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The effect of pH and dissolved inorganic carbon on the
properties of iron colloidal suspensions
Darren A. Lytle and Vernon L. Snoeyink

ABSTRACT
Discoloured water resulting from suspended iron particles is a relatively common drinking water
consumer complaint. These particles result from the oxygenation of Fe(II), and this study shows that
pH and dissolved inorganic carbon (DIC) have important effects on their properties. Bench scale tests
were conducted at a single oxygen concentration over a broad pH range. Increasing the DIC
concentration increased the turbidity and apparent colour of a fixed concentration of iron
suspension below pH∼8.7. Inorganic carbon was incorporated into the particle structure at these pH
values. Above pH∼8.7 and in higher DIC waters, an intermediate green solid that contained Fe(II),
Fe(III) and inorganic carbon formed for a brief period prior to complete oxidation to an Fe(III) solid.
The green solid apparently was green rust, FeII4FeIII
2 (OH)12CO3. After complete oxidation of the
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intermediate solid to an Fe(III) solid, the iron particles did not include measurable amounts of
inorganic carbon and appeared to maintain the physical structure of the green rust. Above pH∼8.7,
DIC did not affect suspension colour and turbidity and inorganic carbon was not incorporated in the
particle structure. The colour and turbidity of iron suspensions were largely related to particle size
distribution.
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INTRODUCTION
‘Red water’ is a relatively common consumer complaint

in iron distribution system dead ends, and the region

received by many drinking water utilities. Red water

beneath thick iron corrosion scales. Upon exposure to

describes the appearance of drinking water that contains

oxygen or disinfectant during water treatment and distri-

suspended particulate iron, although the actual suspen-

bution, Fe(II) is oxidized to insoluble Fe(III), which

sion colour may be light yellow to brown depending

readily precipitates and is responsible for coloured water.

on water chemistry and particle properties. The U.S.

The structure and properties of iron oxyhydroxide

Environmental Protection Agency has issued a secondary

(hydrous iron oxide) colloids in aquatic systems have been

maximum contaminant level (SMCL) for iron of 0.3 mg/l

studied extensively because of their abundance in environ-

based on aesthetic issues (Pontius 1992). Iron in water

mental and engineered systems, and their important sorp-

does not pose a known human health risk, but adsorbed

tion properties such as their large surface area and surface

trace impurities such as metals, organic compounds and

chemistry. The adsorption of trace inorganic constituents

microorganisms may cause adverse health effects.

(Pierce & Moore 1980; Waychunas, G. A. et al. 1993a, b;

Iron can originate from the source water and from

Edwards 1994; Waychunas et al. 1995; Kovacevic et al.

distribution system materials. The relatively soluble + II

2000), nutrients such as phosphate (Gshwend & Reynolds

oxidation state is the dominant form of iron in anoxic

1986; Odum 1988; Machesky et al. 1989; Bufﬂe et al. 1989;

environments including some groundwaters, the hypo-

Chambers & Odum 1990; Seamon et al. 1997) and organic

limnion of stratiﬁed eutrophic reservoirs, drinking water

compounds (Tipping & Cooke 1981; Davis 1982; Zinder
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et al. 1986; Yost et al. 1990; Tejedor-Tejedor et al. 1992; Gu

the effect of water chemistry on the aesthetic properties of

et al. 1994) onto iron oxyhydroxides have been studied.

iron suspensions has not been studied and particle prop-

The adsorptive characteristics are important in waste-

erties have not been related to suspension properties such

water and drinking water treatment systems that use or

as turbidity and colour. The objective of this research was

remove iron, and in the transport of contaminants through

to evaluate the effect of pH and DIC on the properties of

groundwaters and surface waters.

iron particles and the aesthetic properties of the corre-

Synthetic iron oxyhydroxides are often generated
under controlled laboratory conditions to simulate natural

sponding suspensions derived from the oxygenation of
Fe(II).

material. As a result, a number of investigators have compared the nature of synthetic and natural oxyhydroxides
(Landa & Gast 1973; Schwertmann & Fischer 1973;
Carlson & Schwertmann 1981; Crosby et al. 1983). Factors
such as age, iron concentration and water chemistry can
affect the properties of iron particles, and can contribute
to variability between ﬁeld and experimental observations.

MATERIALS AND METHODS
Reaction cell

The process pathway in which the solids form must also be

Iron particles were formed in a 1.2 litre glass reaction

considered. Adsorption studies have been conducted

vessel. The top of the cell contained ports for a pH

using Fe(III) solids or solids derived from the hydrolysis

electrode, a dissolved oxygen/temperature probe, a mech-

and precipitation of Fe(III) salts. Although this approach

anical stirrer, a gas feed tube, injection of acid and

to forming iron particles provides important information,

base, and sampling. A computer software-controlled dual

the formation of Fe(III) oxyhydroxides in many environ-

titrator system (Schott Geräte, Germany) was used to

mental systems is often initiated from the oxidation of

maintain a constant pH by rapidly adding small incre-

Fe(II). The physical and chemical characteristics of Fe

ments of acid or base to compensate for pH changes

(III) precipitates originating from Fe(II) differ from those

brought about by the addition of Fe(II) and chemical

originating from dissolved Fe(III) (Crosby et al. 1983). The

reactions. The computer software (Jenson Systems,

time of introduction of materials that react with the

Hamburg, Germany) recorded pH values and titrant

iron solid is also important. In many laboratory studies,

volumes that were maintained in a data ﬁle.

