BY MAEEM QURESH) In Decembar 2000, the U5 Enviranmantal Protaction Agency pubilished the final radionuclides

AND STEVEN NELSON rubo. The standard of § pCVL for combined radium (Ra) 228 and 228 wil affect mote thar 500
UE eystoma and 1.4 million peogle in 177 cisles in the Midwest. The best available techrology
for Ra removel includes on exchange, ma soflening. and reversa csmasis. However, ydrous
mangancss oxide and mangsnese preensand rstion i capable of removing up to B% of
Ra. Fer plants designed to remove irca and manganose by & mangaress greemand Ftratice
ystam, the cost of removing Aa i mremal Resutts of plot- 894 full-pe sa shoda sre raported
from Bellevus Sanitary District 1 in Brown County, Wia.: Knoxvibe, lowa: Garmatscn and Elk Point
5.0 Mareus, lows; and Ssvage, Lakeville, and Hinckley, Minn. Also decested sre the
rolationehlp betwean total dissohed solics and Ro remeval ond the disposal of water containing
Ra, which is 8 major concem.

Radium removal
by HMO

and manganese greensand

n 1976, the US Environmental Protection Agency (USEPA) established a stan-
dasd of 3 pCVL for combined levels of radiem {Ra) 226 and Ra 228 in deirik-
g watee A maximom contaminant kevel {(MCL) of 15 pCiL for grods alpha
inchading Ra 226 but excluding radon and rotal uraniom was also estab-
lished. Mioee than 500 municipal water spplies (Singh, 1990) may excesd che
§ pOL standard in the Unized Seatrs, most notably in Horida, Vermant, the uranium
méning areas of the Mountain sares, the Fiedmont Coastal Plains arca of the Eant
VIR I I oy M- Coawt, and the midwestern states of lowa, linods, Wisconsin, Missourd, and Min-
A nescta. It is cstimated chat 1.4 million people in 177 cities in the Midwes: arca
soceive water that excoeds the § pOL standard. In the exrly 1980s, considerable
rescarch was under way o find & cost-effective removal technodogy for Ra.

Ra 226 and 228 are daughter prodhucts of uranium and chodium decay. Radi-
ation is released in the form of alpha, bets, asd gamma rays during this decay.
Ra 226 Is a decay product of uranium 236 and is primarily an alpha emites. Ra
228 and 224 are decay produces of thonum 232 and are primarily beta cmirers.
The bealch effects of ingestion ar contact wich Ra 2216 and 228 may involve ion-
izaticn of body cells, which in urm may result in developmental abnormalities,
cancer, or death, Epidemiological smdies have established a strong connection
between certain occupationsl and therapeutic exposure to the isotopes of Ra
and bone cancer (Bennet, 1978).
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In 1991, on the basis of new data,
USEPA proposed a relaxation of the
standards to 20 pCi/L each for Ra
226 and 228 isotopes, Toul gross
alpha of 15 pCUL withour Ra 226
remained the same as thar prescribed
in the 1976 rule. Several of the utili-
ties that had reseanched Ra removal
techniqoes and had completed pilot
studics for comphance with the 1976
rale ceased all effores because most
of them were in compliance with the
proposed rule.

In early 1998, USEPA informed -
the water community of its Ieat to
and 228 at 5 pCafL.. This canght sev-
eral utilities in the Midwest by sor-
prise because most of dhem wert wait-
ing for the relaxation of the standard
proposed in 1991 of 20 pCifl each
for Ra 216 and 228 isotopes. In
December 2000, USEPA pablished
the final rule. The final radioneclides
ralé retains the current standasds foe
combined Ra 226 and 228 (§ pCilL),
gross alpha {15 pCifL), and beta pac-
tele and photon radicactiviey (4
mrems’L) and regulates uoanium for
the first time at 30 pg/l.

