplies with less
than 1,000 pCi 222Rn/L to more than
1,000,000 pCi 222Rn/L.

Although four GAC types have been
used in these units, more than 85 percent
contain carbon D and 10 percent contain
carbon C. A summary of the steady-state
performance for all routinely monitored
installations is presented in Figure 5.
With the exception of three units (in
which GAC channeling may have re-
sulted from horizontal shipping of the
unit and shifting of the accompanying
support gravel in transit), the perfor-
mance level in field installations is very
high. Eighty percent of all units are in
the 1.7-cu ft (48-L) category, with re-
maining units ranging from 1 to 3 cu ft
(28t085L). The average removal of 222Rn
for all units is 96.2 percent.

Elimination of three known malfunc-
tioning (channeling) units and the units
containing carbon C yields the histo-
gram summarized in Figure 6. For these
units, the average removal of 22Rn is
98.9 percent. It is uncommon to monitor
a unit and find less than 99 percent
removal. Although the real value of
these units lies in future studies in-
volving 222Rn progeny buildup, these
data demonstrate the high degree of
removal that can be obtained with
properly designed and installed systems.

GAC versus aeration

It has been documented that aeration
is a feasible method for 222Rn removal in
point-of-entry applications.2227 But a
number of factors have prevented it
from becoming as popular a method as
GAC treatment.

® Aeration is performed at atmospheric
pressure and, therefore, requires repres-
surization of the water supply.

@ The initial cost of aeration systems
designed for 222Rn removal is relatively
high, partly because of the repressuriza-
tion requirement. The installed cost
ranges from $2,500 to more than $4,000,
compared with approximately $650 to
$1,200 for GAC.

® Unlike GAC, several aeration meth-
ods have limited removal capabilities. A
novel but costly spray aeration system
was developed by the Maine Department
of Human Services, Division of Health
Engineering. Six units are operating in
the field. These units achieve 90 to 95
percent removal, but may be limited to
wells containing only 10,000 to 20,000
pCi/Lif, for example, the future USEPA
maximum contaminant level (MCL) for
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222Rn is set at 1,000 pCi/L. Although the
MCL would apply only to public water
supplies, the real 22Rn issue is in private
household supplies—in many cases,
lending institutions are already requiring
removal. These institutions tend to use
the MCLs as guidance for private sup-
plies as well.

Packed-tower aeration systems are
confined by the ceiling height in the
cellar or living area and are therefore
limited to about 90 percent removal. A
multistaged diffused bubble aeration
system developed for organics removal2
was tested on a supply that contains
250,000 pCi/L and removed 222Rn to
below detection, for virtually 100 percent
removal. However, even a less expensive
version, designed specifically for 222Rn
removal, would cost about two to three
times as much as a GAC unit.

® Aeration methods have significant
operation and maintenance require-
ments, which increase the cost differen-
tial over the long term.

Aeration methods have a single ad-
vantage to be considered for point-of-
entry applications, i.e., they avoid the
elevated gamma exposure rate and the
possible long-term buildup of 21Pb asso-
ciated with GAC beds. These topics are
currently the subjects of ongoing re-
search and are beyond the scope of this
article. However, economical shielding
and proper location of the treatment unit
can eliminate any potential gamma
exposure in excess of normal background
levels. The buildup of 2°Pb in these
applications is not documented, but it
could be a concern. Future documen-
tation and research on this subject will
determine the extent of and solutions to
these problems. If, however, a more
economical aeration system is developed
that is capable of 99 percent removal, it
may generally be applied along with
GAC systems for 222Rn removal in point-
of-entry applications.

Conclusions

® A first-order model accurately de-
scribes the adsorption-decay steady-
state removal of 222Rn by GAC.

® A single design constant, K, can be
used to rank a given GAC type for 22Rn
removal. The ranking of a carbon for
steady-state performance does not appear
to be related to its ranking according to
an adsorption isotherm.

® There is a significant range of the
design constant K for the carbons tested
to date, making the selection of the
correct GAC important. This is especially
true for small public water supply
applications, in which vessel size is more
sensitive to economics.

® More than 99 percent reduction of
222Rn is possible with an effective GAC.

® The progeny of 222Rn make it impor-
tant to consider the location of and
protective shielding for a GAC bed, to
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avoid increased gamma exposure over
normal background levels.

® The potential for the long-term ac-
cumulation of 21°Pb in GAC beds should
be investigated.
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