ARSENIC: THE QUEST FOR ANSWERS

moval during coapulation
and Fe—Mn oxidation

Recent studies have indicated
that arsenic in drinking water
is as hazardous as radon in

homes and secondhand

tobacco smoke.

Mare Edwards

Ithough arsenic has long served as a

choice poison and is of legendary toxicity, the presence
of trace (parts per billion or micrograms per litre}
arsenic levels in public drinking water supplies has
not previously caused alarm. However, recent studies

Arsenic removal during coagulation or Fe-Mn oxidation is
examined to aid utilities that desire to improve arsenic removal.
Fundamental mechanisms of arsenic removal are discussed,
optimization strategies are forwarded, and some new insights are
provided to guide future research. Specifically, As(Iil) removals
by coagulation are primarily controlled by coagulant dose and
relatively unaffected by selution pH, whereas the converse is true
for As(V). When compared on the basis of moles iron or
aluminum hydroxide solid formed during coagulation, iron and
aluminum coagulants are of demonstrably equal effectiveness in
removing As(V) at pH <7.5. However, iron-based coagulants are
advantageous if soluble metal residuals are problematic, if pH is
»17.5, or if the raw water contains As(III). Arsenic removal during
Fe~-Mn oxidation is controlled by the quantity of iron removed
[Fe(OH); formed] and is relatively independent of the quantity of
manganese removed (MnOOH formed).
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have indicated that ar-
senic in drinking water is
more dangerous than
previously suspected,
with risks comparable t¢
that of radon in home:
and secondhand tobacco
smoke.! The US Environ-
mental Protection Agency
{USEPA} is currently con-
sidering more stringent
arsenic regulations i
minimize these risks.?
The newfound con-
cern is based on evidence,
collected from epidemio-
logical studies in Taiwan
for long-term human




exposurces, that arsenic
can cause liver, lung, kid-
ney, and bladder cancers
in addition 1o the previ-
ously acknowledged risk
ol skin cancer.! >4 Earlicr
studies with laboratory
animals probably con-
lounded timely identifica-
tion of the high arsenic
risk, Decause it is an essen-
tial trace nutrient and does
not cause cancer in labao-
ratory rodents.2.5 For hu-
mans, consideration of the
new risks at the current
maximum contaminant
level (MCL) of 50 pg/L
arsenic suggests a lifetime
risk of dying from arsenic-
induced cancers as high as
13/1,000 people at 1 Lid. !
Although arsenic roxicity
clearly depends on ils
chemical form, with ar-
senite |As(IN] much more
toxic than the oxidized
arsenate [As(V)] specics,
the proposed regulations
will probably target oniy
total arsenic.2-6.7

With respect (o the
proposed regulation, much
is uncertain at this time.
Given that arsenic has
been categorized as a class

Removal of arsenic during physiocchaemical treatment
processes wWill be an important line of defense in meeting
the proposed arsenic reguiation.

Ireatment processes,
compliance cost esti-
mates, and new treat-
maent eptions, Never-
theless, ihis article
provides a review of
arsenic geochemistry,
occurrence, and treat-
ment options lor re-
searchers and utility
personnel.

Geochemisty
of arsenic

Soluble arsenic occurs
in natural waters only in
the As{V) and As (III}
oxidation states. Al-
though both organic and
inorganic forms of arsenic
have been detecied, or-
ganic species (mcthylated
arsenic) are rarely pre-
sent at concentrations >1
pg/L and are generally
considered of little sig-
nificance compared with
inorganic arsenic species
in drinking water treat-
ment.” Thus, this discus-
sion focuses exclusively
on the geochemistry and
behavier of inorganic
arsenic.

Thermodynamic pre-
dictions provide useful

A carcinogen by USEPA,
the MCL goal {(MCLG) will likely be set at Q0 pg/L,
although analytical and cost considerations will prob-
ably result in a final MCL between 0.5 and 10 g/l
The USEPA deadline for input into the rule-making
process is currently scheduled for Juric 1995. The final
regulation (promulgation} was recently delayed to
November 1997 7.8

The water industry has responded aggressively to
fili obvious gaps in the knowledge and address tech-

arsenite oxidation states.

nical challenges posed by the anticipated reguia-
tion. Consequently, current understa nding is likely
to dramatically improve pending results of new
research projecis in areas of arsenic analytical tech-
niques, national arsenic occurrence SULveys, exam-
inations of arsenic removal in conventional water

~oluble arsenic occurs in natural
“'waters only in the arsenate and

insight into the equilib-
rium chemistry of inorganic arsenic species (Figure 1).
In oxygenated waters, As(V} is dominani, existing in
anionic {orms of either H;AsO,~ HAsO,2-, or AsQ,3~
over the pH range rypically encountered in water treat-
ment {pH 5-12). Under anoxic conditions, As(III) is
stable, with nonionic (HyAs03) and anionic (H,AsO5)
species dominant below and above pH 9.22, respec-
itvely. In the presence of sulfides, precipitation of AsS
{realgar) or As,S; (orpiment) may
remove soluble As(lIl} and exert
constderable control over trace
arsenic concentrations. !9 For
example, from pH 5 to 9 and in
the presence of only 0.2 mg/L H,S,
<0.075 pg/L (1 x 107Y M) total
As(11T) is soluble, based on orpi-
ment equilibriuni.!!

Although thermodynamics
can provide an accurate prediction of possible changes
in a given nonequilibrium condition, they give no
insight to the rate at which those changes will occur.
In general As{IIl) and As{V) acid-base reactions can
be assumed to occur instantaneously, whereas changes
between oxidation siates require indeterminate time

