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abstract
The finding of various forms of iron, and less commonly of manganese, in numerous reverse osmosis 
(RO) membrane autopsies we have performed, have led us to call attention to the diverse forms of 
iron and manganese species in natural waters. Correlation of elemental composition analyses of 
foulants with contaminants in RO feedwater and pretreatment steps led to successful solutions of 
fouling problems by the modification of pretreatments, such as substitution of oxidation filtration 
strategies for iron and manganese reduction with sequestration with appropriate antiscalants. 
Cases where iron and manganese fouling failed to respond to sequestration with antiscalants, the 
existence in the RO feedwater of pre-existing colloidal iron and manganese particles are suspected. 
To fully control such fouling, speciation of the different forms of iron and manganese that exist in 
natural, industrial and wastewaters are central to process design, troubleshooting and RO system 
operation and maintenance. We have undertaken a literature review of iron and manganese col-
loidal chemistry as it pertains to the RO membrane process. This paper reviews the background 
for the association of iron with manganese in water treatment, natural sources of colloidal iron 
and manganese, early works on methods for the reduction of iron and manganese in traditional 
municipal waterworks where colloidal particles may be formed and not removed, speciation of 
forms of iron and manganese in water treatment, and the effects of colloidal iron and manganese 
on RO operation. The overall conclusion is that methods for the speciation and quantitation of col-
loidal forms of iron and manganese need to be fully developed and employed for the validation of 
methods useful for the control and/or removal of such foulants in RO feedwaters.
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1. Background

In the course of solving membrane fouling problems 
in RO plants, the finding of various forms of iron, and less 
commonly of manganese, in numerous reverse osmosis 
(RO) membrane autopsies [1–3], have led us to call atten-
tion to the diverse forms of iron and manganese species 
in natural and treated waters. Correlation of elemental 
composition analyses of foulants with contaminants in 
RO feedwater and pretreatment steps led to successful 

solutions of fouling problems by modification of pretreat-
ments, such as substitution of oxidation filtration strate-
gies for iron and manganese reduction with sequestration 
with appropriate antiscalants [4,5]. In cases where iron 
and manganese fouling failed to respond to sequestra-
tion with antiscalants, the existence in the RO feedwater 
of pre-existing colloidal iron and manganese particles 
are suspected [5,6].

Low levels of iron and manganese in water are not 
always targets for removal in water purification. In de-
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salination with reverse osmosis (RO) however, they can 
significantly affect the operation and maintenance of the 
membranes. Methods of dealing with iron and manga-
nese fouling in RO pretreatment become major issues, 
especially where maximum recovery of water is needed 
in areas of the world where water is scarce, or where the 
disposal of RO concentrate as a waste stream is costly, or 
not possible [6].

Colloidal particles by definition are particles less 
than 0.1 micron (100 nanometers) in size. Extremely 
high surface areas per unit weight lead to novel physical 
properties of self-assembly, aggregations, patterning of 
depositions on surfaces that is the core of the rapid de-
velopment of nanotechnology in this decade [7]. General 
colloidal fouling of high and low pressure membranes 
have been briefly reviewed in the past, in connection 
with humic matter, elemental sulfur and silicates [8] and 
calcium phosphate [9]. The cake-layer and pore fouling 
of UF [10] and cake layer fouling of RO [11] by colloidal 
iron oxide have been studied.

To fully control such colloidal fouling, speciation and 
quantitation of the different forms iron and manganese 
that exist in natural, industrial and wastewaters are cen-
tral to process design, troubleshooting and optimizing RO 
system operation and maintenance. We have undertaken 
a literature review of iron and manganese colloidal chem-
istry as it pertains to the RO membrane process. 

