ARSENIC: THE QUEST FOR ANSWERS

for arsenic removal

Preliminary bench- and pilot-scale investigations

showed that coagulation is a promising treatment for
removing arsenic from drinking water but that further
work is needed, primarily on full-scale plants.

Robert C. Cheng, Sun Liang,
Hsiao-Chiu Wang,
and Mark D. Beuhier

rsenic is a carcinogenic metial-

i Protection Agency (USEPA)

/L. This M
1977 and adopted by the state of California. How-

The possible use of enhanced coagulation for arsenic removal was
examined at the facilities of a California utility in 1992 and 1993,
The tests were conducted at bench, pilot, and demonstration
scales, with two source waters. Alum and ferric chloride, with
cationic polymer, were investigated at various influent arsenic
concentrations. The investigators concluded that for the source
waters tested, enhanced coagulation could be effective for arsenic
removal and that less ferric chloride than alum, on a weight basis,
is needed te achieve the same removal.

ever, the USEPA is planning to publish a proposed
egulated in drinking water by arsenic regulation in November 1995. It is anticipated
that the MCL may be lowered to between 0.0005
minant level (MCL) of 0.050 and 0.020 mg/L, based on epidemiological studies
stablished by the USEPA in  conducted in Taiwan.! These studies show that the
presence of arsenic will increase the risks of skin can-

cer {when ingested) and
of lung cancer (when
inhaled). Smith? extrap-
olated the data from the
Taiwanese study to the
gencral US population,
He conciluded that the
current USEPA standard
of 0.050 mg/L for arsenic
could increase the risk of
death from lung, kidney,
or bladder cancer by 13
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demonstration plant

per 1,000 persons, based on water ingestion of 1 L/d.
The USEPA has estimated that exposure at the current
MCL of 0.050 mig/L. would cause an increase of 31.3
excess skin cancers per 1,000 people.?

From 1973 to 1991, the USEPA conducied bench-

and pilot-scale studies 1o evaluate the elfectiveness of

various treatment processes in removing arsenic from
drinking water.#-# All data reported in these studics
had a minimum detection limit (MDL) of 1.0-5.0
pg/L for arsenic. The USEPA is
currently assessing the practical
quantitation level (PQL) for
arsenic, Atomic absorption spec-
lroretry techniques can achieve
a PQL of about 4 pg/L, but pre-
liminary indications are that a
PQL as low as 2.0 pg/L may be
possible.® With the potential of
lowering the arsenic MCL sig-
nificantly—possibly to <5.0
ng/L——there is a renewed interest in treatment
processes that can reduce arsenic below that level.

Objectives

One objective of performing tests at the bench,
pitot, and demensiration scales was to determine the
effectiveness of arsenic removal at each level. A sec-
ond objective of this testing was to determine, if pos-
sible, what extent of treatment would be necessary to
achieve the potential arsenic MCLs.

Literature review

Agueous chemistry of arsenie¢. Arsenic occurs in
both inorganic and organic forms in natural waters.
The inorganic arsenic is a result of dissolution from the
solid phase, e.g., arsenolite {As,0;), arsenic hydride
{As,Qs), and realgar (As,S,).1Y [norganic arsenic may
be present in the formal oxidation states of arsenate
fAas{V)] and arsenite [As(IIl}]. The dominant arsenic
species is a function of pH and redox potential. Arse-
nate, the thermodynamicaliy stable form of the inor-
ganic species in oxic waters, generally predominates

BO JOURMAL AWWA

Operationat characteristics of La Verne pilot plant and

in surface waters. Arsenate exists in four
forms in aquecus solutions: HyAsC,,
11,As0,~, HAsO,42, and AsO43~. HAsSO -
predominates from pH 7 te 11.5, indi-

L Demonstration B L . .
. Parametar Pitot Plant Plant cating that this is the lorm most likely to
T . o vccur in surface water supplies. At pH
gpm 5 mg ) - i -
Velacity. gradient (G) . <7. H;As0,~ dominates. Arsenite is
Rapid mig—g-t 325 2,500 favored under reducing conditions, e.g.,
Flocoulator, stage g“'.'s‘i %0 o in anaerobic groundwater. Arsenite is pre-
coutator, stage 2—s~ ) ) ) . . S
Pocculator, stage 3 s 8 5 sent as H3As05 in aqueous soluthns, thls
Flocculator, stage 4-—s ; : 5 undissociated weak acid is predominant in
" -Detehtion time {basins) . f _ 3 1
Rapid mix 1.3 in 0.84 sec the _pH range ol 2-9. Crganic arsenic
- “Flocculation—min 15 40 species occur in natural waters as a result
* Sedimentation—min B0 99 of the use of organo-arsenical pesticides,
* Loading rate . : . i i
Sedimentation—epmy/sq ft 1 as well as 1hrqugh the blgm@tl}}l/llaztlon
Fitter—gpm,/sq ft 6 5 mcchanisms of microorganisms. !l

1t is well established that the toxicity

ol arsenic depends on its chemical form.12

Arsenite, the trivalent inorganic species,

is more toxic 10 biological systems than arsenate, the
pentavalent species. The toxicities of organo-arseni-
cals are lower than those of inorganic arsenic species.
Agueous chemistry of aluminum and i¥on coag-
ulation. Amirtharajah and O'Melia'¥ indicated that
freshly precipitared amorphous aluminum hydrox-
ide, Al{OH});tam), is formed by the addition of alum
1o water. According to thermodynamic data for alu-
minum equilibria. aluminum is least soluble around

. .0 correlation was found between
“furbidity removal and arsenic removal.