SEPTEMBER 1984 &%




Thermodynamic predictions of the equilibrium
chemistry of inorganic arsenic speciesi?
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. Arsenate fAsfV)] is anionic above about pfH 2 and is
thermodynarmically favored in oXygenatad waters. Arsenite
[AS{H is nanionic 8t pH values less than about 8.6, s
anionic al biofier gH, and is thermoedynamically favorad
i1 aroxic waters, Stabifly diagram at 26°C, 1 atm with 107 M
total arsenic, and 107" W fotal suifur. Solid species enclosed
7 hatohed area, indicating < 107" M solubliity,
Reprinted from Water Research, volume 5. LF Ferguson
& 4 Garvis, A Review of the Arsenic Cyole in Nalural Walers.
Page 1259 (1972), with kimd permission from Elsevier
Science Lid, The Bowlevard, Langiond Lane, Kidinglon

oxs 1GE, UK

periods in natural waters. For instance, the conversion
of As(IIl} to As(V) in oxygenatcd water is thermo-
dynamically favored, yet the rate of the transforma-
tion may take days, weeks, or months, depending
on the specific conditions. Strongly acidic or alkaline
solutions, the presence of copper salis, carbon,
unknown catalysts, and higher temperatures can
increase the oxidation rate,10.12.13
and manganese oxide, chlorine,
permanganate and other oxidants
¢an directly transform As{(III} te
As(V) in the absence of oxy-
gen.'4-17 Unexpectedly, As{Il)
oxidation has been observed to
be independent of oxygen con-
centration in seawater.'? Like-
wise, the reduction of As{V} to
As{II} in the absence of oxygen is
also chemically slow and may
require bacterial mediation.!® As
a result of these kinetic imitations on arsenic redox
equilibria, correlations between redox conditions and
arsenic speciation are quite poor.!9-21

Iron (Fe) and manganese (Mn}) exert a strong influ-
ence on arsenic concentrations in the environment.
Though scorodite (FeAsO4.2H,0} is not observed to
form at levels of arsenic typically found in natural
systems, 2223 other solids such as Ca3{AsQOy),
Bas(A50,),. and especially arsenopyrite (FeAsS) and
Mn,{AsQ,) are believed to exert some control over
arsenic solubility.21-24-27 Perhaps more important at

oagulati

reaction
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lower arsenic concentrations, however, is the

coprecipitation— adsorption of arsenic with iron

and manganesc oxide solids.19-21.26-29 Arsenic

can be immobilized through adsorption—copre-

cipitation with iron and manganese hydroxides.

mobilized when such solids are dissolved under

reducing conditions, or released from the oxide

surfaces in the event of competition {for sorptive

surface sites) in the presence of orthophosphaie

and natural organic matter (NOM},39-32 The lat-

ter factors can cxplain why arsenic may be cor-

related (o high Mn(IT) (dissolved and reduced

manganese oxide), Fe(Il) {dissolved and reduced

Fe{OH);], and orthophosphate {compelition

with arsenic for adsorption sires) in certain
waters,10.21.26,27,29.31-34

These reactions are generalized to a ground-

water and surface water source in Figure 2.

For each water source, three distinet zones are

demarcaied, including aerobic, anoxic with-

out sulfide, and anoxic with sulfides. Thesc

zones might correspond o the epilimnion,

hypoliminion, and sediments within a stratified

lake or, analogously, to increasing depth within

a groundwater aquifer. Within oxygenated

zones, As(V} is stable and may remain solu-

ble or sorb—coprecipitate with iron and marn-

ganese oxides if present, High concentrations

of orthophosphate may compete with As{V)

for adsorption sites in this zone, increasing sol-

uble arsenic concentrations and mobility. In anoxic

regimes without sulfides, As(lll) is stable, and dis-

solved forms of iron and manganese are favored.

Arsenic mobility (or solubility) is highest in this

zone because {1} As{Ill} is believed to sorb less

strongly onto oxides than As{V) and {2) coprecipi-

rated—sorbed arsenic is released upon dissolution of

on and Fe~-NMn removal processes

- ¢an convert solubje arsenic into insoluble

products, facilitating their

subsequent removal from the water by
filtration or sedimentation.

arsenic-containing iron and manganese oxides. I
anoxic zones with sulfides, As(III) becomes immo-
bilized because of the formation of orpiment, real-
gar, or arsenopyrile, or is coprecipitated with irou
pyrite.

In this treatment, the formation of Mn;(AsOy):
and Ca;(As0Q,), are not illustrated because thev
require anomalously high ambient As{V} or man-
ganese concentrations, whereas barium arse¢nate
[Bas(As0,),] is not illustrated because of the rela-
tive rarity of barium occurrence. Nevertheless, under




certain circumstances such
solids might be important
in controlling arsenic spe-
¢iation and concentrations

Key arsenic reactions in aguatic regimes

Key Reactions Surface Water

in natural systems. For
example, cven trace bar-
ium (0.1 mg/L Ba?*) can
maintain As{V) concer-
trations at <0.075 pg/L
because of Baz{AsQ,); pre-
cipitation over the range
pH 6-10. In contrast, even
in the presence of 5 mg/L
mMn(IT} and at pH 8.0, as
much as 2.5 x 108 {190
Bg/L) As(V) is predicted 1o
be present from dissolu-
tion of Mns{AsO,).

Occurrence
of arsenic
At this time the mag-

=} Oxidation of As(Ilj to As(V)
%E Sorption—coprecipitation of As fo oxides
v Exchahge of phosphate for $urbed As(Y)

- Mn - Mn >0, HEAEO“
Fs® Fo™m> F8{OH); H,As0,
HASO, — HASCE-

| HASOL > HASG,

Fa(OH}B HaAsQ, —> Fe + HAsO,
Al Ha A0, Mn™ + HAsO,

" HAsC, + HS — As,S, or AsS
Fe?* —> FaS.HASO,

¢ HPOS™
HASOD™

Hypolimnion

Reduction of Asivito As{lil}
Reducticn of Fefn oxides

Pracipitation of soluble As(m)
as realgar or oripment, or
coprecipitation with FeS

nitude of the arsenic prob-
lem is unclear and remains
a topic of considerable dis-
cussion. Although data on
low-level occurrence are
rare, this author’s synthe-
sis (Table 1) and other sur-
veys indicate that roughly
30 perecent of medium to
large utilities may have >2
pg/L As in the raw wa-
ter,21-34-38 ywith a much
higher frequency of prob-
lems expected in the west-
ern United States and in
smaller systems thai rely
to a greater extent on
groundwaler sources,21.39
With respect to treared
water, a rccent nationwide
survey of large utilities
conducied by the Metro-
politan Water District ol
Southern California sug-
gests that about 15 percem
of large utilities exceed a
2-ng/L As level, with groundwater plants about twice
as likely to exceed this level as surface water plants.
More specifically, 21 and 10 percent of groundwater
and surface water treatment plants, respectively, had
effluent concentrations >2 pg/L. 38