cations, anions or organic materials are added after Fe(III)
precipitation. In natural systems, these materials are typically present during Fe(II) oxidation and particle nucleation. The latter setting has been demonstrated to yield

Water and chemicals

particles with higher sorption capacities (Laxen 1985;

Double deionized (DDI) water was prepared by pass-

Fuller et al. 1993). The presence of dissolved species that

ing distilled water through a Milli-Q Plus© cartridge

react with the solid as it is being formed can impact the

deionized water system (Millipore Corp., Bedford, MA),

surface properties of the iron solids by inhibiting crystal

having a resistivity ≥18.2 MΩ · cm.

or ﬂoc growth (Mayer & Jarrell 2000) and by affecting

Unless otherwise speciﬁed, all chemicals used in this

surface charge, which in turn impacts adsorption proper-

study were Analytical Reagent (AR) grade. The amount of

ties (Schwertmann & Thalmann 1976; Schwertmann &

ultrapure nitric acid, HNO3 (Ultrex, J. T. Baker Chemical

Cornell 1991).

Company, Phillipsburg, NJ) used to preserve samples for

Although the properties of iron colloids have been

metals analysis was 1.5 ml/litre sample. Dilute 0.6 M HCl

studied in aqueous environments, none of these studies

(Mallinckrodt, Inc., Paris, KY) and 0.5 N NaOH (Fisher

have been conducted using the water chemistry, iron

Scientiﬁc, Fairlawn, NJ) were used to adjust the pH.

concentration, and other conditions experienced in drink-

Sodium bicarbonate (Fisher Scientiﬁc, Fairlawn, NJ) was

ing water treatment and distribution systems. In addition,

added to the cell to adjust water quality. Iron was
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added as ferrous sulphate (FeSO4 · nH2O)1 (Fisher

cleaned by soaking in 10% (v/v) concentrated HNO3

Scientiﬁc, Fairlawn, NJ).

and rinsed with DDI H2O. Air displacement micropipettes with disposable tips were used for handling and
transferring solutions.

Analytical methods
The pH was measured with a Hach Company (Loveland,
CO) EC40 benchtop pH/ISE meter (model 50125) and
a Hach Company (Loveland, CO) combination pH electrode (model 48600) with temperature corrections. The
instrument was standardized daily using a two-point calibration with pH 7 and 10 standard solutions (Whatman,
Hillsboro, OR). Dissolved oxygen (DO) was measured
with a Hach Company (Loveland, CO) Model DO175
dissolved oxygen meter and a Model 50180 dissolved
oxygen probe. Total iron was analysed with a Thermo
Jarrel Ash (Franklin, MA) 61E® purged inductively
coupled argon plasma spectrometer (ICAPS). Colour,
ferrous iron and total iron were measured with a Hach
DR/2000 spectrophotometer (Loveland, CO). Ferrous
iron was measured using the 1,10 phenanthroline method
(Hach Company 1990; APHA-AWWA-WEF 1995). Total
iron was measured by the same method except that a
reducing reagent was also included in the reagent powder
pillow provided by the Hach Company to convert Fe(III)
to Fe(II). Turbidity was measured using a Hach 2100N
turbidimeter. Dissolved inorganic carbon (DIC) was
analysed by a coulometric procedure on a UIC Model
5011 CO2 coulometer (Joliet, IL) with Model 50 acidiﬁcation module, operated under computer control. Syringe
ﬁlters (0.45, 0.2, 0.02 µm) (Whatman, Inc., Clifton, NJ)
were used to separate colloidal iron during colour and
iron measurements.

Experimental procedure
Experiments were initiated by adding 1 litre DDI water to
the reaction cell. A 12.2%:87.8% O2:N2 gas mixture
(Praxair, North Royalton, Ohio) was bubbled through the
water until the dissolved oxygen concentration stabilized
(PO2 = 0.122 atm, dissolved oxygen ∼5 mg/l). The gas
tube was then positioned just above the water surface.
The water was mixed using a mechanical stirrer and plexiglass paddle (one 19 mm radius blade) at 20 rpm
(G = 3.5 sec − 1). An appropriate amount of sodium bicarbonate was then added to the water. The titration system
was programmed to the desired pH and started. After the
pH stabilized, ferrous sulphate was added to give an initial
ferrous iron concentration of approximately 1 mg/l
(1.79 × 10 − 5 M) or 5 mg/l (8.95 × 10 − 5 M) depending
on the goal of the test run. The tendency for pH to change
during test runs due to oxidation and precipitation
reactions, and CO2 transfer was countered by the titration
system. Inorganic carbon changes due to CO2 transfer
between the test water and atmosphere were measured
during typical experiments at pH 7, 8, 9 and 10 in waters
containing 5 and 100 mg C/l DIC. Signiﬁcant changes
were noted only at pH 7 (both DIC conditions) where 5%
DIC decreases were observed. Samples were drawn out of
the cell with a syringe approximately 20 min after complete oxidation of Fe2 + had taken place. A separate
parallel study was dedicated to determining the effect of