However, good turbidity removal is a

prerequisite for good arsenic removal.

a pH of 6.2. Alum dosages of 10-30 mg/L, in the pH
range of 5.0-8.0, can result in Al{OH};{am) precipitate.
As the alum dose is increased 10 nearly 30 mg/L at a
final pH of 7.0-8.0, the precipitation of solid alu-
minwn hydroxide tends to occur 10 a greater extent,
and a sweep coagulation mechanism tends to domi-
nate. At pH «<5.0, polymeric species can predominate.

Freshly precipitated amorphous ferl:ic hydroxide,
Fe(OH)s(am), is formed by the addition of ferric chlo-
ride {FeCly) 10 water in the pH range of 6.0-10.0. A-
high pH (>10), the principal soluble species presen:
is the monomeric anion Fe{OH) 4. At low pH level:
(<6), the dominant soluble species are cationiu
monomers such as Fe* and Fe(OH),*. Fe(III) is least
soluble at a pH of about 8. Fe{lll) is a stronger acid and
is less soluble than alumirum.

Arsenic removal from water. A variety of treat-
ment processes has been used for arsenic remova:
from water. The most commonly used technologies
include coprecipitation and adsorption onio coagu-
lated floc, lime softening, sulfide precipitation, adscrp-
tion onto activated carbon, activated alumina, ion




exchange, and membrane processes such as reverse
osmosis. 41519 One of the most common treatment
processes for removing arsenic from water is con-
ventional coagulation. Previous studies concluded
that arsenate is more effectively removed than arsen-
ite from drinking waicr, and oxidation of arsenite 10
arsenate is necessary 1o achieve effective arsenic
removal.41¢ However, it must siill be determined
whether conventional coagulation could be applied 1o
meet more stringent drinking water standards.

Experimental design

Bench-, pilot-, and demonstration-scale tests at
various Metropolitan Water District of Southern Cal-
ifornia (MWDSC) fadilities evaluated arsenic removals
under varying conditions.

Bench studies. A series of jar tests was performed
for arsenic removal during February and March 1993,
Thesc tests were conducted using a modilied jar-test

Raw water quality for SPW and CRW

 #NT—not tosted

Pliot-scale tosts ware
conduclad fo sphstantiate
arsenic ramovals observed
im izr fests and o collect
operational data such as
the effecis of increased
voaglant desages on filjer
performancs.

apparatus containing six jars,
followed by sand filters.20
Each jar holds approximately
2 L of water.

Both California state pro-
ject water (SPW) and Col-
orado River water (CRW)
were collected in batches and
subsequently tested. Because
MWDSC normally treats sur-
face waters, and As{V) is the
prevalent form of arsenic
found in surface waters, all
arsenic spiking tests were performed with As(V).
Although SPW and CRW contain ambient arsenic
levels of approximately 3 pg/L, suflicient As(V) was
spiked to raise the arsenic level 1o 20 pg/L in the
infleent. This elevated level simulates the possible
degradation of MWDSC's surface waters when
groundwater is introduced.

Both alum and FeCl; were used as coagulants in
this study, and cationic polyimer was used as the coag-
ulant aid. Alum and FeCl; were dosed at 10, 20, and
30 mg/L. The polymer doscs used in SPW were 2
mg/L for alum and 3 mg/L for FeCl;; when CRW was
used, the polymer doses were 3 mg/L for either alum
or FeCl,. These polymer dosages were determined
to be optimal from the jar tests.

A total of four pH conditions were tested in this
study: ambient (with no acid addition), 7.0, 6.3, and
5.5. All pH values mentioned hereafter refer to the pH
of coagulation unless otherwise noted. Some of the

Jar Yests (2/93-3/93) Pliot Tosis (?/93—10/93‘}
SPW
i Pai - Bateh 1 Batchr 2 CRW SPW CRW

: Temperature—ﬂc ) . CNTHE NT 24,0 0.7 26,3+ 0.5
pH .- Coe T T.8L£044 7.84 £ 0.27 8.05 + 0.28 7.89 £ 0.15 8.10 + 0.15
Alkalmlty—mg/f. R B8 t1.4 56+ 1.4 128 + 4.1 81.0+20 121110

- Turbldity—nty -~ - L A5£15 168 £4.5 1.8+1.2 20:+0.3 08102

.. Total suspended solids—mg/L'. - NT NT 2,333 0.27 0.62+0.28
Splked arsemc--ug,’t 1688408 18.3+ 1.5 198£18 3.5+1.0 4.4+0.4
- : E 133+£29
1Aiv—ug/£_ 127131 496 £ 68 72+30 81+ 22 24 %11
Fe—ug/l . 345+ 412 63+ 12 63+ 24 54 + 10
TOC—mg/L 3.12#013 3.17 £0.41 2.51 % 0.17 3.59 % (132 2.66 + 0.53

Va2t /0m 0.088 + 0,028 0.190 + 0.020 0.051 £ 0.011 NT NT
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conditions tested required pH adjustment by acid
addition. Sulfuric acid {at a strength of 93 percent) was
added to the influent to depress the pH. Because the
added cvagulants depressed the pH of the water, the
desired coagulation pH was measured after the acid
and the coagulants had been added. For the ambient
pH tests, alum doses of 10, 20, and 30 mg/L dropped
the pH of SPW and CRW to the ranges of 7.40-7.0 and
7.84-7.51, respectively. When FeCl; was dosed at 10,
20, and 30 mg/L, the pH of the SPW and CRW was
lowered to the ranges of 7.06-6.53 and 7.55-7.03,
respectively.