Caifo fika Céfitrat E!asm
ater District -

. MaineT

- Random US. supvey. of raw

Umversrty of Golerado,
“Beuilderty

- cited reference -
- B16 divislons sampled

Technologies for arsenic removal

The current advanced treatment options include
activated alumina, iron-oxide-coated sand, green sand,
reverse osmaosis, ion exchange, and electrodialysis.&40-42
The term “advanced” is used in the context that the
technologies are not yet proven at full-scale treatment
plants {at least for low-level arsenic removal), and

Wistd élﬁ wateriﬂiutieéf )
Wést Basin Water Dlstrict ’
. Sgutherm Caln‘cmla Water Co. §

" Nerth central New Hampshlre‘r
Weils in'S'E He Harpshire**

. water’ conducted by the -

Treated water samplestt

S ‘Average As
- Number of . Coneertration Parcent
‘Samples e/ »2Hg/LAs  Reference
1817 MA% 14 35
227 38 69 36
.35 0.8 &
200 0.2-3.4 25
460 0.5 NA 34
43 0.3 NA
35 NA 86
" a4 a 27 37
- 140 1.6 15 38

*.R'a.w \iater sources unte'_ss otherwise stated
- tWfiseansin, north central MNew Harnpshire, and Maine are not noted for As problems.
- $MA—neot applicable; indicates that the relevant average of percent >2 pg/L could nét be caloulated from the

_*¥fraa noted for As problems [n New Hampshlre .
tiltilities same as rAndomly selected for AWWARF-sponsored bromide survey
T¥Metropofitan Water District: US survey of large utifities (serving 23 million people)

their use generally requires an entirely new treatment
step. However, existing processes such as coagulation
with metal saits, softening, and Fe-Mn treatment are
capable of removing significant concentrations of
arsenic. Because a large majority of water treatment
plants currently use at least one of these processes
{Table 2) and thereby obtain some incidental arsenic
removal, il is possible that these existing techniques
could serve as a first line of defense in meeting the
new standard.4*44 Unfortunately, current under-
standing is not adeguate to exploit the intrinsic arsenic
removals possible by these existing processes, much
less to formulate strategics that can substantially
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ir situ {coaguilation)

A comparison of arsenic removal by alum and ferric
ciloride and of preformed solids and solids formed

enhance remaovals. The current work
attempts to address these deficiencies for
arsenic removal via coagulation and
Fe-Mn removal processes.

Materials and methods

ul praformed fermic chioride
= am  Preformed alum
- '-w— Alum coagulation

" —o— Ferric chloride coagulation

Batch coagulation experiments.
Batch experiments were conducted to
test key hypotheses and optimization
strategies related to arsenic removal dur-

B0 100
" Coq—UM As remaining in soltion

with (A) feiric chloride or {B) alum

) corigeniration

‘j Percentage of groundwater or surface

Y water treatment piants using softening,
coagulation, or Fe-Mn removal
pracessas® and percentage of surveyed
utifities obtalning =80 percent arsenic
ramoval from raw waters3ds

YL Plavts—~percent

Lo Surface

... Groundwater Water
18 © 20
e . 89

o c-23 . Not available
les atfaining 280 . o
gercent As remioval -

from-rai water* - 11 - 39

Exclucés plants with nandetéstalle arsenic
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Arsenic removal density as a function of arsenic
squilibrium concentration (C.,) during coagulation

o] A204gh ==~ Bestiit

- ing coagulation. The general experi-
mental procedure mvolved adding ferric

| or alum coagulant to arsenic-containing

150 solutions, pH adjustment, equilibration,

and then centrifugation. The experi-
ments differed in the initial concentra-
tions of arsenic, arsenic oxidation state,
coagulant dosage, the form of the coag-
plant when added (preformed versus
conventional), and the final solution pH.
Stock alum and ferric chioride solu-
tions were prepared with equimolar con-
centrations of trivalent ion by diluting
’ 25 g Al{SO4); - 18H,0 or 20.28 g FeCl;
7 + 6H,0 in a 1-L volumetric flask [0.075

s M as AHIID or 0.075 M as Fe(Ill}]. The

coagulant was then dosed directly 1o 0.1-

L beakers at concentrations of 9 x 10-5 M

ALY or Fe{lll) (i.e., 30 mg/L as alum or

14.6 mg/L as FeCl; or as noted in specific

experiments), and the pH was adjusted

1o a predetermined endpoint. In exper-

timents with preformed solids, arsenic

£ was added subsequent to the formation

. of the corresponding metal hydroxide

solid in situ, preventing removal of

arsenic via coprecipitation or precipita-

tion reactions. In all other experiments,

1 however, the arsenic was present prior to
coagulant addirion.

Alter a 1-h equilibration period on a
test-tube shaker, the solutions were cen-
trifuged for 10 min (at 1,000 rpm) and
filtered through a 0.45-pm-pore-size

membrane filter. All experiments were performed
with a constant background ionic strength of 0.001 M
sodium nitrate (NaNO,) with pH adjustments via
dropwise addition of 0.1 M sodium hyd roxide (NaOH}.
Blank samples {without the coagulant addition) con-
firmed that no arsenic was lost through adsorptien
onto the glassware. The final pH was carefully mea-
sured and recorded before analysis.

All samples were analyzed for arsenic using the
method of Johnson et al.4% To each 45 mL of sample,
4.5 mL of colorimetric reagent was added. The As(V)
reacts with the molybdate in the reagent to form a
blue complex that can be quantified in a spec-
trophotometer.* The method does not detect As{lll}
unless it is converted 10 As{V) by addition of 1 mL of

*UY-160, Shimadzu, Tokye. Japan




1 N hydrochloric acid {HCI)
and a drop of potassium
jodate solution. After a reac-
tion time of 4 h to allow
development of color,
absorbance is measured at
865 nm using a 10.0-cm cell.
The minimum detection Hmit
is 1.5 nug/L as As.

Arsenic adsorption mod-
eling. Adsorption of arsenic
to iron hydroxide solids was
modeled using a chemical
equilibrium program devel-
oped at the University of Col-
prado. The program is based
on the Mintega2 (USEPA
software) database and com-
puter program, but it has
been fitted with a user-
friendly interface and sophis-
ticated graphical output.
Minteqga? uscs a diffuse-layer
model and an attached data-
hase to predict As(V) and
As{I}) adsorption onto freshly
formed iron hydroxide
sulids.46 Data outpul from this
program was analyzcd to pro-
duce the contour plots pre-
sented in this anicle.