Other

water chemistry on the oxygenation kinetics of Fe(II).
Oxygenation rate experiments were performed using the

Glassware (excluding pipettes) used for the preparation of

same apparatus, conditions and water chemistries used in

standards and solutions was cleaned using a 5% solution

the particle generation experiments. During each test run,

of Contrad 70©. The glassware was thoroughly rinsed

15 ml samples were periodically drawn from the reaction

with deionized water. Reused glassware was immediately

cell using a 20 ml syringe that was preﬁlled with 5 ml of
0.6% HNO3 (necessary to quench oxidation reaction). The

1The

purchased material was listed as FeSO4 · 7H2O (Fisher Scientiﬁc), however, X-ray
diffraction analysis and titrometric standardization of stock solution indicated that the original
chemical dehydrated over time. Analysis showed that FeSO4 · 7H2O, FeSO4 · 4H2O and
FeSO4 · H2O were present and that the chemical dehydration accounted for about a 10% error
in the ﬁnal stock solution concentration.
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complete Fe(II) oxidation did not signiﬁcantly impact the

Cambridge, MA) using a vacuum ﬁltration apparatus. The

colour and turbidity of iron suspensions.

ﬁlter was immediately placed in the instrument and the
solid material was analysed before drying. A Scintag
(Scintag, Inc., Santa Clara, CA) XDS-2000 theta-theta

Transmission electron microscope
Transmission electron micrographs (TEM) were obtained
using a Jeol 1200 EX electron microscope (Japan)
operated at 80 kV at various degrees of magniﬁcation.

diffractometer with a copper X-ray tube was used to
acquire X-ray patterns. Pattern analysis was performed
using the computer software provided by the manufacturer which generally followed ASTM procedures (ASTM
1996).

Elemental analysis was done using a Oxford Link EXL
energy dispersive X-ray spectrometer (EDS) (Oxford, UK).
Electrophoretic mobility
TEM sample preparation procedure

The electrophoretic mobility (EPM) of iron colloids

Conventional centrifugation was used to concentrate

was measured using a Malvern Zetasizer 4 (Malvern

colloidal iron particles (Perret et al. 1991). Glass pipettes

Instruments

were used to withdraw 10 ml iron colloid suspension

measures the EPM by laser doppler electrophoresis and is

samples from the glass reactor vessel. The sample was

expressed as a velocity divided by the applied ﬁeld to give

immediately transferred to a 15 ml centrifuge tube, and
centrifuged in a microcentrifuge for 5 min at 5000 rpm to
concentrate the colloids. Following centrifugation, the
sample was mixed with NANOPLAST® FB101 which is a
hydrophilic melamine resin (Bachhuber & Frosch 1983).
Nanoplast resin embedding of aquatic colloids has been
shown to provide minimally perturbed images of aquatic
colloidal structures (Frosch & Westphal 1989; Perret et al.
1991; He et al. 1996). The melamine resin was prepared and
mixed with the concentrated sample according to the
supplier’s instructions. Typically, 0.1 ml of resin was
mixed with 1 ml of sample taken from the bottom of the
centrifuge tube.
Mixed samples were directly deposited on carbon
coated copper TEM grids based upon the technique suggested by Nomizu & Mizuike (1986). The grid was heated
at 40°C for 48 h followed by 48 h at 60°C, and ﬁnally at
70°C for 12 to 24 h (He et al. 1996).

Ltd,

Malvern,

U.K.).

The

instrument

EPM expressed in units of µm cm V − 1 s − 1. The EPM is
used by the computer software to calculate the zeta potential using the Smoluchowski relationship (Hunter 1981).
James (1991) described the relationship between electrophoretic mobility and zeta potential, and noted complications that arise from making assumptions about the
variables used in the calculation of zeta potential. For
example the high concentration of ions near the charged
surface, and the viscosity and relative permittivity in the
electrical double layer may differ from that of the bulk
solution. Since variables used to derive the zeta potential
are based on the bulk solution characteristics, uncertainties on the zeta potential may exist. Particle size and
shape assumptions must also be made in the conversion.
Therefore, electrokinetic properties are reported in this
manuscript as the measurable parameter of electrophoretic

mobility

to

eliminate

these

uncertainties.

Negative electrophoretic mobility values represent particle movement in the direction of the anode and a net
negative surface charge.