The coagulants were added 10 each jar, flash-mixed
at 100 rpm (G value of 90 s-1} [or 1 min, and floccu-
lated at 50 rpm for 15 min (G value of 35 s*1); finally,
the effluent was collected after being passed through
the sand filters. The filters were backwashed with
tap water and rinsed with five bed volumes of deion-
ized {DI) water. Because the tap water contained
ambient levels of arsenic {up to 3 pg/L), rinsing with
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Arsenic jevels using alum and cationic polymer in SPW during jar tests

Palymer Dose—mg/L

Bars raprasent arsenic levels in micrograms par fitre.

Arsenic levels using FeCl; and cationic pofymer in SPW during jar tests

Polymer Dase—mg/L

Bars represent arsenic lavels in micrograms per lilre.

DI water was necessary 10 lower the background
arsenic level below the <0.5-ng/L detection limit
obtained during these Lesis. .

Samples collected from each test were analyzed for
pH, turbidity, ultraviolel (UV) absorbance at 254 nm
(UV,s54), and arsenic. Tolal erganic carbon (TOCH.
alkalinity, aluminum, and iron weré analyzed fer
selected tests to assess other operating criteria {o:
enhanced coagulation {e.g., TOC reduction, alkali:.
ity reduction, and aluminum and iron levels in the fi: -
ished water}.

Pilot-scale tests. The goals of the pilot-scale tests
were {1) to substantiate the removals observed in
the jar tests and {2) to collect operational data in such
areas as the effects of increased coagulant dosages
on filter performance (turbidity, filter run lengik::.
These tests were conducted between July and Octo-
ber 1993 at MWDSC’s La Verne pilot plant (LVPP). The
LVPP contains two trains, each capable of operating
at 6 gpm, and simulates a conventional filtration




plani, Pertinent operational parameters for the LVPP
are listed in Table 1.

The lilters were backwashed before any runs were
started. Arsenate was spiked inte the plant influent in
55-gal stainless-steel containers. I pH adjustment
was nceded, the acid was added after this point. Tf
pH adjusument was necessary, the coagulation pH
{measured at the rapid-mix cffluent) was allowed to
stabilize to 0.1 pH units of the desired pH. Coagulants
were then added 1o the rapid-mix 1ank, and the water
entered the flocculation basins. The water settled in
the sedimentation basins, which were equipped with
tube settlers to better mimic the basing at MWDSC's
full-scale plants. A nonionic pelymer was then added
(typically in a dose of 0.02 mg/L) o improve the fil-
terability of the water. The filters were operated at 6
gprm/sq ft 1o simulate the highest rate currently allow-

Turbidity 10-17 ntu, 1.5 mgfl. polymer

Influent Ambient 83

-

Influent

Amﬁient

able by the $1ate of California Depariment of Health
Services without special exemptions.

With a lew exceplions, as noted later, the same
coagulation conditions were tested in the bepch-
and pilot-scale iests. For the pilot tests, As{V) was
spiked into the influent o achieve a total arsenic
level of approximately 5 pg/L in order to simulate
the normal worst-casc ambient arsenic levels in
MWDSC’s source waters. A coagulation pH of 3.5
was not Lested because it was felt that MWDSC's
plants could not reasonably operate at this pH on a
continuous basis.

All of the sample analyses performed in the pilot-
scale tests were similar 1o those in the bench-scale
tests, with the exception ol the arsenic analysis,

Demonstration-scale tests, A scries of enhanced
coagulation tests was performed at MWDSC’s 5.5-

Arsenic tevels using alum and FeCl; at selected pH values in SPW during jar testsl

Turbidity 16-27 ntu, 2 mg/L polymar

=

Influert

Amblent 7 Py

Bare raprasent arsenic lavels in micrograms per fitre.

Arsenic Jevels using alum and FeCly at selected pH values in CRW during jar tests

Turbidity 2.5-4.8 mu, 3 mg/L. polymer

Bara reprasent arsenic levels in micrograms per fitra.
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Alum

. s
=20
10
=20
20

L A0
30

10
=10 -
30
10
MNP

during pilot-plant tesls

. Possible Alam
peL mg/L
- 20-50 10
o 05-<20.
) =10
0.5
. . 30
- 2.0-5.0 10
0.5-<2.0
10
_ 20
<0.5
IR ) : 10
AR E28 2.0-8.0
o ] : N 10
0.5-<2.0
.o 30
<0.5

mgd Oxidation Demonstration Plant (ODP} from
August to October 1992, Pertinent ODP operating
information is shown in Table 1. These tests were
performed primarily for disinfection by-product
removal, and no arsenic spiking was conducted;?!
however, limited arsenic data were collected from
the tests. Only alum was used during these tests, at
pH conditions of ambient {no acid addition}, 7.0,
6.3, and 5.5. For the ambient tests, alum doses of
10, 20, and 30 mg/L dropped the pH of SPW to 7.8,
7.65, and 7.26, respectively, whereas 20 mg/L alum
dropped the pH ol CRW to 7.6. The plant was allowed
to operate for 17 h before the filters were back-
washed, and three detention times were allowed to
elapse before the arsenic samples were collected.

