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LOW-LEVEL RADIOACTIVE WASTE TREATMENT: THE WATER RECYCLE PROCESS

W. C. Yee, F. Delora,* and W. E. Shockley
ABSTRACT

The water recycle process was developed for decontaminating
low=level radicactive SGQUess wostes and |=\.,\—!llg the punfled water
for reuse at nuclear installations. Tkis process was successfully demon-
strated through several cycles in a micro-pilo! plant, using ORNL
waste that contained low conceniraiions of salts and rodicnuc!ides.
The recycle of water should be an improvement over present methods
in which the wastes are deccntaminated and the purified water is dis-
charged to the environment. The cteps it the process cre: (1) clar-
ification, using zeta-potential-controlled additions of coagulants such
as alum, coogulant aids, activated silica, ond nonionic orgznic poly-
electrolyte; {2) demineralization by cation-anion exchange; and (3)
treatment with activated carbon. Zeta-potential control was shown
5 be an excellent method for obtoining ootimum clarification condi-
tions. The water in the micro-pilot plant was deconiaminated from
all major radionuclides by factors (DF's) of 1000 to 10,000 for up to
2400 voiumes of water per volume of cation resin. The DF's for
cobait (60Co) and ruthenium ( 06Ru) were 104 and 103 the highest

obtained in the ORNL waste development program.

1. INTRODUCTION

Low-ievei radioaciive wastes, consisting of water with iow concentraiions of
solts and radionuclides, are produced at most nuclear installations. Conventional
decontamination methodsl'2 include scavenging precipitation, ion exchange, or
distillation, followed by discharge of the purified water to the environment. The
objectives of the wo:n reporied here are: (1) to determine the technical feasibility
of mcycling the purified water for reuse (e.g.. to determine the effects of the

*Guest scientist from the Spanish Atomic Energy Commission. Present oddress:
‘Ministerio de Industrio, Junta de Energia Nuclecr, Madrid, Spain.




concentrations of contaminants in recycled water; and (2) to develop i:.proved
decontamination methods. Recycle appears desirable since it would eliminate the
cost of purifying the water tha' is taken from rivers for use in the nuclear station;
also, it would allow the nuclear station to become self-contained. !mproved de-
contamination would, of course, decrease the flow of radionuclides to the environ-
ment. The radiocactive concentrate could be incorporated in asphalt or polyethylene

3,4
prior to disposa! in o government burial ground.

Some of the solids in the waste are present in the form of colloidal particles.
Thus, efficient clarification is important as the first treatment step. ““eta-potential
control was developed as o regulatory method since previous workers hod reported
that it showed considerable promise.s

The second step is demineralization for efficient removal of soluble saits ond
radionuclides. This portion of the process differs from the previously developed
p.'ccessé-g in which a high degree of decontamination, but only pazrial demin-
eralizotion, was achieved. The third step is sorption on activated corbon. This
sorption system was evaluated in an effort to increase the removal of radionuclides,

such as ruthenium and cobalt, wiiich had proved to be refractory in previous studies.

The water recycle prac=z: is compatible with present public opinion and with
government policies that encourage the recirculation of waters and the minimization
of discharge of both radioactive and norradiocactive salfs to the enviromusnf.l
This type of process should clso be applicable to the recycle of nonrodiocuctive indus-

trial ond urban waste waters that require clarification cnd deminerc!ization,
2. PROCESS FLOWSHEET

The water recycle process, which was dwelopd for the treaiment of lo\v-lovel
radloocﬂve waste having a low salt confcnf (Fig. 1), consists of the following steps:
cooguioﬂon and clarification, demineralization, and treatment with activated
ccrbon The decontaminated ond demmerollzed water is mfum~d to fhe nucleor
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Fig. 1. Treatment of Low-Level Rodioactive Waste and Disposal of Residues.



installation for reuse, while the concentrated radiocactive waste is denitrated, if

necessary, and then incorporated into asphalt and buried.