Results and discussion

Considerable evidence
exists that significant arsenic
may be removed during con-
ventional treatment proc-
esses. Coagulation and Fe—
Mn removal processes can
convert soluble arsenic into
insoluble reaction products,
facilitating their subsequent
removal from the warter by
filtration or sedimentation.
Thus, arsenic removal efficiency depends on the
removal of soluble arsenic and of the resulting par-
ticulates, and problems with either process can limit
arsenic removal.

Arsenic removal via coagulation. Although the
potential to obtain high-efficiency arsenic removal
by coagulation is unquestioned, an understanding of
removal mechanisms and optimization strategies is
currently lacking.

Addition of iron or aluminum coagulants to water
can facilitate the conversion of sgluble As{V} and
As(lIly species into insoluble reaction prod-
ucts.16:44.47-53 These products mighrt form through
precipitation, coprecipitation, or adsorption mecha-
nisms. Precipitation refers 1o the insolubilization of
contaminants by exceeding a solubility product, in
this case that of either Fe{AsQ,) or Al{AsQ,) solids.22

Isopleths (contowrs) of constant percentage arsenate removal
as a function of pH and coagulant dosage for a system with an initial
arsenic concentration of (A} 5 pg/L As and (B) 50 ug/L As

70.6 ~——"

— 90.2 —.

" 5 pgik- As(V) Initial

50 perL AsiV) initial

10 15 20 25 30 35 40

FeCl; Dose—mgh

Arsenaie removal is primarily dependent on pH and is independsnt of initial
concentration and coagulant dosage. Fredictions are derived from the Dzomback
diffuse-layer adsorption mode.

Coprecipitation is defined as an incorporation of sol-
uble arsenic species into a growing hydroxide phase
via inclusion, occlusion, or adsorption. Finally, adsorp-
tion refers to formation of surface complexes between
soluble arsenic and the solid oxyhydroxide surface
site as indicated in the following example reactions:

= Fe-OH + HyAsQ, + H* o Fe-H,As50,4 + H;O
{arsenate sorption}

= Fe-OH + H3A50, A = Fe-H,AsQ, + H,0
{arsenite sorption}

in which = Fe-OH is an hydroxide surface site.

The batch experiments described in this article
were designed to shed light on operative As(V)
removal mechanisms during coagulation. For these
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izopleths {contours) of constant percentage arsenic
removal by adsorption for a system with an inifial arsenic
concentration of (A) 5 pg/L As{Ill) and (B} 50 pg/L As(IN}

5 pg/L As(lll)

Rl | . 1 v 1 1 ] 1 1
85 e . - :
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h,é;’“\@ﬂ 8o gt 178 33.4/

39.1"""'“-

S0 pg'l Asiv}

| | H 1 1
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FeCl, Dose—mgiL

Percentage arsenate removals are independent of initial
arsenate concentration for all aluminum dosages and
when iron dosages are >10 pi¥?
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experiments, increasing concentrations of As(Vv} solu-

addition and was subsequently raised 1o
and maintained at 6.0 = 0.1 with NaQU
addition. For comparison, the experi-
ment was repeated by forming an iden-
tical concentration of Fe{OH); or
Al{OH); in the absence of the As(V),
after which the solids were added
directly to the As{V)-containing solu-
tions at pH 6.0. The two variations ol
this experiment are identitied here as in
situ formation or preformed hydroxide
solids formation.

When preformed hydroxides were
added 1o the As{V)-containing solution,
the density of sorbed As{V} increased as
a function of soluble As(V) remaining in
solution {Figure 3). As the sorbed As{V)
concentration approached about 0.1 M
As/M hydroxide solid, the surface became
saturated, and only incremental increases
in adsorption density occurred at higher
arsenic concentrations [even at As{V)
concentrations »25 mg/L or >330 pM].
Similar tendencies were observed in the
data for hydroxide solids lormed in situ;
bowever, in this case surface saturation
{or maximum adsorption density)
occurred at about 0.5-0.6 M As re-
moved/M hydroxide solid. In the exper-
iments with preformed oxides only sur-
face adsorprion occurs, whereas in the
experiments with coagulation coprecip-
itation is also operative.

Another experiment examined the
etfects of coagulant dosage and As{V}
concentration on in situ arsenic removals
(Figure 4}. Coagulant doses as high as 33
M ANIIIY or Fe(lll) were examincd,
corresponding to alum or ferric chloride
doses as high as 11.6 or 5.8 mg/L, respec-
tively. Each coagulant was dosed to solu-
tions containing either 15, 45, or 120
pe/L As(V) at pH 6.0, after which the
solution was centrifuged and liltered
through a 0.1-pm-pore-size filter. When
plotted in terms of pormalized arseniv
removal density versus arsenic remaiis-
ing in solution, all of the experimens sl
results may be approximated by a si
gle curve for the range of initiat As{:
conicentrations and coagulant dosages
tested. It is hypothesized that the scatwer
in the data is due to unintended varia-
tions in the rate of base addition, becati s
the scatter was also present in replicaic

samples for a given coagulant dosage and initia!

tion (0.03 to 30 mg/L) were coagulated with a fixed  As{V) concentration.

90 pM dose of Fe(Ill) as FeCly or AIIIH) as alum.

On the basis of these simple experiments, scveral

This corresponds to coagulant doses of 27 mg/L as  points are noteworthy. First, the presence of a clear
alum or 14 mg/L as FeCl,. The initial solution pH of  maximum in the ratio of As removed to solid formed

6.0 was decreased to about pH 5.0 after coagulant
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{(Figure 3) suggests that Al{AsO,) or Fe{AsQy) solids




apparently did not form in these systems
despite the presence of high As{V) con-
centrations {20 mg/L). I such solids
had lormed, the adsorption density
would have increased rapidly after an
appropriate solubility product had been
exceeded. Second, the performance of
aluminum and iron were nearly identi-
cal when compared on a molar basis {at
pH 6.0} in both the in situ and preformed
systems {Figure 33, Last, As(V) removal
for the in situ system was about five times
higher than was observed for the pre-
formed solids. This strongly suggests that
a solid with a higher surface area forms
in situ or that coprecipitation is an oper-
ative removal mechanism, which is con-
sistennt with the results of previous
research. 3 Differentiation between As{V)
removal via coprecipitation and sorptive
removal mechanisms would require a
more detalled analysis.