Sample analyses

The turbidity and pH were measured at the jar-
test influent and effluent. A turbidimeter* with an
accuracy of =2 percent was used 1o measure the
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Operational conditions to achieve spstific effluent arsesnic ievels
during jar tests at initial arsenic concentration of 20 pg/L

Fetl, Mintmum

Operational conditions to achieve specific effluent arsenic levels

turbidity; it was calibrated
daily, using standards ol 0.80
and 6.6 ntu. A pH mctert
with an accuracy of £0.002

Dose oM pH units was used; this unit
mE/L Reguirad was also calibrated daily,
; using pH 7.0 and 9.18 buffer
=20 Mo acid added '. i
10 55 solutions.
=20 Mo seid added The UV analyses were
10 0 performed with a spectro-

6.3 photometerf sei at a wave-

20 5.5 length of 254 nm. The sam-
pd Moaeidadded  ples were first filtered
=10 No acld added through a prewashed 0.45-
10 No ac;dc?ddec' um filter to remove turbidity,
NP NP which can interfere with this

measurement. The jar-test
influent and effluent samples
were measured for UV. The
TOC analyses were per-
formed for selected tests
{(with higher coagulant
dosages); TOC was measured
Feti, Minfmam using a carbon apalyzer@ The
Doss aH aluminum and iron samples

mg/L Regufred. were analyzed with an
10 No acid added atoemic absorption spec-
10 fo acid added trophotometer.** The detec-
6.3 tion limits for aluminum and
10 No acld added .

5.3 iron were 5 and 20 pg/L,
10 No acid added respectively. The alkalinity
10 Noacid added  samples were analyzed by
No acid added the procedures described in

10 No a':éd ;dded Standard Methods.>?
10 No acid sdded Arsenic samples were

7.0 analyzed by two methods,

10 No acéd;dde“ with three detection limits.
10 No acid added The MDL for arsenic was 1.0

pg/L during the demonstra-

tion-scale tests and was low-

ered to 0.5 pg/L during the
bench-scale tests. The arsenic analyses for the pilot-
scale samples were performed by hydride genera-
tion, combined with inductively coupled plasma-mass
spectrometry (ICP-MS), conducted by a contract lab-
oratory++ on an ICP-MS unitt# equipped with a
nebulizer, water-cooled spray chamber, and electron
multiplier.2? This method has a detéction limit o
0.02 pe/L.

Resulls and discussion
Jar tests. The SPW was collected in two sepa-
rate batches, which vielded two distinct sets of raw-

*Mode] 21004, Hach Co., Loveland, Cala.

+iniodel 9204, Otion Research, Bostan, Mass.

iLambda % model. Perkin-Eimer Corp., Norwalk, Conn.

ghohrmann model DC-180, Rosemount Analytical Corp., Santa Clarii.
Calif.

*SpectrAA 300/400 model. Varian Corp., Sugarland, Texas

++west Coast Analyiical Services, Saula Fe Springs, Calif.

11VG Plasma-Quad PQ2 Turbo Plus, Fisons Instruments, Ranvers.
Mass,




during pilot-scale tests

3

Comparative effluent arsenic levels using aium and Fell; at selected pH values in SPW

Tt gsted

water quality conditions (Table 2). Batch 1 water
contained lower turbidity and higher alkalinity,
whereas batch 2 water had a higher turbidity and a
lower alkalinity. The dilference between the water
quality parameters measured for the two batches of
water resulted from high-turbidity runofl water mix-
ing with the SPW.

- 0,08

" : o
SR F
208 20 £ f
: G
a0 g pd : 0 2§
. 2 _'“"”9’“ Ambient 70 63 £
pH pH
Bars répreéenr-érsem‘c lavels in micrograms per fitre; NT—not testad.
Comparative effiuent arsenic levels using alum and Fell; at selecied pH valuss in CRW
during pilot-scale tests

L11]
102 §

S

xS )
a0 § 8
i
Effluant Tusbltity—itu
Felly
v ‘No Acid
pH=70  pH=63 . influent hdded pH=7.0 pii's 8.3

013 024 273 012 0.17 0.26
o000 0 - D DoT 1.08 0.07 0.08 .08
c 045 .11 3.04 0.10 WNT* 0.16
0.01 S Qa2 112 0.07 0.06 0.07
043 . 0,10 ©3.08 0.07 NT 0.14
- 0.08 0.93 WT 0.06 008

One purpose of the jar-test experiments was to
determine the optimal dosage of polymer required
for turbidity removal, using alum or FeCl; as the coag-
ulant. MWDSC's effluent rurbidity goal of =0.10 ntu
was achieved by using either a low-turbidity influent:
or a higher dosage of coagulant. The arsenic removal
was lower for waters with higher turbidity, especially

SEPTEMBER 1994 BB




at the lower coagulant dosages
{Figures 1 and 2). The poor
arsenic removal at the high-
influent-turbidity and low-
coagulant conditions appears

Alum FeCiy to be linked with the poor wr-
Water No Acid No Acd bidity removal observed.