The flowsheet (Fig. 2) includes: (1) coogulation by zeta-potential-controlled
additions of the coaguiant, alum, and the ccogulant aids; activated silica; and o
nonionic organic polyelectrolyte; (2) clarification by upflow through a fluidized
bed of sludge (upflow clorifier), followed by filtration through o bed of anthracite
coal ond sand; (3) demineralization by cation-anion exchange; and (4) somption of
the remaining rodioactive and nonradiooctive contaminants on gronular activatad
carbor Continuous operation of the coagulation—clarification systen: under optimum
condifions is important to the maintenance of high decontamination foctors (DF 's) for
radionuclides such as cobalt and ruthenium, which, in neutral wastes, exist in sev-
eral forms including ionic and nonionic colioids. Efficient removal of these colloids
depends on the neutralization of their mutually repelling surfoce chorges, that is,
their zeto-potential (ZP).5 The successive oddition of activated silica (0.5 ppm
as Si02) and alum [2 to 3 ppm as AI2(SO4)3] in the flash mixer increased the ZP
of synthetic recycle water from =20 mv to 43 mv. Stirring at 1750 rpm effectively
enmeshed the colloids within the freshly forned aluminum hydroxide floc. The
addition of 75 ppb of a nonionic organic polyelectrolyte* ot the flocculator en-
hanced the growth and settling properties of the floc (Fig. 3) and accomplished the
desired filtering action in the upflow clarifier (the primary filtering medium) by
maintaining a fividized bed of siudge. The final ZP was -2 mv. After filtration
through onthracite and sand, the w..rer had a ciarity comparabie to that of disiiiled
water, representing a greater than 100-fold decrease in turbidity. The micro—pilot
plont components used in these tests are shown in Figs. 4 and 5.

Demineralization was occomplished by ion exchange, usirg two separate columns;
one contained 1.0 cation resin volume (400 ml) of a strong—acid cation resin (Dowex
50W-X8, 20 to 50 mesh), and the other contained 1.9 cation resiz: volumes (750 ml)

*Purifloc N-12, product of the Dow Chemical Co., Midland, Mich.
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Fig. 2. Flowsheet for the Water Recycle Process.
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PHOTU 83266

Fig. 3. Coagulation of Suspensoids by Use of Zeta=Potential Control. (a) Raw water contains suspend.d
particles which have an average zeta potential (ZP) of =20 mv. (b) Alum [2 to 3 ppm Al(SO4)3] and activated
silica (0.5 ppm, as 5iO9) are added with rapid stirring. Repulsive surface charges are neutralized to a ZP of
+3 mv, and particles (the "stars") are enmeshed into the freshly formed small aggregates of aluminum hydroxide
floc. (c) Fioc growth is enhanced by the addition of a nonionic organic polyelectrolyte (75 ppb) which lowers
“the ZP te ~2mv. The water, after filtration, has a clarity comparable to that of distilled water.
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Fig. 4. Micro=Pilot Plant Used in Tests ¢f the Water Recycle Process: Clarification Section.
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of a strong-base anion resin (Dowex 1-X8, 2C to 50 mesh;, The contact times for
the cation and anion columrs were 2.6 and 4.8 min, respectively. The flow ruie
was 150 ml/min. A third column, containing activated carbon, was used for firai
polishing (or cleaning}. A vegetable-based granular, activated carbon* was used
in preference to other commerciail carbons because of its greater capacity for co-
balt. The volume of the activated-carbon column (i.e., 1200 ml or 3.0 cation resin
voluries) was maintained at three times that of the cation column to obtain the

optimum residence time of 8 min recommended by Roberts and Abde|-Razek.”

The water used in the micro~pilot plant evaluation cf the flowsheet had to be
similar to water that had been demineralized and then recontaminated through plant
use. Consequently, the waste used in these experimental rurs was water with a low
solids content and consisted of: (1) 80%, by volume, of decontaminated and de-
mineralized ORNL-LLW trected via the water recycle procass, (2) 20% raw CINL-
LLW, and (3) radicactive tracers. The specific conductance of the composite waste
water was 80 to 100 micromhos/cm, only one~fourth to one-third of that for ORNL-
LLW. Equal amounts of tracer 106?.-.; were added from two sources, namely, an acid
solution containing ]%Ru ue the pure isctore, and ORNL intermediaie-ievel waste
(pH, 12 %o 13) containing ioéRu-. Cobalt-60 from these two scurces was also present.
Overall DF's of 100 *5 iC,000 for all major radioactive species were obtained for
up to 2400 volumes of waste treated per bad velume of cation resin; DF's in the