X-Ray diffraction

Samples were injected directly into the 1.5 ml quartz
capillary

measurement

tube

with

10 ml

disposable

X-Ray diffraction (XRD) was used to identify crystalline

syringes. New syringes were used for each sample. Prior to

phases. Colloids and particles were ﬁltered from suspen-

the measurement of each new sample, approximately

sion onto a 47 mm diameter 0.45 µm ﬁlter (Millipore

20 ml of deionized water was rinsed through the cell

Corp., Bedford, MA) or a 0.1 µm ﬁlter (Costar Corp.,

followed by a 10 ml rinse with the sample to be measured.
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Subsequent replicate measurements (typically four to ﬁve
depending on sample volume) were made after 4 ml injection increments. The instrument was checked daily using a
MIN-U-SIL© (ground crystalline silica powder) suspension prepared by adding 0.02 g of MIN-U-SIL© to 200 ml
ﬁltered distilled water (Bier 1959). Measurements were
made within 30 min of particle formation and at 25°C.

Particle counting and sizing
Particles ( < 1 µm diameter) were sized with a Malvern
Zetasizer 4 (Malvern Instruments Ltd, Malvern, U.K.).
The instrument sizes (average diameter) particles using
photon correlation spectroscopy (PCS) which measures
Brownian motion and relates it to the size of particles. A
He-Ne laser (wavelength 633 nm) is passed through the
sample. Scattered light is detected by a photomultiplier.
Fluctuations in the intensity of scattered light due to
moving particles in the beam are converted to electrical

Figure 1

|

The effect of pH and iron concentration on suspension turbidity (5 mg C/l,
PO2 =0.122 atm, 23°C).

signals. The signals pass a correlator and are sent to a
computer where the information is analysed and converted to size information using light scattering theory.
Particle counts and sizing ( > 1 µm diameter) were
measured with a Paciﬁc/Scientiﬁc HIAC/ROYCO (Silver
Springs, MD) model ABS particle counter. The instrument
uses laser light obscuration technology to size and count
particles.

should be noted that the terms ‘particle’ and ‘colloid’ are
used interchangeably in this paper although technically
colloid may be deﬁned as a subset of particles having a
diameter less than 1 µm.

Suspension turbidity and colour

RESULTS AND DISCUSSION

Iron (III) particles were formed in solutions containing 5,
50 and 100 mg C/l of DIC (4.17 × 10 − 4 M, 4.17 × 10 − 3 M

Iron particles were formed using solutions with dissolved

and 8.34 × 10 − 3 M sodium bicarbonate), and iron con-

inorganic carbon (DIC), dissolved oxygen, pH and iron

centrations of 1 and 5 mg/l, over a pH range of 6 to 10.

concentration that represent the chemistry of water in

The effect of pH on turbidity formation in water with 5 mg

drinking water distribution systems. Ferric iron particles

C/l is shown in Figure 1. The 1 mg/l iron suspension

were generated by reacting oxygen with ferrous iron. The

turbidity was scattered between 0.5 to 1.5 NTU over a pH

intent was to create a condition similar to that in distribu-

range of 6.6 to 10. The turbidity of 5 mg/l iron solutions

tion systems when Fe(II) is released from the pipe wall to

increased from approximately 5 to 8 NTU as pH increased

anoxic water, followed by oxidation when it comes into

from 7.0 to 10. The ﬁve-fold increase in iron concentration

contact with oxygen. The particle formation approach

resulted in roughly a ﬁve-fold increase in turbidity. Figure

used in this study is also representative of iron-containing

2 shows that turbidity increased linearly with increasing

anoxic waters after the introduction of oxygen. Also, it

iron concentration up to 30 mg/l at pH 7.5. The rate of
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Journal of Water Supply: Research and Technology—AQUA

Figure 3

|

|

52.3

|

2003

The effect of pH and DIC on the turbidity of 5 mg/l iron suspensions
(PO2 =0.122 atm, 23°C).

increase of turbidity was 0.9 NTU per mg Fe/l (R2 =

addition of sodium chloride (Figure 3), but this amount was

0.993).

far less than the turbidity differences between the 5 mg C/l

Increasing the DIC from 5 to 50 mg C/l increased the

and 100 mg C/l DIC iron suspensions.

turbidity of 5 mg Fe/l suspensions by 3 to 4 NTUs when

The presence of large pale-green coloured particles in

the pH was equal to and below 9, but had essentially no

the reaction cell was typically observed immediately after

effect on the turbidity at pH 9.8 and 9.9 (Figure 3). Further

the addition of ferrous sulphate when pH was above 8.5

increasing the DIC to 100 mg C/l increased the turbidity

and the DIC was 50 and 100 mg C/l. The green solids

by an additional 4 to 5 NTUs when the pH was below 8.5,

changed to yellow in as little as 15 to 30 sec, suggesting

but again had no effect on the turbidity compared to the

that an unstable intermediate iron solid phase existed for a

5 mg C/l suspension above about pH 8.5.

brief period. The physical characteristics of the particles

A set of experiments was conducted to determine

formed above and below pH 8.5 were examined by trans-

whether ionic strength differences amongst the DIC-

mission electron microscopy (Figure 4). Particles formed

containing waters explained the observed turbidity differ-

at low pH had webbed features and some suggestion

ences. Ionic strength differences due to additional sodium

of edges indicating poorly ordered crystalline features

from sodium bicarbonate and sodium hydroxide (pH adjust-

(Figure 4a). Particles formed from the intermediate

ment), and chloride (pH adjustment) between the 5 mg C/l

green particles appeared as granular clusters (Figure 4b).