Type Added pH=70 pH=63 Added pH=70 pH=E3 Because good foc formation,
' followed by filtration, is crucial

Comparison of pilot-plant fiter 7un fimes at various pH and coaguiant
tiosage conditions

Rua Time—F&

" sPw 221 221 9.9 (7" 13.0 130 119 N :

CRW  63(N  B5(T 8.7(T) 6.9 (T) B.7 10.7 (T} 10 arsenic f‘fmo‘j’al- a high-tur-
SPW 10.6 13.4 9.9 9.8 NTF 98 bidity cffluent indicates poor
gm s'f”m 8'85;” 15éasm s.asg) L? agér} flac formation and is likely 1o
CRW 6.2 7.61 20.6 NT 75 6.8(T reduce the arsenic removal

i . attained. However, at the
tes filte ded on turbidity breakth: (.25 ntu); olberwise, flu ded g ft of nead . .
lu(-sr;‘ [eno lter mins ended o wro it}‘ rea rough [ miu); otherwise Br runs enoed on aF heal Illgl‘le]’ C()agl_l]al]l dosages, no

HT—not tested substantial differences in
arsenic removal were appar-
ent between higher- and
lower-turbidity waters. Poly-
mer addition improved ar-
senic removal when a low
dose ol alum (<20 mg/L} or
FeCly (=20 mg/L) was used
under high- and low-turbidity
conditions.

The influent arsenic was
spiked to a level between 17.3
and 22.5 pg/L. The removals
increased with increasing

A Alum =20 mg/L, no acid addition alum dosage and decreasing

o Ferric shioride = 30 mg/L, no acid addition pH (Figures 3 and 4}. For

SPW, both alum and FeCl,

showed similar arsenic re-

movals (when compared on

N A R an equal-weight dosage basis),
Avarage removal for alum = 56.7 percant varying between 49 and >97
A percent. In CRW, FeCl; ap-

2 st 20 s 100 200 500 1,000 peared to effect better arsenic
Influent Arsentc Spike—pg/L removal. It is interesting that

arsenic removals with coagu-

lant doses of >20 mg/L, at

Comparative percentagas of arsenic removal at varying influent
arsenic spikes using alum and FeCi; af selected pit values in SPW

Averags removal for ferric chioride = 99.1 percant
=]

Arsenic Removal—percent

Comparative sffluent arsealc levels using alum and FeCl, at selected pH values in CRW during high
arsenic spike pilot-scale tests '

15.00

LN 037 108
FHL L0 20 2 IE
- AV o G&F) ey [w g
i Influent Ambierm 7.0 PP = Influent Amblent i

-
(]
*
w

pH pH
Bars represent arsenic levels in micrograms per fitre; NT—not tested.
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Comparisons of bench- and pilot-scale tests for percent arsenic removal in CRW using atum

Arsenic Removat—percent

" Bench Scale* Pilot Scalet Pilot Scale¥
‘Dose  No Acid No Acid No Acid
q:gﬂ. ) Added pH = 7.0 pH =623 Added pH= 7.0 pH = 8.3 Added pH = 7.0 pH = 6.3
10 70 92 95 311 68.8 NTE 49 73.2 82
o . B9 g1 a4 NT 79.2 NT 51.4 82.2 88.6
'_:'_-\30__- : ) a0 a1 o5 /3.6 NT 1.6 829 88.1 90.4
' *fyersge As in influent—25.3 g/l
‘FAverage As in influent--13.6 pg/L
FhAverage As in influent—41.99 pg/L
GNT-not tested
: Comparisons of bench- and piloi-scaie tests for percent arsenic removal in CRW using FeCl;
Arsenie Removal—percent
Beanch Scale* Pilot Scalef PHot Scalef
No Acid No Acid No Acid
Added pH=7.0 pH = 6.3 Added pH =7.0 pH=6.3 Added pH = 7.0 pH = 6.3
s} a5 93 MTH a7.7 86.4 94,1 3.3 92.8
aF a7 a7 97.2 98.1 o7 95.8 26.6 848
a7 a7 97 NT a7.5 MNT 976 NT 9B6.7

*Average As i influgnt-—20 pgsl
tTAverage As In influent—13.8 pg/L
CthAverage As in influent—a4.33 pgsl
SMNT—not tested

ambient pH, were almost equal te the removals
achieved at lower coagulant dosages with acid addition
to lower the pH.

Pilet-scale tests. The raw-water quality of both
CRW and SPW remained consistent during the pilot-
scale test period (Table 2). The influent arsenic was
spiked to a level of 3.5 £ 1.0 pg/L in SPW and 4.4 +
0.4 pg/L in CRW. FeCl; appears to result in much
better arsenic removals than alum (Figures 3 and 6).
An effluent arsenic concentration of <0.5 pg/L was
easily met under all conditions in both waters when
FeCl, was used. The maximum effluent arsenic level
attained in SPW when FeCl; was used was 0.33 ng/L,
and the values ranged from 0.07 to 0.33 pg/L. The
maximuin effluent arsenic level attained when FeCly
was applied to CRW was 0.31 pg/L, and the values
ranged from 0.14 1o 0.31 pg/L. These results also
demonstrate that FeCly works equally well in both
SPW and CRW, achieving similar removals under the
saime coagulation conditions.

Achieving specific arsenic residuals. Jar tfests.
Three possible new MCL levels—<0.5, 0.5-<2.0, and
2.0-5.0 pg/L—were assumed, and the operational
conditions required to meet cach of these levels for
both of MWDSC’s source walters, with a 20-pg/L
inlluent, were compared {Table 3). in all instances,
except for an MCL of <0.5 pg/L in CRW, no pH adjust-
ment was necessary. Most of the target MCLs could
be met through increased coagulant addition. The
lowest arsenic effluent level obtained in CRW was
0.55 g/l with FeCl,. For SPW, if the arsenic MCL was

set at a level of =0.5 pg/L and no pH adjustment was
required, a 20-mg/L dose (or greater) of either alum
or FeCly could be used. For CRW, using FeCl; seemed
to achieve better arsenic removal. H the MCL was
=0.5 pg/l. and CRW was the source water, no pH
adjustment was nceded when either 10 mg/L of FeCl,
or 30 mg/l. of alum was used.