131, 106, 90

few-thou-and range were achieved for I, Ru, " Sr, and total rare earths, while

DF's of 14,000 and 37,000 were achieved for ]37Cs and 60(.'.o respectively. The
concentrations of other radionuclides — M4Ce, ]?ESb, and 9SZr-Nb- were reduced
to the analytical limits of detection (Tubie 1). The DF's for méRu and 60(.'0 were
10 to 1000 times higher thcn those obtained previously in the ORNL waste develop-

ment ;:.wrogrc:m.]2 The composition of the product water met U. S. Public Health

*Nuchar C-190, o product of West Virginia Pulp and Paoper Co., Chemical Division,
New York, N. Y. o o |
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Table ). Product='Water Analysis of Low=5alt=Content Wuste Treated by the Water Racycle Process’

A. Overall Decontomination Factors (DF 's) for Radlonuclides

Indlvidual lsotuper. Total Bulk lors
a4 & 137 131 106 125 90 95 kore Gross Gross  (spacific
Ce o Cs | Ru Sb Sr Zr=Nb Earths Gamma Reta conductance)
Waste onclysls, dis min=1 28.0 245 162 277 96 3.4 55,1 1.7 52.0 254 198 ao®
mi~! or counts min=!
mi=1
DF's for product water  800° 37,000 14,000  3:%0 1230 210° 5700  a50° 1900 270" 260° 200°
B. Wet Analysis
Toal
Cissolved Total Total Coalclum
Turbidity Solids Hordness Alkalinity Hordness No Al Si POy 504 F Cl NO C
UTd o) (mCAO) (e CoCOY (mCaCO) (om)  (ppm)  (ppm)  (ppm)  opm)  Gpm)  (opm)  (aom)  (ppm)
Waste water 10 . 24 19.6 21 3 <0.1 0.56 0.17 <2 026 < 3 8
Product watwr .05 <l 0.1 <1 <0.) 0.1 <01 <0,  0.02 Q@ <002 A <) Q@
USPHS stonards’ 5 500 0 0 o 0 . e o1h 25 | 250 45 |

%Conditions: alum=silica=nonlonic polyselectrolyte clorification; cation-anlon exchongy; sormtion on wagetable-bosed activatud carbon a a firal polishing ctep. DF values ore

for product water with o specific conductance of less than 1 micromho/cm.
bTh. diimensions of specific conductonce are micromhos/cm.
These are min’num volues, since oll of the rodicactivity in the waste water was reduced to the anai-tical limits of detection (dackground).
dJocluon tubldity unit. Turbidities measured on low=angle turbidity meter. Ref: A, P. Black ond S. A, Hannah, J. Am. Water Works Amoc, 57, 901 (1965).
*Not deterinined.
fU. 5. Public Heolth Service Drinking Water Standards, 1962
ONo iimits piven.

h :
No limit given. This figure Is considered to represent the safe tolerance level in drinking water for man. Refi T. R. Comp, Water and It impuritivs, p. 93,
Reinhold, New York, 1963, -

-
o
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Service specifications regarding permissible concentrations of redioactive elc.erm.enfs‘3

(i.e., < 2% of the MPC for a 168-hr week if ]3]= is excluded; < 10% of the MPC if

, 4
13Il is included) as well as nciradioactive elemenfs.! The salt content of the

product waier was reduced to less than 2 ppm, i.e., greater than a 20-fold reduztion.

In the demineralization-carbon system, specific conductance was o simple indicator

of resin-bed exhaustion, since the breakthrough of bulk ions has been found to precede
breaakthrough of the rodi

elements {Fig. §). lon exchange ireaiment aione removed

)

< ¢

most of the 137Cs and 4 Sr, but sorption on activated carbon was required in order
o obtain high DF's for cobalt ond ruthenium. The DF  for demineralization, as
indicated by specific conducterce measurements (Toble 1), was 200.