2. The linkage of iron and manganese in water treatment

Iron and manganese are chemically similar in oxida-
tion and reduction properties in nature and in treatment 
processes. In natural waters, solubilization and deposition 
of iron and manganese compounds are largely regulated 
by microorganisms as energy sources, as oxidizable 
fuel in aerobic environments and sources of oxygen in 
anaerobic environments [12–17]. In water supplies, they 
cause taste, odor, color, corrosivity, foaming and staining 
problems. Iron oxyhydroxides give reddish brown color 
and stains, and manganese oxyhydroxides are brownish 
black in color and lead to even more noticeable stains. 
For these aesthetic issues, the Environmental Protection 
Agency (EPA) in the United States as well as the World 
Health Organization (18) have set for drinking water 
standard, Secondary Maximum Contamination Levels 
(SMCL) of 0.3 mg/l for iron and 0.05 mg/l for manganese. 
Iron and manganese in natural waters are considered 
trace nutrients, and do not pose health hazards. For health 
considerations, the same concentration limits have been 
set by the US Food and Drug Administration in the qual-
ity standard for bottled water.

3. Sources of iron and manganese in water

Iron is a major metallic element in the crust of the 
earth, estimated to constitute 4–5% of the mass. It is pres-

ent mainly in the forms of highly water insoluble oxides, 
principally hematite (Fe2O3) and goethite (FeOOH) and 
innumerable forms of complex silicates. Manganese oxy-
hydroxide and silicate ores are poorly understood and 
are amorphous mixtures of manganese in the 2+, 3+ and 
4+ oxidation states. Pyrolusite (mainly MnO2), braunite 
(manganese silicate) and psilomelane (a complex barium 
manganese oxyhydroxide) are the main manganese ores. 
Soils contain about 0.1% Mn oxyhydroxides [19].

Although low concentrations are found in every 
natural water supply, iron is seldom found at concentra-
tions greater than 10 mg/l and manganese concentrations 
are typically less than 1 mg/l [20]. The main process 
by which these minerals dissolve in water appears to 
be through the energy-generating metabolic actions of 
microbes which live on reducing iron and manganese 
in their insoluble higher oxidations states to the more 
soluble lower oxidation state forms. For instance, ferric 
oxides and manganese (III-IV) oxides are water-insoluble, 
while ferrous and manganous salts formed are relatively 
soluble. Microorganisms such as iron bacteria, can in 
aerobic environments, oxidize the reduced forms of iron 
and manganese, including metallic iron and manganese, 
to the higher oxidation forms.

Once released into water as soluble salts, the ionic 
forms of iron and manganese can again precipitate as 
insoluble salts in combination with other anions. For 
instance, arsenate, boride, chromite, oxyhydroxide, 
phosphate, silicate and sulfides of iron and manganese 
are generally insoluble. The precipitated salts can remain 
suspended and mobile in the water as colloids or can be 
adsorbed on soil particles or coagulated and flocculated 
to become larger particles to be removed from the water 
by filtration.

Corrosion of metal pipes and equipment in municipal 
water systems aided by iron and manganese bacteria can 
be a source of iron and manganese release into the water.

4. Forms of iron and manganese in water that affect RO 
performance

4.1. Ionic iron

Iron in the ionic ferrous form are often seen ranging 
from 0.5–8.0 mg/l in deep well waters. On exposure to air 
above ground, it spontaneously oxidize to the ferric form 
and precipitates as ferric hydroxide. With atmospheric 
partial pressure of oxygen and pH >6, the chemical half-
life of ferrous ion is on the order of minutes to hours 
[21]. Development of turbidity in the initially clear water 
is sometimes seen in samples of well water when the 
oxidized iron begins to coagulate with colloidal organic 
and inorganic matter such as microbial slime and silica 
respectively. Iron is the third most common cation in total 
soil content, amounting to 10–300 g per 1 kg of soil. Of 
this, only tiny fractions are exchangeable on soil particle 
surfaces or dissolved in the soil solutions [19].
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Ionic iron is commonly added to water as a coagulant 
in clarification process. High solubilities of synthetic 
ferrous and ferric chlorides and ferric sulfate allows for 
the preparation of iron solutions for injection into turbid 
waters as coagulants prior to sedimentation and filtration. 
The particles formed by coagulation and subsequent floc-
culation exist in a wide range of particle sizes which may 
not be completely removed by adsorption and physical 
retentions by multimedia and cartridge filters, or even by 
micro or ultrafiltration (MF/UF) membranes. Colloidal 
fouling of RO by MF or UF filtrates with Silt Density Index 
of less than 2 are often seen in seawater and municipal 
wastewater RO plants.