Pilot-scale tests. A similar summary was prepared for
the pilot-scale results as for the bench-scale results,
with the exception that the influent arsenic concen-
tration was dillerent (Table 4). For CRW, both the high
and normal spike conditions are listed. FeCly easily
met a possible MCL of 0.5 pg/L in both SPW and CRW
fincluding the high arsenic spike scenario), réquiring
a dose of 10 mg/L and no pH adjustment. Il alum was
used as the coagulant in SPW and CRW (with a nor-
mal arsenic spike}, no acid addition was necgssary
when the MCL remained >0.5 pg/L; an alum dose of
20 mg/l at ambient pH appeared to be sullicient. If
CRW contained a high arsenic spike {=10 pg/L}, no
scenario examined in this study with alum was sulli-
clent 1o lower the effluent arsenic level to <0.5 pg/L.

Summary. The bench- and pilot-scale data sug-
gest that (1) FeCls is more effective than alum; (2)
alum is pH-dependent, and the highest As(V)
removals are achieved at pH <7; and (3) FeCl, coag-
ulation is not pH-dependent between 5.5 and 7.0,
but increasing coagulant dosage will increase As{V)
removal. Other studies also arrived at the same con-
clusions 4> 1516 Gulledge and O'Conner’® demon-
strated (hat some of these observations can be
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demonstration scale in SPW using alum

v =0.5(=37)

explained by less adsorption of As{V) on both
Al{OH};(am) and Fe{OH};{am) at pH 8 than at a pH
of 5-7. The pH dependence was much more pro-
nounced for the Al{OH)3{am) than the Fe(OH),{am).
Gulledge and O’Conner?t also concluded that As(V)
was removed better in the H,AsO, form than in the
HAs0,2 form.

Operational considerations. Other parameters
measured during the pilot-scale tests can enter into the
selection of operational conditions that are optimal for
removing arsenic. These factors include (but are not
limited to) effluent turbidity and filter run length.
Some operational data were collected by on-line
instruments, including turbidimeters,* dilferential
pressure cells for head loss measurements, and mag-
netic flowmeters. The data were recorded via a super-
visory control and data acquisition (SCADA) system
and were logged once every 4 min.

The turbidities measured on-line over a run were
subsequently averaged {Table 5). Excellent 1urbidi-
ties were obtained under all conditions, except for
a low coagulant dosage at low pH (é.3) in SPW.
Generally, lower turbidities were achieved in CRW
than in SPW. No significant dillerence in effluent
turbidity can be seen between the 1wo coagulants,
and no correlation seems to exist for turbidity
removal and arsenic removal.

removal In SPW using FeCl,

" Aidded

© 958,
. 883
98.5 -
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Comparisens of bench- and pilot-scala tests for percent arsenic
v éﬁi_c”ﬂe&_a:oyé_l%ﬁsmm o

" No Acld

Comparisons of effiluent arsenic concentrations and percent arsenic removals at bench, pitet, and

Husnt Arsenic Concentration (Arsenic Remaval)—ypg/L (percant)

Pilot Sealet Damonstration Scalef
e Né Actd ' No Acid
pH=8.3 Added pH = 7.0 pti = 6.3 Added pH = 8.3
N .6:.8(.8-2). “&.5{25.5} 2.8(17.8) 2.2{83.9) NT§ =1.0{=87)
. .58 (2.3(81) - © 1.5(85.9) 1.5(41.9) NT <1.0{=E7}
. UNT L 0.93(67.9) 0.26(28.2} =1.0(=87} <1.0{>57}

The filter runs may be terminated under two con-
ditions: loss of head or high turbidiry. The runs are
ended when either the head loss exceeds 6 ft or the
turbidity reaches (and remains at) 0.25 niu. The two
waters behaved differently under the same condi-
tions (Table 6}. When alum was used, the filter runs
usually terminated with head loss in SPW and with
turbidity breakthrough in CRW. When FeCl; was
used, the filiter run times in SPW appeared to be
shorter, whereas the filter runs in CRW appeared to
remain nearly constant (between 7 and 9 h of oper-
ating time). These filter run times must be consid-
ered when the decision is madc to use alum or FeCly
at MWDSC’s treatment planis,

Arsenic removal at elevated influent concen-
tratiens. Tests were conducted on both SPW and
CRW at elevated influent arsenic concentrations to
determine whether the effluent arsenic concentra-
tien or the removal percentage remained constant,
Two conditions in SPW, one with FeCly and one with
alum, were examined with varying inlluent spikes
(2.2-128 pg/l). The removal percentage remained
nearly constant over the range of influent spikes for
the same test condition (Figure 7).

