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Several potential sorbent materials containing iron oxides were prepared and evaluated for
These included a
potential to remove divalent metals from waste waters.
ferrihydritecoated sand, maghemite incorporated in DowexTm ion exchange resin, gothite

and two thermally activated ferrihydrites. Attempts to prepare sorbents from steel shot by
coating with ferrihydrite or by thermal oxidization resulted in cemented solids rather than
pellets. Ferrihydrite activated at 295°C had a surface area of 113-202 m2/g, followed by

gifithite at 72-92 m2/g and ferrihydritecoated sand at 0.78-1.4 m2/g. Zinc adsorption was
evaluated by placing 5 g ferrihydritecoated sand, 0.1 g maghemite in Dowex or 0.1 g
gOthite in batch reactors containing 40-50 mL of zinc solution, adjusting to various pH
values, allowing to react for 96 hours, and analyzing the supernatant for zinc. The data
fitted poorly to an ion exchange model using nonlinear regression. The adsorption site

densities determined from the regression analysis were 8.0x10-8 moles per gram of
ferrihydritecoated sand and 4.1x10-5 moles per gram of White. Maghemite in Dowex
did not provide any additonal zinc removal capacity in excess of the ion exchange capacity

of the resin. Kinetic experiments showed that zinc adsorption onto ferrihydritecoated

sand was 86% complete after 96 hours. Based upon this study, the most promising
sorbent appears to be gothite, although the "activated ferrihydrites" are also worthy of
further study. Neither ferrihydritecoated sand and maghemite in Dowex appear to be
practical sorbents, based on their low zinc adsorption site density. Maghemite in Dowex
might be useful in applications requiring magnetic sorbents.
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Preparation and Laboratory Evaluation of Stationaryphase
Ironoxidebased Adsorbents for Removal of Metals from Waste Waters

Introduction

Since ancient times, technological advancement has been founded largely upon the
use of metals and substances containing metallic elements. But the enormous growth in
knowledge and improvement in living standards which have accompanied this

advancement have generated their own difficulties, notably in the management of
metalcontaining wastes. The need to minimize waste, to reclaim useful metals from
waste materials, and to remove or render harmless metalcontaining wastes which have
been released to the environment are all tasks receiving attention.
Aqueous solutions containing dissolved metal ions are worthy of particular interest

for a variety of reasons. Dissolved metals are usually more available to aquatic organisms

Aqueous metal solutions are a common
byproduct of many industrial processes, such as electroplating and ore treatment. Metal
ions can be leached into aqueous solution from "solid wastes," such as ammoniacal

than are metal alloys or insoluble salts.'

copperzincarsenic or copperchromearsenic wood preservatives or soils impacted by
such preparations. And dissolved metals such as lead, cadmium, arsenic and mercury are a
public health concern in drinking water supplies.2
Several approaches are currently in use for removal of dissolved metals. Popular
methods used in water supplies involve conversion of the metal ion to an insoluble form by

oxidation or precipitation, often followed by addition of a flocculating agent to promote
coagulation.3 Ion exchange on synthetic resins or natural zeolites are often utilized in
pointofuse water systems and for industrial treatment,4,5 and reverse osmosis coupled
with ion exchange is commonly used to produce ultrapure semiconductor process water.6

Adsorption on alumina has been used for removal of arsenic oxyanions from potable
water.? However, each of these techniques has its drawbacks, such as requirements for
large amounts of reagents or energy, incomplete metals removal, or the production of
large volumes of sludge or waste water.