and 100 mg C/l suspensions were approximated. The 5 mg

Examination under high magniﬁcation revealed individ-

DIC/l experiments were repeated with the addition of

ual grains with sharp edges and dimensions in the order of

sodium chloride (prior to iron addition) to a concentration

150 to 200 nm.

of 200 mg Na/l and an ionic strength similar to the 100 mg

The effect of iron concentration and pH on apparent

C/l suspensions. There appeared to be a small increase in

colour of 5 mg C/l suspensions is shown in Figure 5.

turbidity (less than 1 NTU) at pH of 7 and 8 due to the

The apparent colour (unﬁltered samples) of 1 mg/l iron
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observed).
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The effect of pH and iron on the apparent colour of iron suspensions (5 mg/l
DIC, PO2 =0.122 atm, 23°C).
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The effect of DIC on the apparent colour of 5 mg/l iron suspensions
(PO2 =0.122 atm, 23°C).

suspensions slightly decreased with increasing pH based

decreased rapidly to about 50 PtCo units below the value

on linear regression analysis and ranged from approxi-

for the 5 mg C/l DIC suspension at pH 10. The addition of

mately 30 to 65 PtCo units between pH 7 and 10. The

200 mg Na/l to the 5 mg C/l test water did not affect the

apparent colour of the 5 mg/l iron suspensions gradually

apparent colour of iron suspensions.

increased from approximately 165 to 230 PtCo units as pH

True colour (0.45 µm ﬁltered samples) of 1 mg/l iron

increased from 7 to 10, similar to the way that turbidity

suspensions (5 mg C/l) was typically less than 50% of the

increased as pH increased. The effect of iron concen-

apparent colour and averaged approximately 25 PtCo

tration on colour paralleled turbidity. Increasing the iron

units over the evaluated pH range (data not shown). The

concentration by a factor of 5 caused an increase in

exception was at pH 10 where nearly 100% of the colour

apparent colour by a factor of 4 to 5. Additional exper-

passed the ﬁlter. Measurable colour was not detected

iments using other iron concentrations conducted at pH

following ﬁltration of these suspensions through 0.2 µm

7.5 and 5 mg C/l showed that apparent colour increased

ﬁlters. The colour of 5 mg/l iron suspensions (5 mg C/l)

linearly with increasing iron concentration up to 30 mg

did not pass through a 0.45 µm ﬁlter below pH 8 (Figure 7)

2

Fe/l at a slope of 37 PtCo units per mg Fe/l (R = 0.998,

as did the particles from the 1 mg Fe/l suspension. This

graph not shown).

difference reﬂects a larger particle size possibly caused by

Increasing the DIC concentration from 5 to 50 mg C/l

increased particle collision frequency as a result of the

by adding sodium bicarbonate appeared to slightly

larger iron solid concentration. However, true colour

increase apparent colour below pH 9 (Figure 6).

(0.45 µm) increased rapidly above pH 8. At pH 10,

Increasing the DIC concentration to 100 mg C/l caused a

approximately

suspension colour increase of approximately 75 PtCo

a 0.45 µm ﬁlter. No detectable colour passed through a

units below pH 8.5 over the 5 mg C/l DIC suspensions

0.2 µm ﬁlter at any pH. True colour (0.45 µm ﬁltered

(Figure 6). At pH values of 8.5 and higher, apparent colour

suspensions) of 50 mg C/l suspensions increased from pH
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that sodium cations had a coagulating effect on the iron
particles.

Particle composition
A series of experiments was conducted to determine
whether inorganic carbon was incorporated in the structure of the iron particles, and to identify the short-lived
green solid formed in higher pH and DIC waters. The
incorporation of inorganic carbon in the iron particles was
determined by comparing total inorganic carbon, DIC
concentrations (dissolved plus particle-associated inorganic carbon), of suspensions prior to and after ﬁltration
through 0.2 µm ﬁlters. The method and instrument used to
make inorganic carbon measurements produced highly
precise and accurate data that permitted distinction
between small differences. The precision of the DIC analyFigure 7

|

The effect of pH and DIC on the filterable colour of 5 mg/l iron suspensions
(23°C, PO2 =0.122 atm).

sis was determined by pooling historical data collected
since 1998. The pooled standard deviation (SD) about the
mean (Skoog & West 1963) of 138 sets of duplicate real
DIC samples in the concentration range of 4 to 9 mg C/l
collected between February 2001 and January 2002 was

7 to 8, decreased from pH 8 to 9, and increased from pH 9

0.06 mg C/l. The SD of 184 pairs of samples in the con-

to 10 (data not shown). No colour passed the 0.2 µm ﬁlter.