4.2. Ferric oxyhydroxides and oxides

Hematite (Fe2O3) and goethite (FeOOH) are the most 
common iron oxides found in soils [19]. Hematite is pink 
to bright red. Goethite is brown to dark yellowish-brown. 
Both hematite and goethite occur as amorphous coatings 
on soil particles, impacting the red and brown colors 
characteristic of soils. Their content can be 20–30% of the 
soil in highly weathered regions. Magnetite (Fe3O4) is a 
magnetic iron oxide inherited from parent rock. It usually 
occurs as sand-sized grains of high specific gravity. The 
precipitation of amorphous iron hydroxides is respon-
sible for the irreversible hardening upon drying of soils 
into stone-like materials. 

Iron oxyhydroxide and oxides are highly insoluble 
in water. They are solubilized as ferrous salts in ground 
waters by microbial actions, and can subsequently repre-
cipitate as oxyhydroxides on exposure to air or again by 
microbial action. A large class of iron bacteria has been 
characterized [12,22,23]. These same bacteria are involved 
in the corrosion of iron and steel in water treatment equip-
ment and water distribution systems, returning them to 
the natural oxyhydroxide and oxide states.

In seawater, ferric iron concentration has been re-
ported to range from 0.02 to 0.27 mg/l [24]. Iron is con-
sidered perhaps the most important of all bioactive trace 
elements. However, its marine chemistry and inorganic 
speciation are rather complex and still not adequately 
understood [25]. In the photic zone of the ocean surface, 
a continuous reduction then oxidation cycling of Fe(II)–
Fe(III) occurs as a photochemical process, forming a 
colloidal ferric hydroxide that is less polymeric and less 
crystalline than aged ferric hydroxide. This form is more 
soluble and in faster equilibrium with monomeric ferric 
species which may control iron uptake by phytoplankton. 
A similar photochemical cycling process most likely oc-
curs for manganese as well.

4.3. Colloidal silicates containing iron and manganese

Elemental composition of the crust of the earth is 
dominated by oxygen and silicon atoms, with aluminum, 
calcium, magnesium, and iron as the main metal elements 

and manganese as a minor component incorporated in a 
wide variety of combinations as mixed silicates [26]. Iron 
is widely incorporated in silicate minerals such as biotite, 
olivine, chrysotiles and magillite. Erosion of such miner-
als by water would generate iron-containing silicates in 
the colloidal size range that affect RO membranes.  

The facile polymerization reaction of ionic iron in 
water with reactive silica added as sodium silicate [1,27] 
points to the mechanism by which colloidal iron and 
manganese silicates can form in waters containing soluble 
iron, manganese and reactive silica, and by themselves or 
become a part of complex coagulate with organic colloids 
that foul membranes. 

The weathering and microbial process reducing min-
eral particle sizes smaller and smaller and the chemical 
precipitation and microbial particle growth process 
represents the “top down” and the “bottom up” routes 
respectively by which particles in the colloidal range are 
formed.

4.4. Colloidal organic matter containing iron and manganese

Positively charged trivalent ferric ion is an effective co-
agulant towards organic and inorganic colloids in natural 
waters. Ferric chloride and ferric sulfate are widely used 
as coagulant in the clarification of surface and seawater as 
pretreatments to RO. Due to the prevalence of exocellular 
polysaccharides, humic plant matter, bacteria, planktons 
and other microorganisms in these waters, and often 
incomplete coagulation/flocculation before multimedia 
and cartridge filters, colloidal organic matter containing 
iron are often found among the RO membrane foulants. 

In brackish waters from wells containing iron and 
manganese, a number of different species of iron bacteria 
can be found [12,22,23]. They derive energy by oxidizing 
dissolved iron and manganese in the reduced forms into 
the insoluble oxidized forms, causing precipitation and 
accumulation of black or reddish brown gelatinous slime. 
Minute dispersions of these particles can be expected to 
mobilize in water as iron-containing organic colloids.  
Studies consistently show that colloids as well as organic 
and inorganic complexes are important for all heavy met-
als in landfill leachates [28].