Higher influent arsenic spikes {13.3 = 2.9 pg/L)
were used in CRW 1o determine whether arsenic
removal was dependent on the influent concentration
(Tables 7 and 8}. Again, it
appears that FeCly was the
better coagulant for arsenic
removal (Figlire 8). The
remaovals appear to remain
nearly constant between the
normal (4.4 % 0.4 ng/L} and

Filot Scatet high arsenic spike tests for
R _ both FeCly and alum.
pi = 7.0 pH = 6.3 Comparizon of arsenic
a1 93 removals among tests. The
NTH 96.5 demonstration-scale effluent
NT 96.8

data at the higher coagulant
dasages compare favorably
with the bench- and pilot-

*Muodet 17200, Hach Co., Loveland,
Colo.
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scale data, even with the Himited data and the differ-
ent influent arsenic spike fevels (Table 93. The elflu-
¢nl levels were all <1.0 pg/L in the three tests [or
coagulant dosages of >20 mg/L. Only limited com-
parisens can be made from the percentage removal
data, however, hecause of the relatively high detec-
tion limit of 1.0 pg/L in the demonstration-scale wests
{resulting in a maximum calculated removal per-
centage of >67 percent).

The bench-scale data demonstrated better arsenic
removal than the pilot-scale data (Table 9). This phe-
nomenon is consistent with the UV,q, and TOC data
collected from previous bench-, pilot-, and demon-

epending on the proposed arsenic MCL,
pH adjustment may not be necessary.

stration-scale 1ests conducted with alum.2! These pre-
vious resulis show that the UV and TOC removals
were similar in pilot- and demonstration-scale tests but
were consistently higher in bench-scaie tests.

Comparisons between the bench- and pilot-scale
tests performed on CRW using alum show similar
removals for the two sets of pilot-scale data, but the
bench-scale data show higher removals (Table 7).
This trend is similar to that observed when alum was
used in SPW (Table 93. The removals seen in Table 8
are similar among the threc sets of data and are con-
sistent with those observed in the tests conducted
with FeCl; and SPW (Table 10). With the exception
of the lower FeCly dose {10 mg/L}, the removal per-
centages correlated well between bench- and pilot-
scale tests (Table 93,

In summary, alum coagulation results in higher
As{Y) removals in the jar tests than in the pilot-scale
tests. This difference is substantiated by the aluminum
residual data {Table 113, As is the case with arsenic,
aluminum is removed to a greater extent during the
jar tests than during the pilot tests. The pilot-scale

Comparisons of aluminum residual in bench- and pitct-scale tests

- _Aiulﬁinum Resldual—ugﬂ.

B . SPW CRW
" Bench Scaie - PHot Seale Bonch Scale Pilot Scale
- fluent . Efffuent Influent Effluent Influent Effiuant influent  Effiuent
CUNTEL O ONT NT. NT 49 23 21 178
. Bar - B3 104.5 a7 NT. NT NT NT
BERE = roE R 4 A 4.3 a3 . 89 50 205 213.5
.- B33 - 28 80 26.5 52 20 14 34
LUNT NT ©ONT NT 74 25 21.5 110
-89 . - = .95 54 - 118 26 26,5 - 335

results for FeCly coagulation were similar to the jar-
test resulis, but the results for alum showed less
arsenic remaval than did the results for FeCls in the
jar-test studies.

Conclusions

Rased on this testing, the following conclusions can
be drawn about the effectiveness of alum and FeCl,,
as well as arsenic removals under various influent
spikes.

= Both the bench- and pilot-test resuits indicate
that FeCl, is a much more effective coagulant than
alum when compared on an equal-weight dosage
basis. The bench-scale results,
based on an influent arsenic level
of 20 pg/L, indicate that when
the FeCl, dosage is =10 mg/L,
no acid addition is necessary to
lower ihe effluent arsenic con-
centration 1o a level of <0.5 pg/L.

* Depending on the pro-
posed arsenic MCL, pH adjust-
ment may not be necessary. Based on the results from
the pilot-scale tests, with an inlluent arsenic con-
centration of <3 pg/lL., FeCl; lowered the arsenic level
to 0.22 pg/L in both SPW and CRW with a dose of 10
mg/L and no acid addition. Il alum was used, an
arsenic MCL of =0.3 pg/L could not be achieved
without acid addition.

+ Arsenic removal peicentages appear tohave
remained relatively constant in this study, regardless
ol the influent arsenic concentration (from 2.2 to 128
pg/L for SPW and from 4.4 to 13.3 pg/L for CRW).

¢ No correlation was found between turbidity
removal and arsenic removal. However, good tur-
bidity removal is a prerequisite for good arsenic
removal,

¢ When alum was used, comparisons among
bench-, pilot-, and demonsiration-scale tests show
thai the bench-scale tests achieved better arsenic
removal percentages. No significant differences
between the bench- and pilot-scale arsenic removal
data were observed with FeCl,, except at the low
coagulant dosage in SPW.
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» The pilot-scale results indicate that if the inlu-
ent arsenic level is =5 pgfL in both source waters,
alum can reduce the effluent arsenic level 1o =0.5
pg/L. However, both the bench- and pilot-scale tests
indicate that if the influent arsenic level is =13 pg/l,
even an alum dose of 30 mg/L and a pH ol 6.3 are not
sullicient to meet this e[lluent arsenic level.

Future work

Although these studics have generated some use-
ful information, (he tests must be regarded as a pre-
liminary step in cvaluating the feasibility of using
enhanced coagulation for arsenic removal in the full-
scale application. More work on full-scale facilitics
needs 1o be undertaken, particularly with alum. Test-
ing at full-scale facilities would determine whether
FeCls is a better coagulant for arsenic removal. Work
also needs (o be done on arsenic speciation before the
extent of possible arsenite removal from MWDSCs
source waters can be determined.