Ra is a member of the alkaline

iMg*2), calcium {Ca*?), strontium
{5r*2), barium (Ba*2), and radium
(Ra*2). Two of these elements, cal-
cium (Ca) and magnesivm (Mgl, are
the primary constituents of water
bardness and commonly are removed
using softening processes. Decause of
the similarities between hardness
[Mg*2, Ca+1) and noahardness (Ra2
and 30 forth) members of the alka-
ling earth metal family, softening
processes intended 1o remove Ca and
Mg also remove Ra as a secondary

benefit. Most currently available Ra-

removal treatment processes (lme—
and ion exchange) were designed for
hardness (Mg*2, Ca*2) removal and
not radium (Ra*2) removal. This
shows the importance of understand-
ing the similaritics in characteristics
berween members of the alkaline
carth metal family. In chis family,



adsorptive preference increaves as the
anoemic weight increases; thus, relative
adsorptive preference in the family is as
follows: Mg*2aCa*loSr+lcBaticRad,

The best available technology (BAT)
idenrified by USEPA for Ra reduction
includes ion exchange, lime softening,
and RO, All of these processes have been
shown to remove 70-97% of Ra (Groth,
1994%). Lime softening has resulted in
»90% removal of Ra during coprecipi-
tation of Ra with Ca and Mg, Ton ex-
change and RO have been shown ro
remove up to 7% of Ra (Sorg & Logs-
don, 1980). However, each of these tech-
nologies may be expensive to implement
It was reported (Kondpally, 1991) that
the cost of Ba removal for theee Dlinois
communitics with populations ranging
from 1,077 to 1,982 people was genecally
around $4/1000 gal ($1.067,000 L) after
RO was installed. McKelvey and col-
leagues (1993) reported that the cost of
HRa remowal for a'system serving 50 poo-
ple waz 54,187,000 gal ($1.10/1,000 L),

Batch and pilot-scale filter studies
© showed up to 80% removal of Ra by
the addition of preformed hydrous man-

|
[ ]
ganese axides (HMOs) (May & Spicss, L]
1979). Valentine et al (1990) advocated !:j
the use of preformed MnOy for Ra 12
removal from water with subsequent L
separarion of the solid phase by sand
filtration. Teams of researchers have
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completed pilot-plant studies 1o deter-
mine the possibility of removing Ra by =
manganese greensand filtration systems.

Manganese greensand filtration is typ-
ically used for the removal of iron (Fe)

and manganese (Mn) in well water and
mﬂdnﬁuﬂuiddedndwnmnfrmﬂn;h Man-
ganese greensand is a naturally occurring gloconie mate-
rial that has the ahility of catalyrically oxidizing Mn and
Fe normally using potassium permanganate (Khn0,).
This article reviews the piloes and full-scale resalts of Ra
removal by “nonstandard™ systems, '

HMO STUDIES

In 1990, Bellevae Sanitary Dhstrict Mumber 1 in Browm
Counry, Wis., ponducted a pilot-plant study for removal
of Ra in three city wells. Well number 1 contained 9.4
pCiL of Ra 226 and 5.2 pCiL of Ra 228, for a total of
14.6 pCiL. Well number 2 contained 11 pCi/L of Ra
226 and 4.4 pCiL of Ra 128 for a total of 15.4 pOiL.
Well oumber 3 had 16.9 pCifL of Ra 226 and 4.4 pCilL

of Ra 228 for the highest sotal Ra at 21.3 pCifl. At a
dosage of 0.5 mg/L of HMO followed by manganese
greengand filtration, the Ra level in all three wells was
reduced to below 5 pCiLl. The HMO was produced by
mangansse sulfate and KbnOy,

The City of Knoxville, lowa, designed and installed a
plant for removal of Ra, Fe, and Mn, The pressure plant
is served by three Jordan aquifer wells witha ¢ i
capacity of 3,000 gpm (189 Lfs). The Jordan a
wells are deep rock wells drilled down o the water-bear-
ing Jordan sandstone. The raw water qualiry dara are
shown in Table 1. The treatment process train and
dosages of vanoos chemocals are sbhown in Figure 1. The
filters contain 12 in. (300 mm) of anthracite and 24 in.
(610 mm) of manganecse greesisand supported by 16 in.
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TABLE 4 Bew watar quality—L akevilla, Minn.