4.5. Colloidal goethite and hematite

Iron oxyhydroxides have net positive charges in acid 
soils due to hydrogen ion adsorption. As the pH of the 
ground water increases, the charge changes from positive 
to negative as hydrogen ions dissociate [19]. This might 
contribute to the mobilization of colloidal goethite and 
hematite in ground water [29,30]. Such iron-rich colloids 
play prominent roles in subsurface transport by water of 
contaminants which are of great concern for the contain-
ment of buried wastes [31–34].
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4.6. Colloidal iron and manganese formed in oxidation/coagula-
tion/filtration treatments

Oxidation of dissolved ferrous and manganous salts 
followed by coagulation and filtration often, if not invari-
ably, allows a carryover of some amounts of colloidal 
iron and manganese foulants affecting the operation 
of downstream RO systems. Iron is usually oxidized 
catalytically by air or with manganese greensand fed 
continuously with chlorine or potassium permanganate 
as oxidants. Manganese is more difficult to oxidize re-
quiring catalyzed chlorine, ozone, chlorine dioxide, or 
potassium permanganate [35–41]. It should be noted 
that black manganese dioxide dust is the main form of 
oxidized manganese being formed from the oxidation 
of the dissolved manganese species and shed from the 
manganese greensand bed as well as being the product 
of the reduction of potassium permanganate.

Iron and manganese in drinking water can be consid-
ered as being present in three physical forms: 0.45 micron 
filter removable particles, colloidal particles that pass 0.45 
micron filters and dissolved ions. For drinking water com-
pliance testing, samples filtered with 0.45 micron filters 
are analyzed by emission spectroscopy for total iron or 
manganese. Such results would include both colloidal and 
ionic forms of the metals. Iron and manganese removal 
efficiencies in municipal water plants vary with the re-
agents used, initial iron and manganese concentrations, 
pH and ionic strength [38,42]. The oxyhydroxide particles 
are formed with a range of particle sizes that are partially 
removed by the standard coagulation, flocculation and 
filtration methods employed [38,40,42,44]. Laboratory 
studies showed that removal of particles in the colloidal 
range posed a significant challenge [35,37–39,41]. In natu-
ral waters, oxidative removal of iron and manganese is 
further complicated by their complexation with natural 
organic matters [45–47].

5. Speciation of iron and manganese

In water samples, iron and manganese may occur in 
true solution in ionic form, paired with anions and com-
plexing molecules that allow it to remain in solution. As 
larger molecular aggregates, they may occur as colloidal 
complexes in the size range of 0.1 to 0.001 microns. They 
remaining in solution as particles invisible to the naked 
eyes, and not removed by filtration through 0.45 micron 
filters, which are ususlly used in analytical laboratories to 
define “soluble” analytes. Larger particles in the particle-
size continuum begin to be retained by 0.45 micron filters, 
and contribute to Silt Density Index and turbidity values 
of importance to RO system control.

In water, ferrous and ferric ions are differentiated and 
measured by colorimetric assays. Highly colored com-
plexes with thiocyanate, 1,10-phenanthroline and thio-
glycollic acid can differentiate between Fe(II) and Fe(III) 

ions. Under reducing conditions, iron exists in the Fe(II) 
state. On exposure to air or the addition of oxidants, Fe(II) 
is readily oxidized to Fe(III) state and may hydrolyze to 
form insoluble ferric hydroxide. In the absence of solu-
bilizing complexing agents, ferric hydroxide precipitates 
unless the pH is kept very low.

Fe(III) reacts with thiocyanate (SCN-) ions to give a 
series of intensely red-colored compounds, which remain 
in true solution; Fe(II) does not react. In the colorimetric 
assay, a large excess of thiocyanate is used to increase the 
intensity and stability of the color. Hydrochloric or nitric 
acid at 0.05–0.50 M concentrations are used to suppress 
the precipitation of ferric hydroxide.

Fe(II) reacts with 1,10-phenanthroline to form an 
orange-red complex. The color intensity is independent 
of the acidity in the pH range 2–9, and is stable for long 
periods. By this method, both Fe(II) and Fe(III) can be 
determined spectrophotometrically: the reddish-orange 
Fe(II) complex absorbs at 515 nm, and both the Fe(II) and 
the yellow Fe(III) complex have identical absorption at 
396 nm, the amount being additive. The solution, slightly 
acid with sulfuric acid, is treated with 1,10-phenanthro-
line, buffered with potassium hydrogen phthalate at a 
pH of 3.9: the reading at 396 nm gives the total iron and 
that at 515 nm the Fe(II).