Acknowledgment -

The authors thank Dennis Harumann, Hien Ngo,
Jude Perera, Don Roth, and Leslie Ann Soo for their
successful operation and maintenance of the La
verne pilot plant. The authors also acknowledge
Robert Alvarez and Suzanne Teague, of MWDSC's
Water Quality Laboratory, who helped in sample
analyses and data review. Thanks are also extended
to Peggy Kimball, who provided the review for this
manuscripi.

References

1. CHrN, C.-1. &7 AL Cancer Potential in Liver, Lung,
Bladder and Kidney Due to Ingested Inorganic
Arsenic in Drinking Water. Brif. Jour. Cancer,
66:888 (1992},

2. Smrth, AH. ET AL, Cancer Risks From Arsenicin
Drinking Water. Envir. Health Perspectives, 97:259
(1992},

3. Office of Environmenta! Health Hazard Assess-
ment. Arsenic in Drinking Water: Questions and
Answers, CAL-EPA (May 1991).

4. Sorg, T.J. & Locsnon, G.S. Treatment Technology
to Meet the Interim Primary Drinking Water
Regulations for Inorganics: Part 2. Jour. AWWA,
70:7:379 (July 1978).

5. HaTHAwAY, $.W. & RUBEL, F. JR. Removing Arsenic
From Drinking Water. Jour. AWWA, 79:8:161
(Aug. 1987).

6. Fox, K.R. & Sorg, T.J. Controlling Arsenic, Flu-
oride, and Uranium by Point-of-Use Treatment.
Jour, AWWA, 79:10:81 (Oct. 1987},

7. Huxster, I.R. & Sorg, T.J. Reverse Osmosis Treat-
ment to Remove Inorganic Contaminants From
Drinking Water. EPA/600/52-87/109. Cincin-
nati, Ohio (Mar, 1988}.

8. CLIFFORD, D. & LiN, C.C. Arsenic (III) and Arscnic
(V} Removal From Drinking Water in 5an Ysidro,
New Mexico. EPA/600/52-91/001. Cincinnati,
Ohio (June 1991).

80 JOURNAL AWWA

9. EaTon. A.D. Determining the Practical Quanti-
(ation Level for Arsenic. Jour AWWA, 86:2:100
{Feh, 1994).

10. Frrausox, J.E & Davis, J. A Review of the Arsenic
Cycle in Naiural Waters, Wazer Res., 6:1259 (1972).

11. Tnaves, J.S. Organometallic Compounds and Living
Orgenzisims. Academic Press, Orlando, Fla. {1984).

12. CullEN W.R. & RemMer, K.J. Arsenic Speciation in
the Environment. Chent, Rev., 89:713 (1989).

13. Natlonal Academy ol Sciences. Arsenic—Mcdical
and Biological Effects of Environmental Pollu-
tants. US Government Printing Office, Wash-
inglon, D.C. {1977},

14. AMIRTHARAJAIL A. & O'Mrua, C.R. Coagulation
Processes: Destabilization, Mixing, and Floccu-
lation, Warter Quality and Treatiment: A Handbook
af Compunity Water Supplies. McGraw-Hill, New
York (4th ed., 1990},

15. Supy, Y.S. Study of Arsenic Remaval From Drink-
ing Water. Jour, AWWA 65'8:543 (Aug. 1973}

16. GuLikbae, J.H. & OQ'Coxxor, 1T Removal ol
Arsenic From Water by Adsorption on Aluminum
and Ferric Hydroxides. Jour AWWA, 63:8:548
(Aug. 1973).

17. Gurra, S.K. & Cury, K.Y, Arsenic Removal by
Adsorption, Jour, WPCF, 50:493 (Mar. 1978}

18. CrLieorp, D.A. Ton Exchange and Inorganic
Adsorption. Water Quality and Treatment: A Hand-
hook of Community Water Supplies. McGraw-Hill,
New York (41h od., 1990).

19. Thomesoy, M.A. & CHOWDHURY, Z.K. Evaluating
Arsenic Removal Technologies. 1993 AWWA
Ann. Conl., San Antonio, Texas.

20. Bowrrs, D.AL Bowers, ALE.; & NEwkIrg, D.D.
Development and Evaluation of a Coagulation
Control Test Apparatus {or Direct Filtration. 1982
AWWA WQTC, Nashville, Tenn.

21. CHENG, R.C. ET AL Demonstration-Scale Enhanced
Coagulation as a Disinfection By-Product Control
Strategy. Proc. 1993 AWWA Ann. Conf., San
Antonio, Texas.

22, Standard Methods for the Examination of Water and
Wastewater. APHA, AWWA, and WPCF, Wash-
ington, D.C. {18th ed., 1992}

23, NorTHINGTON, D.J.; HovaNec, B.M.; & RewH, K.
Arsenic in Groundwater by ICPMS and Hydride
Generation-1CPMS. Proc, 1993 AWWA WQTC,
Miami, Fla.

Buout the authors: Robert C
Cheng is an assodate engineer witl
the Metropolitan Water District of
Southern California (MWDSC), 700
Moreno Ave., La Verne, CA 91750-
3399, where he has werked for four
years. Cheng is a gradualte of Van-
derbilt University, Nashvifle, Tenit.
(BE and MS, chemical engineering) and the University of
California, Los Angeles (PRD, civil engineering). Sun Liang
is a senior engineer, Hsiao-Chiu Wang is a senior chentisi,
and Mark D. Bewiler is director of water quality at MWDSC.