centration range of 9 to 23 mg C/l collected between April

True colour (0.45 µm ﬁltered suspensions) of 100 mg C/l

2000 and January 2002 was 0.10 mg C/l. The SD about the

suspensions was observed at all pH values (Figure 7). Like

mean of 79 duplicate sets of DIC samples in the concen-

the 50 mg C/l true colour trend, there were colour peaks at

tration range of 37 to 100 mg C/l collected between March

pH 8 and 10 (assuming data point at pH 8.1 was an

1998 and December of 1999 was 0.51 mg C/l. Loss of

outlier), and no colour passed a 0.2 µm ﬁlter. DIC did not

inorganic carbon due to degassing during ﬁltration was

signiﬁcantly impact the fraction of colour passing a

also considered in an independent study prior to the

0.45 µm ﬁlter above pH 9. The ﬁltered colour data imply

particle composition study. Waters containing 5 and

that increasing the DIC decreased the size of iron particles

100 mg C/l DIC at several pHs (no iron) were ﬁltered as

below pH 8 to 8.5. The size differences between iron

usual. No measurable differences in post- and pre-ﬁltered

particles formed in different DIC-containing waters corre-

DIC water sample measurements were noted.

sponded well with the observed differences in turbidity

Particle suspensions containing 5 mg Fe/l and 50 mg

and colour, which suggests that particle size contributed

C/l DIC at pH 7.1 and 8.9 after all Fe (II) had been

to the differences.

oxidized were analysed. The particles contained 0.25 mg

The addition of 200 mg Na/l to the 5 mg C/l test water

C/l at pH 7.1 which is equivalent to an Fe:C molar ratio of

did not affect the apparent colour of iron suspensions

4.3:1. No measurable inorganic carbon was detected in

(Figure 7) but did have an effect on the 0.45 µm ﬁltered

iron particles at pH 8.9. The experiment was repeated at

colour at pH 9 and 10. The presence of sodium chloride at

pH 7.14 using 20 mg Fe/l. The particles contained 0.96 mg

pH 10 decreased the amount of colour passing the ﬁlter

C/l and had an Fe:C molar ratio of 4.7:1. Five mg/l iron

from approximately 75% to 25%. The observations suggest

suspensions were formed in 100 mg C/l DIC solutions at
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in

an

the iron particles increased to 1.06 mg C/l which was

‘‘oxygen-free’’ glovebox to slow the transformation of

equivalent to a Fe:C molar ratio of 1.

Fe(II)-Fe(III) solid to a ferric solid and positively identify

An experiment was conducted at pH 9.92 using 20 mg

the green solid. Test waters were prepared as described

Fe/l and 50 mg C/l to determine the composition of the

above. Oxygen was removed by nitrogen stripping until

short-lived green particles and the ﬁnal oxidation product.

the dissolved oxygen concentration was minimized. The

Samples were drawn from the reaction cell at approxi-

reactor cell was then transferred to the glovebox and

mately 15 and 30 sec after ferrous iron was added, during

remaining oxygen was stripped from the test water using a

the period when the green material was observed, and

gas recirculation pump. Ferrous iron was added after the

after 35 min when yellow particles were observed. Ferrous

dissolved oxygen reading was reduced typically to a read-

iron, total iron and inorganic carbon were measured.