The regeneration of the cation exchange column required six resin volumes of
4 M HNC)3 to reduce the activity level of the rodioelements on the resin to 0.1%
of the level of the sorption cycle; the first three bed volumes (BV's) containing the
bulk of the aoctivity were diverted to intermediate-level waste, whils tie last three
BY's ~ere retained for a subsequent regeneration. In similor fashion, 8 BV's of
2 M NaOH were required to reduce the concentrations of the radicelements on the
anion exchange column to 1% of the original. Cobalt=60 was removed from the
activated-carbon column by using 0.5 M HNO3 as the eluent; 4 BV's were required
tc reduce the activity resulting from this radionuclide to 9.1% of that originally

present.

Important parameters that could significantly affect the process operation in
recycle water treatment include the pH of the raw waste, the specific conductance
of this woste, ihe synthetic~detergent content of the waste, and the effect of in-
creased amounts of contominants that moy accumulate during recycle. The pH of the
row waste must be in the range of 7 to 8 prior to coogulation-clarification treatment.
This allows proper alum floc formation, which is essential to optimum ramoval of the
radiocolloids, especially l%Pu and 6‘:)Co. The required alum dose is more dependent
on ihe specific conductance of the waste than on the turbidity of the waste; ORNL-
LLW with a specific conductance of 250 to 300 micimhos/cm and about 15 Jacksen -

[ IR
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turbidity units (JTU) required 20 ppm AI2(SO 4)3, while recycle waste with o
specific conductance of 50 to 60 micromhos/cm ond turbidities ronging from 5 o
25 JTU required only 2 tv 3 ppm AI2('.S()4)3 (i.e., about one-tenth of the dose
required for ORNL-LLW). When large concentrations of synthetic detergent
(syndets) are present in waste, the addition of a medium-iang=chain cationic poly=-
electrolyte may be necessary in order to optimize clarification. This polyelectrolyte
serves to decrease the negative ZP of the suspended particles sufficiently to parmit
alum ond activated silica to neutralize the surface charges. In one micro-pilot
plont run, 10-ppm quontities of tripolyphosphate (TP) ond alkylbenzenesulfonate
(ABS) were odded tc the recycle waste; the combined concentration of these com-
pounds is comparable to the maximum syndet concentration in secondary effivent
water, as reported by the U.S. Public Health Service.‘s In the coagulation step,
app-oximately 20 ppm of Primafloc C-3,* approximately 15 ppm of A|2(SO 4)3, ond
0.2 ppm of octivated silicu (as SiCz) were odded. The aoddition of larger quantities
of coagulants and coogulont a.ds significantly increased the total dissolved solids
present in the waste ond resulted in the reduction of the ion exchange capccity for
treating the waste by 33% (i.e., to about 1900 BV's).

3. LABORATCRY DEVELOPMENT CF iHE PROCESS

Much of the laboratory work connected with the development of the water
recycle process was devoted ro a careful examination of the conditions necessary to
achieve optimum clarification of row wastes on a continuous basis, since the removal
of the ionic radinactive contaminants could be readily occomplished viu cation-
anion exchange methods.

One of the mo:t significant and contrelling factors in the <larification of

o
voste waoters is 2P r‘oniroi.lé Aithcugh several other foctors must also be taken

*A medium=-long-chain pclyamine of ie cationic type, with a moleculor weight
of 10,000 to 20,000; procduct of Rohm and Haas Co., Philodelphia, Fo.
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into account, it is essential to neutrolize the metual repelling forces (ZP) of the
colloids since they keep the particles in suspersion and hinder or prevent agglom—
erotion. Coogulation is achieved when o sufficient quantity of alum and other
coagulants cids is added to encopsulate all the colloidal particles in hydrated
aluminum oxide. Zero ZP (with a toleronce of £+ 5 nw) is ottained when the ampho-
teric aluminum oxide floc is at a pH neor the isoelectric point.