well 6 Well 7 Wall | Wall @ Wl 10 Wl 11 'l'i'ﬂ 12 Wiell 13 SArage
Capacity—gam (L) 1,400 () | 1,200 (76} | 1,500 (86] | 1200 (78) | 1,500 85] | 1,200 (78] | 1,.200(T&) | 1,200 (76]
Teital hardnass—mgdl A00 E) 2 310 250 ang 157 -1 74,13
Alkafinity—mpt. 300 350 237 295.67
Cabcium—mgrl 180 &7 1850
Miag nesium—mgt i a | ems0
Iron—mpd 0.3 0,64 0ad 0,37 T 4 e od 837
hian ganese—mpid. , 0,0 0,04 008 0,07 007 0,08 0124 0.0 8.08
Chioride—mgL 2 2 16 HD* 1 D o MD 130
Sulfate—mpd o 14 1 0 17 40 # 717
Potassium—mgid 1,801 _ 1091,00
Tortal solids—mpi. 120 340 0 00 ma o | 7o
Tortal dissoived sclids—mgi. 338 280 0 m m 716 T 2RTY
Specific conduntivity B20 : A0L00
M : .y ik T8 it T 7.4 ) T34 T4 TEA
C——] 740 ) 210
Cadmimm—iig = -
Chramaum—pgT <&
Fhigsrjchs—mpi [1 7] 0.20 ) ' g
Lasd—pgd. _ <10
Msreury—npl <1
Mitrate rétrogan—mgL wd w01 o1 18 . MD MO o (] 140
Belenium—ugd 3 : '
Eiver—pgl f
Sodium—mgl B.13 o
Radium Z26—pliL 34 43203 | 2802 | 45803 | 44ald | 42003
Fadium 28—l ) ND 2.0u00,8 12a07 | 1Bsl7 <10 | 18:14
Oross alphs—pCil 16.4 2823 1823 a2 35a04 | B7a40
Grods BME—pCiL ’ ’ G.A22T
Radium 233—pCHL 12030 | Zesdn | 2ededn
W Dt atacind
AGURES  Lakevills, Minn, fitar detal diagrem TABLEG  Radiem removal—Lskevile, Minn. /
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(410 mm) of coarse sand and gravel Filter rms areabout  The disposal of the backwash water is to the sanitary
two weeks in duration, The filters are backwashed by  sewer. Currently, there are no known regulatory moni-
air-scour at 2 cfmfsg ft (0.6 m*min/m2) followed by  toring requirements for the disposal nfth:bu-:ltm:h
water backwash at a rate of 12 gpmésq ft (8.1 Lisim?). watnrhtnlh:ﬂnm.qrm
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The Ra remavals for the Knox-
ville, lowa, plant are shown in Table
2. The 65% removal rate of Ra 228
iz somewhat higher than the 57%
remmsaval rate of Ra 228, The overall
Ra remowval rate is 64%. This process
i wrell-smited for communities that
have total Ba 226 and 228 content

of up to 10 pCifL.
MANGANESE GREENSAND
Manganese greensand filtration
currently used for removing auisance
contaminants of Fe and Mn has been
suggested as A promising, low-cost
means of removing Ra, In the Mid-
west, several communities completed
pilot-plant studies for Ra removal
ugng manganess greensand filtration.
A pilot study was conduocted in
Crarretson, 5.1, in Janvary 1380 by
South Dakota State Universiy in
cooperation with the South Dakota
Department of Water and Marural
Resources to deteeming the efficiency
of Ra removal by KDy oxidation
followed by filtration throough a man-
gancse preensand filter. Raw water
quality data are shown in Table 3.
The soady results shorered that Ra 226
was reduced from 3.2 to 0,63 pCifL,
a reduction of 80%. Ra 228 was
reduced from 5.47 to 152 pCifL, a
reduction of 2%, Raw water Ra
content (Ba 226 and 228) of B.67
PCVL was reduced 1o 2,15 pCifL in
the treated water, a reduction of mare
than 75%. After 55 h of operatian,
the Ba content of the effluent water
excecded § pCill. The résults of the
study indicated that the efficiency of
the process decrensed with a lodwer
Mun-to-Fe ratio, higher filter loading
rates, and kower media bed volome,
was also observed that the efficiency
of the process reduced with time.
The city of Marcus, lowa, has owo
wells thar seeve the warer trearment
plant. In 1990, the city replaced the
sand in three pressure filters. The well

weater has a hardness of moree than 958 mg/L. Test resules
showed that raw water Ra levels of 9.9 pCiL were
reduced to 1.2 pCL, an B8% removal of Ra. The city was
because it no longer exceeded the Ra standard.