ing of zero. It was not possible to put the pH controller

Ferrous iron samples were taken by drawing 15 ml

into the glovebox because of its size and thus pH could not

samples from the test cell using a 20 ml syringe preﬁlled

be kept constant as in the other experiments. However,

with 5 ml of 0.6% HNO3 (Mallinckrodt, Inc., Paris, KY) at

pH, dissolved oxygen, ferrous iron and total iron (ﬁltered

appropriate time intervals. Acid was necessary to bring the

and non-ﬁltered) were monitored. A green solid formed in

pH to 3 to 4 and quench the oxidation reaction. The

high pH waters shortly after the addition of ferrous iron

sample was analysed for ferrous iron within 10 min of

in 5, 50 and 100 mg C/l solutions. Iron analysis showed

sampling. All iron was in the particulate form at the time

that some Fe(II) had been oxidized to Fe(III) even though

of sampling. Ferrous iron concentration in the particles

no oxygen was detectable indicating that the atmosphere

decreased from 11.8 to 8.5 mg/l as the time of reaction

was not truly oxygen-free. The Fe(II):Fe(III) ratio dropped

increased from 15 to 30 sec. During the same time frame,

in an exponential manner from 10 to 0.2 over a period of

inorganic carbon in the solid phase dropped from 1.6 mg

9 days. The green solid formed in the glovebox visually

C/l to 1.1 mg C/l. Siderite, FeCO3, was oversaturated at

appeared to be the same material that formed during the

the time of Fe(II) addition based on chemical modeling

bench experiments. The green solid was formed in 5 mg

(van Gaans 1989), however, the saturation state of iron

C/l DIC water in the glovebox even though it was not

changed rapidly as oxidation took place. Although siderite

observed at this DIC concentration in experiments con-

may have theoretically been the stable Fe(II) solid phase,

ducted at PO2 = 0.122 atm. The solid was ﬁltered and

the observed green-coloured solid was not in agreement

quickly analysed by X-ray diffraction (XRD). The solid

with the reported colour of siderite. A more reasonable

remained green for several minutes outside the glovebox

guess of the identity of the solid was green rust

before gradually turning yellow. XRD analysis of the solid

III
(FeII
4 Fe 2 (OH) 12CO 3). Assuming that all ferrous iron and

formed in 5 mg C/l DIC solution after being in the glove-

inorganic carbon were incorporated in a green rust-like

box for 26 days showed that the only identiﬁable crystal-

solid (Fe(II):Fe(III) of 2:1) and that OH- was necessary to

III
line phase was green rust, FeII
4 Fe 2 (OH) 12CO 3 (see Figure

create a neutral solid, a hypothetical solid having the

8a) (Hansen 1989). The same solid was identiﬁed in the

III
formula FeII
4 Fe 2 (OH) 8.87(CO 3) 2.56 was present after

100 mg C/l DIC (pH 9.65 to 9.86) solution after nearly 6

15 sec. In order to account for all of the ferric iron, a solid

days (Figure 8b). Finally, an analysis of the 50 mg C/l DIC

containing 2.51 mg Fe(III)/l was also present. After

(pH 9.65) suspension that had been in the glovebox for 57

30 sec, the calculated solid formula remained nearly the

days showed the presence of green rust and lepidocrocite

III
same, FeII
4 Fe 2 (OH) 9.12(CO 3) 2.44, but the amount of ferric

(Figure 8c), which are reported oxidation products of

solid had increased to 10.5 mg Fe(III)/l. The suspension

Fe(II) (Schwertmann & Fechter 1994; Drissi et al. 1995;

was analysed again after all of the iron was oxidized to

Legrand et al. 2000). Poorly crystalline magnetite may also

Fe(III) (35 min). The particles no longer contained

have been present based on the observation that the

measurable amounts of inorganic carbon, showing that

suspension appeared black and black particles were

the green solid had been completely oxidized.

attached to a magnetic stirrer bar. The results showed that
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X-ray diffraction analysis of ‘‘green rust’’ collected during glovebox
experiments at (a) pH 9.5 and 5 mg C/l DIC after 26 days, (b) pH 9.65 to 9.86
and 100 mg C/l DIC after 6 days, and (c) pH 9.65 and 50 mg C/l DIC after
57 days.

Figure 9

the formation of green rust is highly sensitive to pH, DIC

|

The effect of pH, inorganic carbon and sodium on the electrophoretic mobility
of suspended iron particles (5 mg Fe/l, PO2 =0.122 atm, 22°C).

and oxygen concentration. Although siderite was predicted to be the most stable iron phase (van Gaans 1989)
in the glovebox conditions, no sign of the mineral was
ever detected. Drissi et al. (1995) reported similar obser-

reached in the experimental pH range, but was projected

vations in their work on green rust and suggested that the

to be between pH 6.5 and 7. A range of PZC values of 4.2

formation of siderite may be limited by kinetic constraints.

to 7.2 for goethite (a-FeOOH) and 5.3 to 7.4 for lepidocrocite (g-FeOOH) has been reported (Parks 1965).
Variability in reported values may be due to many factors

Electrophoretic mobility

including experimental conditions, electrolyte concentration, adsorbed impurities, structural imperfections and

Figure 9 shows the electrophoretic mobility (EPM) of

state of hydration. Increasing the DIC from 5 to 100 mg

freshly formed iron (III) particles as a function of pH in 5

C/l did not have a signiﬁcant effect on the EPM of iron

and 100 mg/l DIC waters. The EPM of particles in the

particles at pH 9 and 10, and appeared to slightly decrease

5 mg C/l water became more negative with increasing pH

the EPM at pH 7 and 8. The presence of 200 mg Na/l in

to a maximum negative value of − 1.5 µm cm V − 1 s − 1 at
pH 10. Increasing EPM toward the positive electrode

the 5 mg C/l solutions also did not affect the EPM of iron
particles.

means that the net surface charge of the iron particles
increased in the negative direction with increasing pH.
This trend can be explained by the increased tendency for
the dissociation of surface groups with increasing pH. The

Colloid/particle size and counts

increase in negative EPM corresponded with the observed

Size measurements of iron particles suspended in

increase in ﬁlterable colour (and particle size), which

sodium bicarbonate buffered waters were unsuccessful.

suggests that electrostatic force interactions affected par-

Suspensions were relatively unstable and tended rapidly

ticle aggregation and growth. The point where the EPM

to form visible ﬂocs, particularly below pH 9. Particle

was zero or the point of zero charge (PZC) was not

size measurements were uncertain because the particles
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that did not precipitate or form visible solids and remained
discoloured for longer than 24 h. The impact of pH on the
stability of aqueous solutions containing 5 mg/l iron and
5 mg C/l DIC was evaluated by examining undisturbed
glass vials of the suspensions. Increasing the pH increased
the stability of the suspension. Suspensions formed at
approximately pH 7 and 8 were unstable, with the solids
forming an orange-coloured ﬂoc at the bottom of the vial.
A mixture of stable particles and settled ﬂoc was present at
pH 9. Dark orange ﬂoc was observed at the bottom of the
vial and the water above was light yellow in colour. The
pH 10 suspension was stable. The increase in suspension
stability with increasing pH was attributed to the corresponding negative EPM increase (Figure 9) which is
predicted

to

decrease

particle-particle

interactions.