The use of thioglycollic acid (mercaptoacetic acid) 
for the determination of iron is of importance because it 
is relatively free from interferences giving a red-purple 
color with Fe(III) which can be measured at 535 nm.

A US Army Corp of Engineers report [48] described 
using a,a’-dipyridyl and ferrozine as color reagents for 
ferrous ion, measuring absorbances at 520 nm and 526 
nm respectively. Addition of hydroxylamine hydrochlo-
ride to the samples reduced the ferric ions in the same 
samples to ferrous ions. Repeat of the colorimetric assay 
for ferrous ions then provided a measurement of the total 
iron, and ferric ions by the difference. Manganese was 
analyzed using formaldoxine colorimetric reagent which 
quantitated the Mn2+ ion [49].

Speciation of iron and manganese particles by frac-
tionation by size with filters of a range of pore-sizes have 
been reported [38,41]. The scheme of two filtration steps 
were used in fractionation [38]: 0.2 micron filter removed 
particulate metal species, followed by passage through an 
ultrafilter with 30,000 molecular weight cutoff (MWCO) 
to separate colloidal particles from the dissolved species. 
Emission spectroscopic standard methods by atomic 
absorption or inductively coupled plasma provide total 
iron and manganese assays without differentiating the 
metal oxidation states, whether complexed, or as soluble, 
colloidal or particulate forms. By the two step filtration 
scheme, the reductions in total metal content can be at-
tributable to particulate and colloidal fractions. For the 
fractionation of manganese particles, ultrafilters of 3, 10, 
30 and 100 K MWCO were compared [38,41]. The 3, 10 
and 30K MWCF membranes retained about the same 
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amount of Mn and significantly more than the 100 K 
membrane [38].

More recently, sequential laser pulses have been used 
to amplify particulate forms by breaking apart iron-
containing particles into smaller fragments [50]. A paper 
on quantitative determination of the elemental, ferrous, 
ferric, soluble and complexed iron in foods [51] has been 
widely referred to in subsequent studies by others on 
speciation of iron in foods.

6. Effects of iron and manganese species on RO 
operation

Presence of iron in RO foulants, often in significant 
amounts, is commonly seen in elemental composition 
analyses performed in conjunction with membrane 
autopsies for the resolution of fouling problems [1–3]. 
Iron-containing colloidal oxides, silicates, sulfides and 
phosphates in RO feedwaters often contribute to the 
elemental compositions of foulants obtained from mem-
brane surfaces. In cases where well waters have high 
iron content, and pretreatment steps such as manganese 
greensand or other oxidation/filtration are used to reduce 
iron concentration in RO feedwaters, ferric hydroxide 
and iron-coagulated pretreatment chemicals usually are 
found on the membranes as foulants [5].

Citing some examples in the United States, colloidal 
iron and silica in well water is the limiting factor in RO 
water recovery in the Eastern Municipal District desalters 
in southern California, and is the subject of a laboratory 
study [52]. Morro Bay seawater RO required iron removal 
pretreatment due to severe precipitation of iron in well 
water requiring changing of cartridge filters every half 
hour [53]. Alluvial and San Diego Formation wells sup-
plying Sweetwater desalter in San Diego contained iron 
and manganese particles led to a study of the oxidation 
and removal of iron and manganese by the pretreatment 
combination of aeration and low-pressure membrane 
filtration to improve RO performance [54]. Pretreatment 
for the removal of iron and manganese posed a major 
design challenge for the 8–24 mgd RO plant in the City 
of Abilene, Texas [55]. 