Altheugh many authors have deter-
mincd that arsenic adsorption onto iron
and aluminum hydroxides may be
described with adsorption isotherms, this
treatment of the data need not apply for
arsenic removal by hydroxides formed
in situ {analogous to coagulation), Nev-
ertheless, Figure 4 illustrates that in situ
hydroxide formation does reduce final arsenic con-
cenirations to levels dependent on adsorption density
[expressed as M As removed/M Fe{OH), or AKOH),
formed]. In other words, arsenic removal during coag-
ulatton might still be described by appropriate
tsotherm models.

reliminary survey data indicate that
many water treatment plants would
exceed an arsenic standard of 2 pug/L.

Prediction of arsenic removal via adsorption reac-
tions. Assuming that As(V) and As(III) removals arc
controlied by adsorption reactions, it is instructive 1o
cxamine predictions based on previously collected
adsorption data for arsenic in systems containing pre-
formed iron and aluminum hydroxides, Although
Figure 3 clearly iliustrates that predictions of arsenic
removal based solely on adsorprion will underpre-
dict removals obtained in practice (i.e., preformed
versus in situ), the analysis of sorptive removals pro-
vides a foundation for examining previousty collected
data and [ormulating optimization strategies.

Two types of approaches mighi be used. The first
is to use available Langmuir parameters applicable
ata given pH, whereas the alternative is to use a dif-

Density—hi As;MAJ’

{sotherm predictions {lines) for arsepate remova!
by aluminum oxides at various pH values (points
from database on final arsenic concentrations
afiter coagulation removal are sorted according
1o pH ranges and are plotied for comparison)

12 pHBO-69 o pH7.0

.t HGG o & 00
)

L. 00 A
N TP 1Q0> o ‘18.08 4a
‘® 9&}&?,‘0 T

13870 0

¢

L . 1
s 10 100
S C'eq‘-"“pgﬂ-
‘4 pH»70-77 opd 8.0-8.9 — Adsorption at pH 7.0
L= = Adsér-ption atpH 'BI.O —— Adsorption ai pH 9.0
. . &

000001 ,

1 1,000

fuse-layer model valid for any pH and coagulant
dosage.4t For the work described here, the latter
approach was deemed more desirable, and contour
plots predicting sorptive removal of As{1II} or As{V}
as a function of pH and coagulant dosage are shown
in Figures 5 and 6.4¢ Two levels of initial arsenic con-
centrations were modeled, ie., 5
and 50 pg/L, for adsorption onto
iron hydroxide [plotted as a func-
tion of coagulant dosage, assuming
that | M FeCl; produces 1 mol
Fe({OH)}); solid].

As expected, pH, coagulant
dosage, and initial arsenic con-
centration all affect As{V} and
As{III) removal, although the rel-
ative sensitivity to each parameter depends on the
spectlic conditions. From pH 5.0 to 8.0 and coagu-
lant deses =5 mg/L as FeCl,, coagulant dosage is of
secondary importance to pH in determining the extent
of As(V} removal (Figure 5). For example, a system
using a coagulant dose of 5 mg/L as FeCl; at pH 8.3
would increase As{V) adsorption by about 10 per-
cent by lowering the pH to 7.0 (system with 50 pg/L
As), whereas quadrupling the coagulant dosage would
yvield only about a 2 percent increase in arsenic
removal. In contrast, predicted sorptive removals of
nonjonic As(Iily are not dependent on pH but are
more strongly controlled by the initial As(III) con-
centration and coagulant dosage (Figure 6). To illus-
trate, for a system at pH 8.0 and a coagulant dose of
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isotherm predictions {lines) for arsenate removal by iron
oxides at various pH vzlues; data points on final arsenic
concentrations after coagulation are sorted according to

The necessity 10 obtain efficient par-
ticulate removal subsequent to coagula-
tion is also illustrated in Figure 7. A sam-

pH ranges and aye plotted for comparisen

0 pH5.0-55 ApHEOE9 * pHZ.0
' L -Adsofptic_m atpH.6.0

Density'—M__-Aa?‘M_ Fe .

0.1

.01

0.001

Density—M As/M Fe

00,0001 1 1 ' 1
0.1 1 10 100

6 mg/L as FeCl,, decreasing pH 10 7 tends to decrease
predicied As({III} removal by only 1 percent, whereas
tripling the ccagulant dosage vields a predicted 12
percent increase in As(II} removal efficiency.

The prediction that percentage As(V) removals
are relatively independent of initial As(V) concen-
tration was exarnined by replotting the data from the
earlier batch experiments ({i.e., Figures 4 and 7). The
analysis confirms that percentage removals were con-
stant regardless of initial As{V) concentration for all
aluminum dosages tested and when removals using
ferric chloride were above about 60 percent (Figure
7). However, when percentage arsenic removal
decreased to aboul 30 percent at the lowest ferric
chloride dosage, removals obtained at 15 ng/L initial
As(V) were 12 percent higher compared with the
systemn with 120 pg/L initial As(V). A sensitivity analy-
sis using Langmuir isotherm predictions indicates
that if initial arsenic concentrations are <100 ng/L,
percentage arsenic removals are predicted to be con-
stant {£5 percent} at all typical alum dosages {(and
hydroxide surface concentrations). Percentage
removals are also predicted to be relatively constant
if arsenic removals are >50 percent in systems using
ferric coagulants. This is consistent with observations
in the batch experiments.
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pte subjected to centrifugation only (no
membrane filtration) achieved overall
As({V) removals 20-50 percent lower
than for a similar sample with both cen-
trifugation and membrane filtration
(indicated on the graph for lowest Al or
Fe dose). Low coagulant dosages are
likely 1o form stabilized colloids in natural
walers as well, and obtaining high-effi-
ciency solid-liquid separation {removal
of the floc with sorbed arsenic) is obvi-
ously essential for etfective arsenic con-
! trol in such systems.

o1 ! _ 10 100 To summarize these observations, at
Lot coagulant doses >3 mg/L as FeCl;, sorp-

4 pH7.0-7.3 o pHB0-8.8 --- Adsorption atpH 7.0 tive removal of As(V) is a relatively
—-- Adsorption at pH 8.0 — Adsorption at pH 9.0 strong function of pH and a lesser func-

tion of coagulant dosage or initial As(V)

concentration. It was confirmed that per-

centage As(V) removals were consistent

at As{V) concentrations <120 ug/L. For

As(III), removal is expected to be insen-

sitive 10 pH and deminated by coagu-

lant dosage and initial As{IIl} concen-

tration. Of course, predictions based on

, sorptive models need not apply to real

1,000 systems, because formation of coagulant

in situ would tend to enhance arsenic

removal whereas competition from other

anions would tend to hinder arsenic

removal (the water used in these exper-

iments contained no background cal-

cium, magnesium, sulfate, chleride, or bicarbonate}.