Increasing the DIC to 50 and 100 mg C/l did not produce
stabile suspensions at pH 7 and 8, and in most instances
Figure 10

|

The effect of DIC (mg C/l) on particle counts (>1 m) and particle size
distributions of iron suspensions at pH 7.5 (PO2 =0.122 atm, 23°C).

reduced the stability of suspensions at higher pH values.
Large ﬂoc was typically observed in the reaction cell
during the particle formation experiments at all pH values
when the DIC was 50 and 100 mg C/l. The loss of stability

tended to settle in the instrument sample chamber during
the size measurement.
Particle sizing and counting of particles greater than
1 µm in diameter showed that there were differences
between the distribution and numbers of particles formed
in waters containing 5 and 100 mg C/l DIC at pH 7.5
(Figure 10). The 100 mg C/l suspensions contained
approximately 2.3 times as many total particles as the 5 mg
C/l suspension. The major difference in particle counts
was in the 1 to 3 µm diameter size range where the 100 mg
C/l suspension contained many more particles. The 5 mg
C/l suspension contained a greater number of particles in

was thought to be attributed to the coagulating effect of
the additional sodium ions associated with NaHCO3 used
to increase DIC. Increasing the DIC from 5 to 50 and
100 mg C/l resulted in sodium increases of nearly 90 and
180 mg/l, respectively. The 5 mg C/l set of experiments
was repeated with the addition of 200 mg Na/l. The presence of the additional sodium caused the particles to grow
unstable and form chemical ﬂoc during the particle formation experiments at all pH values, including high pH
values where the suspensions had been stable when excess
sodium was not added. Particle destabilization occurred
without measurable differences in EPM.

larger size ranges. These data suggested that particles
formed in 100 mg C/l suspension had a smaller average
diameter. This conclusion was also supported by the colour data discussed earlier (Figure 7) and the ﬁltered iron
data.

Transmission electron microscopy and XRD analysis
The effect of 5, 50 and 500 mg C/l DIC on the structural
properties of iron colloids formed at pH 8 is shown in
TEM micrographs (Figure 11). Increasing the DIC pro-

Suspension stability

duced colloids that appeared to consist of aggregates of
small subunits which resulted in less dense overall fea-

The stability of iron suspensions was determined by visual

tures. In general, colloids formed in the 5 mg C/l DIC

examination. Stabile suspensions were deﬁned as those

suspension appeared more as singular, dense masses with
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Transmission electron micrograph of iron particles (1 mg Fe/l, pH 7.85 to 8.05, PO2 =0.122 atm, 22.5°C to 23.3°C), in (a) 5 mg C/l, (b) 50 mg C/l, and (c) 500 mg C/l DIC
solutions.

Downloaded from https://iwaponline.com/aqua/article-pdf/52/3/165/402313/165.pdf
by guest

2003

178

Darren A. Lytle & Vernon L. Snoeyink

|

Effect of pH and DIC on iron colloidal suspensions

Journal of Water Supply: Research and Technology—AQUA

|

52.3

|

2003

slight crystalline properties as suggested by the appear-

Particle size (based on ﬁlterable colour measurements)

ance of some deﬁned crystalline edges. XRD analysis of

and suspension stability differences were attributed to iron

colloids showed that the particles were poorly ordered.

particle EPM differences in most cases.

CONCLUSIONS
The following conclusions can be drawn from this study:

•

Dissolved inorganic carbon concentration and pH
affected the properties of iron particles and
suspensions. Increasing the DIC concentration
increased the turbidity and apparent colour of a
ﬁxed concentration of iron suspension below
pH ∼8.7. The turbidity and apparent colour of 5 mg
Fe/l suspensions increased with increasing pH
below ∼8.7. Above pH 8.7 the inﬂuence of pH was
dependent on whether an intermediate green solid
formed.

•

A measurable amount of DIC was incorporated in
the structure of iron particles at pH values below 8
to 8.5.

•
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Inorganic carbon inﬂuenced the formation of redox
sensitive, carbonate-containing green rust mineral at
pH values greater than 8. This solid was present only
for a short time. However, measurable amounts of
inorganic carbon were not detected in the
completely oxidized particles.

•

Inorganic carbon altered the physical appearance
and density of iron particles based on TEM
micrographs. Even when inorganic carbon was not
measured in the particle, the properties of the
intermediate carbonate-containing green rust
compound appeared to carry over to the ﬁnal
product. Structural and morphological differences
are difﬁcult to quantify, and the impact of such
differences on corresponding suspension properties
are not well known.

•

An increase in inorganic carbon, and an increase in
pH, decreased iron particle size based on ﬁltration
tests, particle size measurements and particle counts.
The effect of inorganic carbon was limited to pH
values below 8 to 8.5 where inorganic carbon was
bound to the iron particles.
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