Exploratory jar (or beaker) tests were made with ORNL-LLW to identify the
optimum conditions needed to clorify waste water, using ZP control. Eoch test
comnsisted of the following steps: (1) 2 min of flash mixirg (1750 rpm) of the woste
water after alum was added; (2) 15 min of flocculotion ot 60 rpm, followed by 15
min of mixing ot 20 rpm; and (3) 30 min of settling tirme. Elactrophoretic mobility
measuremenis were made, immediately after the flosh-mixing step, with the use
of a Zeta~Meter:* these mec:urements were subsequently converted fo ZP volues.

The avuroge ZP (using the cbove method) of somples of ORNL-LLW taken over
a six-month period varied from -12 to - 18 mv {Fig. 7); this ronge is sli¢/«t'y less
negotive than that for suspensoids in raw water (reported ' to be =16 to 22 ).
Test cbjectives included the determination of: (1) the amount of clum reeded to
bring the ZP of the waste 1o zevo, (2} the influence of other coogulant oids on zeta
potenticl when they were added along with alum, ond (3) the effect of speed on
flash mixing. Figure 8 shows that 10 to 20 ppm of olum is needed to neutrolize
the negative ZP for colloids (in waste) that have initicl ZP volves ronging from
=11 to =18 nmw.

The effects of coogulant cids on ZP (Table 2) are as follows:

1. Grundite clay, which con be odded to give bulk to the lizht olum floc
and tc decrease subsequent settling time for clarificction, lends io
decrease the omount of clum subsequently needed to ottoi zero ZP.

(The ZP of Gmuﬁh clay in top water is cbout ~10.8 mv, ‘which is
less negative than the avergge ZP of the suspersoids in ORNI.-I.I.W)
*Product of Zcro-Manr, inc , New York, N. Y.
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ZETA POTENTIAL (mV)
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Fig. 8. Alun Coogulation « f LLW, Using Zeta-Potentiai Control.
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Taule 2. Changes in Zeta Potential When Coagulant Aids Are Used in Conjunction with Alum Clarification

Date

ORNL-LLV" Coagulant Ald Alum Zeta
Saple Conc. Conc. Potential
Was Taken Type . Purpese (ppm) (ppm) (mv)
7-13-64 Grundite clay To densify alum floc 0 0 -16.2
0 13 0
10 13 0
20 12 0
40 11 0
o R 80 10 0
- 11-6-64 Activated silica To toughen fragile alum floc 0 0 -14.8
0 24 +5.2
0.5 24 +2.2
1.0 24 -2.3
2.0 24 -5.8
5.0 24 -10.2
10.0 24 -12.9
15.0 24 -14.2
7-13-64 Primafloc C=3° To aid in agglomeration during 0 7 -5.7
flocculation 0 7b -8.0
0.5 70 +3.1
1.0 70 +8.2
1.5 7P +11.2
2.0 7b +12.7

“A cationic, medium=length=chaln polyamine with a molecular weight of 10,000 to 20,000; product of Rohm and Haas
Co., Philodelphia, Pa.

t"7 ppm of alum and 40 ppm of Grundite clay.

74\
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2. Activated silica, which can be added to toughen the fragile alum
floc, increases the amount of alum subsequently needed to attain
z7-c ZP. (The ZP of activated silica in tap water is about =15 mv,

which is about the same as that of the suspensoids in ORNL-LLW.)

3. Additions of small amoun: of organic polyelectrolytes suck as
Primofloc C-3, which can ke cdded to the waste water after the
tlash-mixing : 'ep to assist in floc agzlomeration, produce greater
changes in ZP than inorganic coaguiants such <5 aium; for exampie,
oni* 0.5 pom of Primafloc C~3 shiftez the ZP of the suspended
particles in LLW from about -6 to +3 mv (Table 2).

Microscopic examinaiion of the aluminum hydroxide floc <howed that flash
mixing at 1750 rpm caused the alum to be distributed more rapidly and more uni-
formiy, and resulted in a more-complete enmeshing of the suspenscids, ‘han mixing
ot 200 to 300 rpm (assuming that 300 rpm is the maximum speed obtcinable with a
«tsondard laboratory stirrer). This t&:ult agrees with the work of Riddick,'3 whe
reported that, in the first one~thousancith: of a second following the oddition of
alum, the hydrous oxide polymer either encopsulates a colioid or unites with: another

alum polymer. The lutter action results in useless floc formation.