Nevertheless, these general obscrvations provide a
foundation for analyzing previous rescarch results.

Previous research results. To test the previous pre-
dictions for consistency and to formulate tentative
optimizalion strategies, an arsenic removal database
was compiled containing all previous published work
on arsenic coagulation in water treatment. 44:47.33.53
The database includes a diverse collection of water
qualities and initial arsenic concentrations ranging
from 3 to 1,200 pg/L (data »1.2 mg/L arsenic were not
considered), providing a particularly rigorous test of
the predictions in the earlier section.

Arsenate. Owing to higher removal efficiency dur-
ing coagulation and ease in ¢oxidative transforma-
tion [i.e., converting As{IIl) 10 As{V}],18 most work
examining arsenic removal to date has focused on
As(V). As mentioned earlier, within certain arsenic
concentration-coagulant dosage regimes As{V)
removal is predicted to depend primarily on pH and
secondarily on coagulant dosage. Moreover, initial
examinations suggested that alum and ferric salts
are nearly equaily efficient when compared on an
equivalent molar basis. To examine the validity of
these hypotheses, data were first sorted into pH cat-
egories. Thereafter, moles arsenate removed per mole




trivalent ion added was cal-
culated and plotied as a func-
tion of final soluble As{V)
concentrations. Predictions

Resulis for adsorption of arsenate and arsenite onto iron
and aluminum hydroxides*

. _ R o Time Highest Density
U_f removal based on adsorp- - Sottient - Type Sorbate " M As/M Oxide Reference
tion data were plotted for o '
A ioh b d ANOH)s . Freformed As(V} 24 011 at 6.6 57
s might be expected on CAOH); | Preformed As{lH) 24 0.04 at 6.2 57
the basis of Figure 3, As(V} FetQHly = Praformed As(V) 24 0.25 at pH 8.0 54
: - Fe(OH), Jin situ As{V) 24 =0.70 at pH 8.0 54
r§m0vals by algm, ferric chlo - Fe{oH)y Prefamned AstY) %4 0.09 at pH 6.0 a8
ride, and ferric sulfate at a Fe{OH)z ..  Preformed  As(V) 24 0,09 =t pH 7.2 57
given pH were nearly always . '_-FE%S_:%; . §reiormed AS(I\i? ;i (%055361 DHH ?671 ig
Pk Fe{OH}; . . Preformed As{llh | at pH 6.
greater than predictions based . Fe(OH}s - - Preformed As{lIf) 24 ~0.4 at pH 6.7 57
on isotherm data (Figures 8 " Fa(GH), Preformed As(lt} 72 0.10 at pH 6.9 14

and 9. Indeed, for the
diverse range of data repre-
sented, predictions based on
isotherms miight be consid-
ered to represent a lower
bound to the observed remuovals; that is, observed
removals at a given pH are usually greater than pre-
dicted by sorptive mechanisms and are only rarely
lower than those predicied. The degree to which pre-
dicted removals underestimated actual removals {in
terms of M As removed/M coagulant applied at a
given soluble As concentration} was typically about
a lactor of 5 in tenns of adsorption {or removal} den-
sity. This corresponds roughly to a fivefold increase in
adsorption density when preformed and in situ
removals are compared. It is noteworthy, however,
that adsorption densities varied by about an order of
magnitude for a given As{V) equilibrium concentra-
tion, probably due to the presence of competing ions

:___':tl,'fsorption densities are generally higher
‘at lower pH for each coagulant tested,
despite obvious scatter in the data

within various pH regions.

and other effects. These elfects must be considered in
the development of any universally applicable model
that can predict As{V) removal by coagulation.

Absolute differences between predictions and the
data notwithstanding, some qualitative agreements in
general tendencics exist. For instance, it appears that
the best-fit of the real data collected at various pH
ranges follows the trends predicted by adsorption. In
addition, it is also clear that adsorption densities are
generally higher at lower pH for each coagulant tested,
despite obvious scatter in the datae within various pH
regions. This is particularly true for alum coagulants
at pH =8.0.

It is also illustrative to discuss the coagulant
dosages required to obtain a given effluent arsenic
concentration. For a potential regulation of 10 pg/L
arsenic, removal densities greater than 3.0 x 10-3 M

- *Highest density refers to highest density reported In this article and may or may not comespond to the actesl
: magimum possible removal density.

As/M coagulant (as trivalent ion} were obtained in
more than 90 percent of the samples in the database.
This approximation is valid for iron < pH 8.5 and
alum < pH 7.9. Consequently, for an initial As(V)
concentration of 20 pg/L, a coagulant dose of 7 mg/L
as FeCl; (14 mg/L as alum) would meet a 10-ug/L
standard for most samples. For a system exhibiting an
average removal density, the required coagulamt doses
would be about two to three times lower (24 mg/L
as FeCly or 4-7 mg/L as alum}.