TABLE & Raw water quality—Hinckiey, Minn.
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TABLE 7 Eadum remoyval—Hisckley, Minn,*
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The city of Elk Point, 5.D., has three wells and six fil-
ters serving a populition of 1,656 people. Raw water
quality data are shown in Table 3. The process involves
forced air acration followed by addition of KMnOy and
filtration by manganese greensand filters, Filtration rates
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in March 1998, This plant was
selected for the study because raw
water data showed that in one of i
wells the levels of Ra 226 and 228
were higher than the MCL. The plant
schematic is shown in Figuree 2, and
the filter crovs-section is shown in g
uwre 3. Raw water quality data for
wells =13 is shown in Table 4. The
water from wells 6-13 s oxsdzed by
the addition of chlorine and then is
filtered. The hltered water is soored

L
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e ina 2.1 mil gal (7.9 ML} clearwell 1o

b pumped into the distnbation sys-
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tem. Table 5 shows the results of Ra
removal by the manganese greensand
filiration process. The removal of Ra
226is 33%, Ra 228 was not demecied
in either the raw waner or the plan:
effluent,

In Hinckley, Minn., in 1998 a 400
gpm (25 Ls) Fe and Mn cconoval plan
was constructed on well number 4.
The raw water qualiry dats are shown
in Table &. The process mvolves G-
dation by KMnO, and Glration, The
filter contains 12 in. {300 mm) of
anthracite and 18 in. (460 mm) of

— [ )
12 b,
ANnm

Mwa water

manganese greensand and is sup-
ported by 12 in. (300 mm) of gravel.
’ A filter croas-section is shown in Fig-

Welts 4, £, §, snd T

wre 4. The raw and haithed water Ra
levels are shown i Table 7. Resuls
shovw thae che rozal B resmoval rate is
only 21%, not enough to meet the
MCL of § pCifL. The city is curreathy

required to publish a quarterly noti-
fication of violation. '
In Savage, Minn., an Fe and Mn

are 3.1 gpm/eg e (2.1 mms). The level of Ra 226 and 228
in the raw water was 11 pCi/L. This was reduced w0 2
pCilL, & rediction of 82%.

A study of three plants was conducted in Minneoa in
1998 to determine the efficicacy of Ra removal by man-
trazion system to cemove Fe and Mn and to belp contain
higher levels of Ra 226 and 228. However, these three
plantt were not specifically designed 10 remove Ra. The
Minnesota Depariment of Health staff agreed 1o draw
samples of raw and treated wates, and the deparement lab-
removal for these chree plants ranged from 21 to 73%.

Thé city of Lakeville, Minn. constructed a 10 mgd (37
M1/} gravity Fe and Mn removal plant that came online

remaval plant was constracted in the
Late 19804, Favw water quality data are shown in Table §,
and the plant schematic is shown in Figure 5. Raw water
from wells 3, 5, 6, and 7 is acrated to oxidize the Fe,

" This is followed by chlorine and KMnO,. The water is

then filtered and stored in a 1.5 mil gal (5.7 ML) ground
storage reservoir to be pumped into the system. In 1996,
the city decaded to commvert the filter to 3 manganese green-
#and filter containing manganése grecntand and
anthracite. )
Table 9 ehows the raw and treated water Ra kevels in
Savage. The results indicate & 63% removal of Ra 226 and
an 83% removal of Ra 128. The raw warter Ra bevels of
15.6 pCUL are reduced to.4.2 pCiL so the plant effluent .
it below the MCL of § pCi/L for Ra 226 and 228, This
wis after the plant had been in operation with a nan-
gancte greensand filtration system for about dhuee years.
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DISCUSSION TABLES P watsr quolty—Srrage, Mina

The decision by USEPA to main-
tain a $-pCill. standard for Ra 226
and 228 will presnt a challenge to WelZ | Well8 | Wells | WailT | Awensge
namerous utilities, especially the Capacity—gpom (L) 1,250 788 | 4804300 | 1,300 1821 | 1400488 | 1,107.80
smaller ones becauss they lack the : . o
resources and techaical know-how to Tatal hardrese—mpd an 350 mo | e
implement the BAT for Ra removal. Alkalnity—mgl LY 350 0 200
The eost for RO is generally around Cokivm—mpt. 118 7 ] "
54,000 gal ($1.067 1,000 L) versus Magnesum—mgl L= D48 -] na
<52/1,000 gal ($0.53/1,000 L) for a lron—mat ::: x L4 8 s

bltration D4z MO (1]

