
Experimental DesignExperimental Design
A series of benchA series of bench--scale jar tests were performed using varying ferric chloride scale jar tests were performed using varying ferric chloride 

doses (20 doses (20 –– 120 mg/L FeCl120 mg/L FeCl33) and pH adjustment (5.5 ) and pH adjustment (5.5 –– 7.0).7.0).

The removals of the CCL The removals of the CCL enterovirusesenteroviruses coxsackieviruscoxsackievirus B6 and echovirus 12 and B6 and echovirus 12 and 
the closelythe closely--related poliovirus type 1 were determined using conventional related poliovirus type 1 were determined using conventional inin--vitrovitro

cell culture techniques with buffalo green monkey kidney (BGM) ccell culture techniques with buffalo green monkey kidney (BGM) cells. ells. 

The removals of the potential surrogate bacteriophages MS2, PRD1The removals of the potential surrogate bacteriophages MS2, PRD1, phi, phi--X174, X174, 
and and frfr were determined using the double agar layer (DAL) technique witwere determined using the double agar layer (DAL) technique with h 

bacteriophagebacteriophage--specific host strains of bacteria.specific host strains of bacteria.
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E. coliE. coli 1559715597

PRD1PRD1
Salmonella Salmonella typhimuriumtyphimurium

(LT2) 19585(LT2) 19585

phiphi--X174X174
E. coliE. coli 1370613706
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E. coliE. coli 1985319853
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TreatabilityTreatability of U.S. EPA Contaminant Candidate List Viruses: of U.S. EPA Contaminant Candidate List Viruses: 
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ObjectiveObjective
The overall objective of this study was to determine the removalThe overall objective of this study was to determine the removals of the Contaminant Candidate List (CCL) s of the Contaminant Candidate List (CCL) enterovirusesenteroviruses ((coxsackieviruscoxsackievirus and echovirus) using enhanced and echovirus) using enhanced 
coagulation. A range of ferric chloride coagulant doses and pHs coagulation. A range of ferric chloride coagulant doses and pHs were tested to identify the optimal coagulation conditions for twere tested to identify the optimal coagulation conditions for the CCL he CCL enterovirusesenteroviruses, poliovirus, , poliovirus, 
potential surrogates (bacteriophages MS2, PRD1, phipotential surrogates (bacteriophages MS2, PRD1, phi--X174, X174, frfr), and chemical parameters (dissolved organic carbon, pH, turbid), and chemical parameters (dissolved organic carbon, pH, turbidity, UVity, UV254254).).

BackgroundBackground
Enhanced Coagulation:Enhanced Coagulation:
•• Best available technology for removing disinfection byproduct (DBest available technology for removing disinfection byproduct (DBP) precursors, BP) precursors, 

such as dissolved organic carbon (DOC).such as dissolved organic carbon (DOC).
•• Regulations such as the U.S. Environmental Protection AgencyRegulations such as the U.S. Environmental Protection Agency’’s (USEPA) s (USEPA) 

Enhanced Surface Water Treatment Rule (ESWTR) and the DisinfectaEnhanced Surface Water Treatment Rule (ESWTR) and the Disinfectants and nts and 
Disinfection Byproducts Rule (D/DBPR) emphasize DOC removal. Disinfection Byproducts Rule (D/DBPR) emphasize DOC removal. 

•• It is important to understand how enhanced coagulation using incIt is important to understand how enhanced coagulation using increased reased 
coagulant dose and/or pH depression affects the removal of microcoagulant dose and/or pH depression affects the removal of microbial bial 
contaminants, such as those included on the contaminants, such as those included on the USEPAUSEPA’’ss Contaminant Candidate Contaminant Candidate 
List.List.

Contaminant Candidate List (CCL)Contaminant Candidate List (CCL)::
•• List of unregulated contaminants warranting priority research reList of unregulated contaminants warranting priority research regarding their garding their 

occurrence, health effects, and treatment/disinfection such thatoccurrence, health effects, and treatment/disinfection such that informed informed 
decisions regarding their future regulatory status can be made. decisions regarding their future regulatory status can be made. 

•• The CCL is revised every five years. The second CCL, published iThe CCL is revised every five years. The second CCL, published in 2005, n 2005, 
identified 9 microbial contaminants, including two identified 9 microbial contaminants, including two enterovirusesenteroviruses: : 
coxsackievirusescoxsackieviruses and echoviruses.and echoviruses.

EnterovirusesEnteroviruses: : 
•• Consists of more than 70 serotypes of small, nonConsists of more than 70 serotypes of small, non--enveloped, positive strand enveloped, positive strand 

RNA viruses, including coxsackieviruses, echoviruses, poliovirusRNA viruses, including coxsackieviruses, echoviruses, polioviruses, and es, and 
numericallynumerically--identified identified enterovirusesenteroviruses..