Although the systems within the database do not
meet previously described constraints for predicted
constant percentage arsenate removals, this treat-
ment of the data is presented in Figure 10. At all
dosages >1.2 x 10~* M Al(IIT} or
Fe(III) {i.e., 20 mg/L as ferric
chloride or 40 mg/L as alum) and
pH <8.0, >90 percent removal of
As{V} was always achieved. At
lower coagulant dosages there is
considerable scatter to the data,
probably reflecting combined
effects of poor particle removal
{i.e., as per Figure 7), the previ-
ously mentioned effects of higher
surface loading and bigh initial As{V) concentrations,
and possible interferences from other anions in the dif-
ferent waters tested. \

Comparing the relative performance of alum and
ferric-based coagulants is also of interest. At pH =7.0,
alum and ferric salts are nearly equally effective, with
average removals only 5 percent higher in systems
using ferric at a dose of 0.06 and 0.12 mM (10 and 20
mg/L ferric chloride or 20 and 40 mg/L alum). This is
consistent with the data presented in Figure 7. How-
ever, the advantages of ferric over alum become sig-
nificant at higher pH values. At pH 7.0-7.5, average
removals at a coagulant dose of 0.06 mM were 87
percent in the systern with ferric versus 67 percent
for alum. The very large differences in performance
observed above pH 8.0 (Figure 10} are somewhat
deceptive because of the much higher solubility of
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Reported percentage arsenate removals for alum
or ferric coagulamts in various pH ranges

Line in lowsr gréph reprosents predictions (Langmuir
aguation) for adsorption onto preformed iron hydroxides.
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Al{OH); than Fe{OH);. For example, sol-
ubility calculatiens for vne point (indi-
cated by the arrow in Figure 10} in which
As{V} removals were particularly low
suggest that no AI{OH)5 would have pre-
cipitated. This observation does not
change the fact that ferric outperfornis
alum at the higher pH values, but rather,
it substantially aliers the possible rationale
for these differences. Tt is noteworthy
that thesc observations are completely
consistent with the earlier comments.

Arsenite. Only limited information has
been collected to date regarding As(IlD
remnoval by iron and aluminum hydrox-
ides. Nevertheless, one {actor influenc-
ing sorptive As(IH) removals is the max-
jmum number of sites available on the
hydroxide surface. On fresh preformed
hydroxide surfaces, the maximum num-
ber of sites is generally considered to be
as high as about 0.25 M sites/M hydrox-
ide, with lowcr site densities possible
depending on the specitic sorbing species
and solution pH.%¢.3% Maximum adsorp-
tion densities lor As{V) and As(I1])
adsorption onto various hydroxides are
presented in Table 3. An examination
ol the As(V) data realfitms previous
ohservations; that is, maximal As(V)
adsorption densities are as high as 0.25
M As/M Fe or 0.12 M As/M Al for pre-
formed hydroxides. Of course, densities
may increase to as high as 0.7 M As/M Fe
when the hydroxide solid is formed in
situ (Figure 3).

In conirast, something novel is obvi-
ously occurring in As{IIl) adsorption
onto iron and aluminum hydroxides.
First, maximum surface densities for
As{lIT} adsorption onto preformed alu-
minum hydroxides are about 0.04 M
As/M Al roughly three times lower than
observed for As{V)}. This is consistent
with the notion that As(III} sorbs less
strongly to oxide surfaces than does
As{V). However, the maximum adsorp-
tion densities onto iron are not only
higher than those observed for alu-
minum, bul they are so high as to be
completely inconsistent with an adsorp-
tion-based removal mechanism. Two
researchers (Table 3} reported maximum
adsorption densities for As{IIl} onto pre-
formed Fe(OH), that were >0.4 M As/M
Fe, a value beyond the maximum pum-
ber of sites for preformed Fe{OH); and
nearly as high as removal densities for in
situ As(V) removal 4857 Indeed, one of
the researchers even reported removal
densities as high as 5 M As/M.43




Although the higher of these two
reported densities is difficult to justify,
parlicularly because formation ol a
Fe{AsDy) precipilale can remove only a
maximum of 1 M As/M Fe, it would seem
Qresumptuous (o attribute two consistent
results from different researchers to exper-
imental error. A few phenomena that
might explain the results include

« Arsenite reduction of ferric solids:

AS{IITY + 2Fe{I) = 2Fe{II) + As{V)

with subsequent oxidation of ferrous iron
back to ferric iron (by oxygen) could
cause coprecipilation of As{V), explaining
removal densities up to about 0.5 M As/M
Fe as observed during iron coagulation
of arsenate. Despite the thermodynamic
favorability of this reaction at pH values less than
about 7.0, no one has ever obscrved the oxidation
of As(I1l} by iron solids.!4.48

= Formation of some as yet unknown ferric arsen-
ite solids, This is a possibility but seems somewhat
unlikely.

s Formation of arsenic polymers at the surlace
analogous 10 polyphosphates, allowing a single arsenic
species on the chain to sorb ro the surface while
removing several arsenic aloms. Although this sounds
atiractive and arsenic polymers are knowrn to exist as
solids, they have never been observed in solution.>®

e Formation of ferric arsenite or ferric arsenate
complexes that could subsequently resorb 1o the oxide
surface. Others have demonstrated that this phe-
nomenon can lead to high adsorption densities for
polyphosphates onto iron oxide,?® but an analogous

nly limited information has been
‘collected to date regarding As(l}l)
removal by iron and aluminum

hydroxides.

reaction sequence or even the existence of ferric
arsenite complexes have not yet been discovered.
In any casc, this analysis and speculation might
serve as a basis for some productive [urure research.
Moreover, Table 3 also refutes the conventional
wisdom that As(III) adsorption to oxides is less elfec-
tive than As(V) adsorption. Although this is quite
triee for adsorption onto aluminum hydroxides [i.e.,
sites for As{1II) are about 5 percent of the total As{V)
sites for activated alumina and bauxite in water], it is
clearly not the case for As{III) adsorption onto iron.
1_r1 fact, two researchers have reported higher adsorp-
tion densities for As(Ill) adsorption onto iron oxides
than for As(v) under similar circumstances.4.57 Thus,

.3_0
. 40

20

Percentage arsenite removal as a funciion of pH
for alum and ferric coagulanis

“a- Fartic —g  Alum

7
pH

Coagulants were formed in situ, coagulant dose was 80 M, and the inftial
* arsénic concentration was 300 pa/L.

something interesting is occurring during arsenite
remaval by iron hydroxides.

Analyzing previously collected research data for
As(Ill} removal by iron and aluminum coagulation is
also instructive. First, no isotherm data for As{IIT}
adsorption onto aluminum hydroxides are yet avail-
able, but the data that have been collected suggest
that As(Iil} removal decreases markedly above pH
8.0 {Figure 11). This might be due to the high solu-
bility of the aluminum hydroxide at this pH range
or to other factors.®0 For adsorption of As{lll) onto
iron hydroxides, it is clear that isotherm predictions
consistently overestimate the amount of As(11I) that
is sorbed, in contrast to isotherm results for As(V)
that consistently underestimated overall removals
(Figure 11). This overestimation might be duc 0
competitive anion cffects (i.¢., sulfate competition
for sites in natural waters),
kinetic limitations Lo adsorption
during short-term conventional
water lreaiment Sleps, or some
other and as yet unknowrn factor
or factors as described previously.