We have for some years advocated the use of antiscal-
ants to sequester iron and manganese so that contami-
nated ground water can be fed directly to RO systems 
without pretreatment [4]. This strategy has worked 
extremely well. In Saskatchewan, Canada and in many 
regions of central United States, well waters with up to 
8 mg/l of iron are routinely injected with just an antis-
calant, kept from exposure to air where possible, and sent 
directly to the ROs through just the cartridge filter [5]. In 
contrast, existing RO plants using the traditional oxida-
tive filtration iron/manganese removal pretreatments 
often suffer severe fouling problems due to incomplete 
removal of iron, or colloidal iron/manganese particles 
actually generated by such pretreatment steps. Using an 

appropriate antiscalant to control all scaling potentials of 
the RO feedwater as well as the sequestration of iron and 
manganese allows for the elimination of existing pretreat-
ments like manganese greensand filters and multimedia 
filtrations following oxidation of iron. When this change 
is made, invariably fouling problems ceased.

It is well to keep in mind that when well waters contain 
1 mg/l or more of ferrous iron, air oxidation will gener-
ate in the water an excellent coagulant to coagulate with 
bacterial slime, colloidal clays, silica and organic matter 
[1]. It is widely observed that well waters containing iron 
can turn visibly turbid within one hour of exposure to air. 
Such RO feedwaters have led to RO membrane foulants 
composed of organics, silicates and iron. Even without 
colloidal mass present in the water to coagulate with 
ferric iron, some ferric hydroxide precipitate itself can 
remain in colloidal form, and escape filtration by multi-
media and cartridge filters. Colloidal particles coagulate 
within the RO when salinity rises.  Colloidal iron being 
positively charged particles, adsorb on the membrane 
surfaces, and on the layer of foulants already deposited 
on the membrane surface.

The use of manganese dioxide-coated greensand as 
iron removal filter deserves a special mention as a source 
of RO membrane fouling. Colloidal particles of manga-
nese dioxide whether shed from the manganese green-
sand or carried over from the reduction of potassium 
permanganate used in the regeneration of manganese 
greensand are found to be present to varying degrees 
as brownish black coatings on RO membranes. In cases 
where manganese dioxide coating is not maintained on 
the greensand by consistent maintenance with potassium 
permanganate or other oxidizing agents to sustain the 
filter-bed as iron-oxidizing and removal tower, we have 
found colloidal greensand coatings on the membranes. 
Greensand (glauconite) has the signature elemental 
composition of K2(Mg,Fe)2Al6(Si4O10)3(OH)12. Being a 
zeolite with the crystal lattice positions occupied by the 
ion-exchangeable potassium and magnesium atoms, the 
greensand appears to be brittle as a packing material in 
multimedia filters. Over periods of use, small expansions 
and contractions resulting from cation exchange activities 
appears to cause the sloughing off of colloidal fragments 
of the greensand that are small enough to pass the mi-
cron cartridge filters and enter the membrane elements 
as colloidal foulants.

The effects of membrane fouling by all colloidal iron 
and manganese species begins with flux reduction from 
a thin coating, to differential pressure rise from heavier 
depositions. Any carryover of traces of oxidants like 
hypochlorite and chloramine in the feedwater catalyzed 
by iron and manganese as foulants on the membrane 
will cause severe loss of salt rejection due to free-radical 
reactions damaging the polyamide barrier layer of the 
thin-film composite membrane.
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7. Conclusions

A large variety of iron and manganese-containing 
species exist in RO feedwaters. Due to the high valence 
states and positive charges of iron and manganese ions, 
even low concentrations of these ions act as coagulants 
in RO feedwaters. The resulting colloidal particles con-
taining iron and manganese that are formed in natural 
waters can contain positive surface charges, causing them 
to be attracted to the negative charges on the membrane 
surfaces, and to the generally negatively charged surfaces 
of natural microbial and humic colloids. Once attached 
to the membranes, iron and manganese-containing fou-
lants cause a progression of flux reduction, differential 
pressure rise, and increase in salt passage by membrane 
polarization effect or more severely by membrane oxida-
tive damage in the presence of oxidants.

To control such negative effects of iron and manganese 
species in water affecting RO operation, a successful ap-
proach in recent years in process design and conversion of 
problematic existing pretratment processes is to eliminate 
iron oxidation and removal steps. Instead, antiscalants are 
used for iron and manganese sequestration (4) keeping 
iron and manganese in solution without aggravating a 
colloidal fouling tendency that already exists in some 
waters.
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