•• Human enteroviruses are the second most common cause of viral inHuman enteroviruses are the second most common cause of viral infections fections 
and are annually responsible for 30 and are annually responsible for 30 –– 50 million infections in the United States. 50 million infections in the United States. 

•• Infections are often manifested subclinically, but may also be aInfections are often manifested subclinically, but may also be associated with a ssociated with a 
wide range of clinical outcomes, including the common cold, handwide range of clinical outcomes, including the common cold, hand--footfoot--andand--
mouth disease, conjunctivitis, meningitis, and poliomyelitis.mouth disease, conjunctivitis, meningitis, and poliomyelitis.

SummarySummary
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•• Enhanced coagulation is an effective means of removing disinfectEnhanced coagulation is an effective means of removing disinfection byproduct ion byproduct 
precursors (DOC), as well as Contaminant Candidate List precursors (DOC), as well as Contaminant Candidate List enterovirusesenteroviruses..

•• The United States Environmental Protection AgencyThe United States Environmental Protection Agency’’s criteria was satisfied by s criteria was satisfied by 
removing more than 25% of DOC using enhanced coagulation conditiremoving more than 25% of DOC using enhanced coagulation conditions of 40 ons of 40 
mg/L FeClmg/L FeCl33 and pH less than 6.5,and pH less than 6.5,

•• Under these conditions, a maximum removal of 2.0 logs of Under these conditions, a maximum removal of 2.0 logs of coxsackieviruscoxsackievirus B6, 1.0 B6, 1.0 
log of echovirus 12, 1.5 logs of poliovirus 1, 1.8 logs of log of echovirus 12, 1.5 logs of poliovirus 1, 1.8 logs of frfr, 1.3 logs of phi, 1.3 logs of phi--X174, X174, 
0.36 logs of MS2, 0.29 logs of PRD1, and 41% of DOC was observed0.36 logs of MS2, 0.29 logs of PRD1, and 41% of DOC was observed..

•• The bacteriophages The bacteriophages frfr and phiand phi--X174 appear to be representative surrogates X174 appear to be representative surrogates 
for for coxsackieviruscoxsackievirus B6 (since their removals were the most similar), while B6 (since their removals were the most similar), while 
MS2 and PRD1 may be more conservative surrogates (since they werMS2 and PRD1 may be more conservative surrogates (since they were e 
removed to a lesser extent). removed to a lesser extent). 

•• The bacteriophages MS2 and PRD1 appear to be the most suitable The bacteriophages MS2 and PRD1 appear to be the most suitable 
surrogates for echovirus 12. surrogates for echovirus 12. 

•• CoxsackievirusCoxsackievirus and echovirus were removed similarly to poliovirus, perhaps and echovirus were removed similarly to poliovirus, perhaps 
enabling the extension of studies of poliovirus removal to the Cenabling the extension of studies of poliovirus removal to the CCL viruses.CL viruses.

ResultsResults
Coagulant DoseCoagulant Dose

•• As FeClAs FeCl33 dose increases, dose increases, 
virus, DOC, and SUVA virus, DOC, and SUVA 
removals generally removals generally 
improve.improve.

•• The optimal dose, defined The optimal dose, defined 
as the point of as the point of 
diminishing return was diminishing return was 
identified as 100 mg/L identified as 100 mg/L 
FeClFeCl33..

•• The dose requirement can The dose requirement can 
be reduced using pH be reduced using pH 
depression.depression.

pH AdjustmentpH Adjustment
••As pH drops, virus and As pH drops, virus and 
DOC removals generally DOC removals generally 
improve.improve.

••The optimal coagulation The optimal coagulation 
conditions appear to be conditions appear to be 
40 mg/L FeCl40 mg/L FeCl33 and pH and pH 
less than 6.5.less than 6.5.

Initial ConditionsInitial Conditions
Turbidity = 9 NTU, pH = 8, Turbidity = 9 NTU, pH = 8, 

Alkalinity = 140 mg/L as Alkalinity = 140 mg/L as 
CaCOCaCO33, DOC = 4 mg/L, , DOC = 4 mg/L, 

SUVA = 2 mg/LSUVA = 2 mg/L

For copies of poster: For copies of poster: 
http://wqc.asu.eduhttp://wqc.asu.edu
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Virus Removal as a Function of Ferric Chloride Dose
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Virus Removal as a Function of pH
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DOC (dissolved organic carbon) and SUVA (Specific ultraviolet abDOC (dissolved organic carbon) and SUVA (Specific ultraviolet absorbance = UVsorbance = UV254254/DOC) are often used as surrogate measurements of DBP precursors/DOC) are often used as surrogate measurements of DBP precursors..