Optimum clarification conditicns were estabiished by determining the amount
of solid that remains suspended in the supernate in the jar tests. After a setiling
time of 30 min, 250 ml of the supernate in each jar was fil:ered through a G.45-u
willipore filter, ond the paorticulate concentratior on the {iiter was determined.
Best results were obtained when A!_ (SO 4)3 and SEOzjwere ~dded successively to
give respactive concentrations of 20=-30 and 0.5 ppm (Fig. 9). In this case, the
average ZP of the suspended solids in the waste increased from an original ~14 to
=17 mv to +2.5 mv. After this trentment, only 20 particles wene found to be present

per square centimeter of membrane filies area per milliiiter of clarified waste, as

compored with 300 particles for the raw waste.
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The clarification of recycle waste watar containing a low ccncentration of
total dissolved solids (i.e., a specific conductance of ~ 50 micromhos/cm) had to
be treated differently from LLW; this water required only about one~fifth to one-
tenih o the quantity of alum used in the trectment of ORNL-LLW havirg a con -
czntration of tota! dissoived solids similor to that of tap water (i.e., a specific
conductance cf ~ 300 micromhos/cm). Both activated silica and a ncnionic poly-
electrolyte were needed as coagulant aids in order to improve the set:ling charac-
teristics of the alum floc formed. Neither the addition of a polyelectrolyte nor
an alum=-activated ::#°=> treactment alone produced a clarified product of the
quality obtained by using the activated silica and polyelectrolyte in combination
as coagulant aids.

Jar tests at pH 7, which is the optimum pH for alum floc formation, demonstrated
that, in the presence of a polyphosphate (a constituent of syndets), alum flocculaticn
and ciarification are difficult. This is particularly true for water having a low cai-
cium content (e.g., recycle water). The formation of alum floc wes studied in
distilled water containing 25 to 3C ppm of ortho~, pyro-, tripoly=-, or hexameta-
phesphate (s PO,>"). Alum floc was formed in orthophosphate soltions Loth in
the presence and in the absence of ccicium, and zrinophosphate was removed {Fig.
10). In polyphosphate selutions containing 60 ppin of AI2(SO4)3, no floc was formed
in the absence of calcium. With ihe addition of 30 ppm of Ca2*, an alum floc wos
formed immediately, and 80 to 95% of each of the polyphosphates was removed.
Results of detailed coiumn sorption tests with activated alumina, which is dehydrated
alum floc (with less surface area), indicate that polyphosphate sorption was signi-
ficantly higher when the calcium/phosphate mole ratio was 1.0 or higher; jor tesis
were made under conditions where these ratios varied from O to 3.0. Thus, when
polyphosphate; are present in recycle water, the calcium/phosphate mole ratio
should probably be at least 1.0 in order to achieve optimum clarification with a

minimum amount of alum.

i b e
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4. CONCLUSIONS

Micro-pilot plant tests of a water recycle process demonstrated the feasibility
of using a closed~cycle method to treat low-ievel rodicactive waste having o fow
salt content. This process would aliow the return of demineralized, well-decon-
taminated recycle water to a nuclear installation for reuse. It represents an improve-
ment over the traditional "treat and discharge " methods £ treatment. The flcccuiction=
clarification treatment reduced the solids content (tubidity) of ORNL-LLW from 10
to less than 0.05 JTU, a level that is comparable to that of high—quality distilled
water. Overall decontamination factors of 1000 5 10,000 were obtained for all
major radioactive species up to 2400 volumes of waste freated per bed volume ~f
cation resin. The product water met U. S. Public Health Service stondards for the
radioactive elements datermined (i.e., iess thon 2% of the MPC for o 168-hr week
if 3] is excluded; < 10% of the MPC if 'S "1 is included). Specific conductance
can be used as a simple indicator of resin-bed exhaustion since the breakthrough of
bulk ions has been found to precede breakthrough of radicelements. Before break -
through, thes DF for demineralization viar 200.
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