ety RS el ol ol R
gatiese m.d fileration processes Chlarde—mgd 1 &g 0 EtE
provides a low-cost option for mesting Sutlme—mptL 65 22 s
the standard. The costs are less than Potessium—mgt 24 0 e
half of the cost of BAT for Ra Total solide—mat. 340 20 ans
removal. Some researchers (McKelvey | Total dissobved solids—mad _ a0 a0 S
et al, 1993) have indicated thar the Spacifie conductivity 619 i
Ba cemoval efficiencies decrease over pH .7 75 75 b 1
time. Also, the removal efficiencies Aurmrie— gl ]
increate with an increase in bevels of Fe Bararn—mpl P
and Mn in the raw water, particulacly Codmiam—pgl <
Mn. Mot et al (1993) showed that Chremsm—upd 8
influent Ra concentration of 100 Huprikle—mpt ozr MD a4
pCiL was reduced to 2-9 pCill in Load—ual W acey
column-type filteation experiments Maroany—uat. .23 0.23
that used manganese greensand as a Nitrute nitrogan—mgl 005 wo haD
caralytic filter for removing Fe and Selenium—pal <5
Mn from aqueous suspension. Siver—ugt <5

The Savage Water Treatment Plant Sadeum-—mgl as 3 &2 2080
was converted 10 & manganeds green- BH of stability
sand filter in February 1996, The Ra R Z26—pCyL ' 013008 | 6503
removal efficiencies have aot de- :I:nﬂ-# LT a;::u
creased after four years of operation. sipha—plia
The removal of Ra in the Hinckley Groas bewe—pCil =z |
plant i only 21%, significantly less R um 23 —plit il
than at the Lakeville and Savage TS — '
plants. The raw water ar Hinckley
has an Fe content of 1.83 mg/L. Re-
searchers have shown that Fe cxides | TABLES®  Radium remaval—Savage, Minn.
interfere with Mn axide in mixed
Fe=Mn m:du. It is Likely that high I R -y |
levels l:Ll't in I'Lt Hl:!-::l:'_l water - - -
of competing ions. Thess results scem Radium Z88—pCit. 8 14 #
to concur with those obeained at the Tousd 15 .z ”
University of lowa, whers Ba removal

was reduced fram 90% when no Fe

was present to 20-30% when Fe was present. It was not
clear whether the iron oxide simply blocked access rothe
sorptive sites or if it acrually adsocked onto the manganese
oxide. It has been shown thar Ra adsorption increases
with pH. The pH of the raw warer is £.96 compared with
about 7.6 for both Lakeville and Savage. The lower pH
may have contributed to lower Ra removal ar Hinckley.

Review of water quality data shows that the Ra
removal efficiency seems to be somewhat related to the

* eotal dissolved solids (TDS) in the raw water (Figure 6).

Ra removal increases with the incrense in TDS, Hinclkley,

ille, and Savage waters have an average TDS of
185, 289, and 380 mg/L, respectively, and 2 R removal
efficiency of 21, 38, and T2%., respectively.
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mended that a pilot-plant study be completed before these
lower-cost options for Ra removal are implemented. Util-
ities that have Ka levels up to 20% dbove the 5 pCiL
standard are the most likely to benetit by using either
HMO or manganese gresnsand filtration processes.
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It appears that there is some relationship between Ra
removal and total hardness, However, the relationship is
nonlinear, For example, average hardness for Finckley,
Lakeville, and Savage s 137, 285, and 293 mg/L, respec-
tively. However, the Ra cemoval efficiency oaly increases
from 21% for Hinckley to 39% for Lakeville and 73% for
Savage.

Disposal of water containing Ra ia a major concern 1o
ntilities that are evaluating different options for Ra
rernoval. Most of the manpanese greensand filter plants
dispose of the Peand Mn shidge to sanitary sewers, The
Minnesota Department of Health issued guidelines for
the disposal of Ra generated from removal in drinking
water in January 1992, It stated: *Radium discharged
must be readily soluble or dispersible in water Radium
may be released nto a sanitacy sewer provided that is
does not exceed a level derermingd below when - dilured
with the average daily volume of wasne water discharged
to the sanitary sewer by the releacing facility,

Comcentrarion Ba 216

) Concentration Ra 128
400 pCil. !

RN} pCifL

1" (1)

Although both HMO and manpaness gm:nmnd- fil-
tration hold some promise for Ra removal, it is recom-
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