Removal densities are much
higher for As{Ill) removal dur-
ing iron coagulation when com-
pared with those for alum.
Although there is significant scat-
ter 10 the data, the lowest removal densities onto
jron are aboul 0.01 M As/M Fe, whereas this molar
ratio is clearly the upper range for aluminum-based
coagulants (Figure 11), Thus, iron coagulants are
much more effective in removing As(Ill) than are
aluminum-based coagulants. This was also confirmed
in bench-scale work at the University of Colorado at
Boulder (Figure 123.6)

In surmn, this analysis clearly points to the fact that
much productive research remains to be completed
before As(III}) removal onto iron hydroxides can be
fully explained. In particular, understanding the causes
for occasionally high As(III) removal densities seems
particularly important, given that the key phenom-
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{A) manganese removal and {B) iron removal

tnitial As Concentration—ug/i

inclide boih coprecipitation and adsorption mechanisms.

ena might be harnessed to significantly enhance
As(III) removal during water treatment.

Arsenic removal via Fe-Mn oxidation. Because
arsenic geochemistry reveals that high arsenic con-
centrations are often correlated with high Fe{Il}-
Mn(II}, understanding arsenic behavior during
Fe(1l)-Mn{II} removal is of particular interest.
Though scant information is currently available,
basic removal mechanisms may be expected to be
those operative during coagulation; i.e.. oxidation
to remove Fe(ll) and Mn(II) leads to formation of
hydroxides that remove soluble arsenic by copre-
cipitation or adsorption reactions. The production
of oxidized Fe-Mn species and subsequent precip-
itation of hydroxides are analogous to an in situ
coagulant addition, with the quantity of Fe or Mn
removed translating into a “coagulant dose.” No
arsenic is expected to be removed by soluble Mn(II}
or Fe(ll).

Even when based on conservative estimates of
adsorption alone, arsenic removal during Fe(lII} pre-
cipitation is expected to be fairly efficient {Figure 13).
For example, removal of 2 mg/L as Fe{Il} is predicted
to achieve a 0.75-pg/L soluble effluent concenira-
tion from a 10-ug/L As{V) initial concentration via
adsorption alone. Even removal of 1 mg/L as Fe(Il) is
capable of sorbing 83 percent of a 22-pg/L As(V)
influent concentration, producing soluble arsenic
concenirations of about 3.5 pg/L. The accuracy of
these predictions is supported by the results of Clifford
and Lin,%2 who reporied that 60 percent of a 188-
ng/L As(V} influent was removed by oxidation pre-
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Pradictions of final soluble arsenate resulting from

Prediction of arsenic subsequernt 1o iron removal consicers only adserplion
al pH 6, a prediction that is obviously conservative. Pradictions for manganése

cipitation of 2 mg/L Fe{ll). The observed
removal compares favorably with the
adsorption-only prediction ol 58 percent
(as per the prediction shown in Figure 12).

Even when removal by both adsorp-
tion and coprecipitation are considered,
removal of arsenic during manganese pre-
cipitation is relatively inelfective when
compared with iron. For instance, pre-
cipitation of 1 mg/L Mn(Il} is predicted
to remove only 25 percent of a 5-mg/L
influent concentration. When much
higher concentrations of Mn({il} are pre-
cipitated, however, renioval can become
more significant; precipitation of 3 mg/L
Mn{Il} is predicied 1o produce a 3.75-pg/L
As soluble cifluent concentration with a
12-pg/L influent. Although Mn(ilj con-
centrations >3 mg/L are rare, they can
occur in some instances when arsenic is
troublesome.

Given the relative importance of iron
oxides and manganese oxides in mediat-
ing arsenic removal, il roughly equal con-
centrations of iron and manganese were
removed, it might be expected that the
effects of manganese could be ignored.
Magyar®3 demonstrated that 89 percent of
a 52-pg/L As{V} influent could be
removed during greensand filtration. During the
process, 2.9 mg/L Fe(ll} and 0.47 mg/L Mn(Il} were
alsc removed by addition of KMnQy. If only sorptive
removal by precipitated iron oxides is considered,
total arsenic removal is predicted to be 92 percent,
a number in excelleni agreement with the observed
value.

As discussed earlier, pH is predicted to play an
important role in arsenic removal via adsorption to
iron hydroxides. In addition, given the low concen-
trations of iron hydroxides formed during iron
removal, the coagulant dosage (or ferrous iron
removed) is more important than indicated in the
earlier discussion. Interestingly, the limited data col-
lected for manganese suggest that pH is not signifi-
cant in arsenic removal during manganese precipi-
tation.!?7 These points must be refined and
investigated during future research, and the reality
will undoubtedly be much more complex'than is the
framework proposed here.

Conclusions

« Arsenic geochemistry is dominated by redox
processes, sulfide precipitation, and adsorption—opre-
cipitation 1o iron and manganese hydroxides. For-
mation of manganese, calcium, and barium arsenate
solids may be important under some circumstances,
and competition from high levels of orthophosphate
and NOM could increase arsenic mobility.

¢ Initial survey data indicate that many water
treatment plants would exceed an arsenic standard of
2 pg/L, Plants with groundwater supplies appear more




likely to exceed a given clfluent standard than plants
treating surface watcer supplies.

» Coagulation is an ¢lfective treatment technique
{or arsenic removal, with alum and ferric coagulants
about equally elfective {on a molar basisy in removal
of As{V) < pH 7.5. However, iron is more effective
than alum in removing As{I1), in removing As(V) >
pH 7.5, and in preventing formation of soluble coag-
ulant metal residuals above about pH 8.0. Obtaining
effective removal ol sorbud-coprecipitated arsenic-
containing flocs may be a limiting factor in overall
arsenic removals at lower coagulant dosages. Per-
centage As{V) removals are expected to be indepen-
dent of initial As(V) concentration over a limited
coagulant dosage~initial arsenic concentration regime.

« Soluble As(V} removals during oxidation of fer-
rous iron are expected 1o be very significant, whereas
soluble removals during Mn (I} oxidation is likely to
be of lesser impertance in achieving low arsenic resid-
uals {< 5 pg/Ly.
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