Researchers have investigated biological treatment techniques and innovative
sorbents, some of which have seen limited use in "real world" settings. Investigations by
the Colorado School of Mines achieved apparent success in treatment of acid mine
drainage (AMD) using constructed wetlands, and even resulted in publication of a
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guidance document for assessing the technique's potential at specific sites.8 However,
subsequent operational experience indicated that the metals removal was accomplished by

sulfatereducing bacteria, and that conventional bioreactors offered a more practical
approach for utilizing these bacteria.9 Workers at the U.S. Bureau of Mines have
investigated the use of nonliving biomass immobilized in polysulfone beads for reversible

adsorption of metals from AMD and mine process waste. In field tests, dissolved metals
and iron oxide precipitates were removed from mine process waters and lowflow AMD
seeps, with costs competitive with conventional lime precipitation. I'm Other workers
have found activated carbon prewashed with nitric acid followed by sodium hydroxide to
be promising as a substrate for metal hydroxide precipitation and metal adsorption.'2

A very large body of literature exists on the sorbent properties of metal oxides,
especially iron oxides.e-g-, 13,14 These materials play a key role in geochemical cycles,
affecting the fate and transport of dissolved metals and other substances in ground water,
in surface waters, and in the ocean." Iron oxide adsorbents also offer several advantages
over other techniques for removal of dissolved metals from water. Adsorption/desorption
cycles can concentrate liquid wastes, reducing disposal costs and offering opportunites for
reclaiming metals from waste streams. And unlike precipitation processes, there is little or
no generation of sludge requiring disposal, and a potential for providing treatment over a
wider range of concentrations and flows.

Certain engineering properties are desirable in order to utilize iron oxide
adsorbents in practical water treatment systems. The sorbents must have a large specific
surface area, and adsorption would ideally be both rapid and reversible. They must be
chemically and mechanically stable, and operate efficiently over many cycles. It would be
desirable if they would work effectively in the presence of chelating agents commonly
used in electroplating and other processes. For use in inline treatment systems, they must
have a high hydraulic conductivity (low head loss) and should have particle sizes large
enough to be retained on filters without clogging. For off line batch operations, such as
removal of metals from ponds, magnetic properties would allow sorbent recovery. And,
of course, the sorbents must be inexpensive to manufacture, use and discard when spent.
Laboratory synthesis of iron oxides usually produces small particles of amorphous
ferrihydrite, gothite or other oxides. While bubble flotation of colloidal ferrihydrite has
been investigated for water treatment,16 an approach investigated in the present work is to
immobilize iron oxides by incorporating them into substrates consisting of larger particles.

Edwards and Benjamin have synthesized a ferrihydritecoated sand which reversibly
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Others found that iron oxide-coated granular activated
carbon had an increased sorption capacity, but much slower kinetics, than iron oxide
alone.° And another team observed that adsorption of hexavalent chromium and zinc
removes divalent metals.1718

onto "ferrihydrite" precipitated onto magnetite was only partially reversible, resulting in a
declining sorbent performance with use.2°

Recent research into new materials for use in information storage media has
resulted in a method for synthesizing "nanocrystalline" maghemite within the interstices of

an ion exchange resin. This matrix-mediated synthesis resulted in unusually shaped
equiaxial cubic y-Fe203 crystals with rounded corners and dimensions ranging from 50 to
100 A. The superparamagnetism and optical transparency of this material were of primary
interest to the developers21, but the small oxide surface area suggest a possible application
for cation adsorption. The negatively charged sulfonic acid groups on the resin, essential
to synthesis of the iron oxide, would probably interfere with use of this material for anion
adsorption.

Only one true aluminum oxide exists, Al2O3, but there are a large number of
polymorphs and hydrated forms whose composition depends upon the preparative
conditions.22 The activated alumina commonly used in water treatment is a mixture of
amorphous alumina and y-A1203 formed at 300-600°C.23 There is no obvious reason why
an analogous "activated" iron oxide adsorbent could not be made.

The present investigation was directed at screening several iron-oxide-based
adsorbents for potential use in real systems to treat waste waters containing metal
contaminants. The primary objectives included: (a) confirming the preparatory methods
for ferrihydrite-coated sand and maghemite in DowexTm, 24 (b) measuring selected
properties of these materials, such as specific surface area and zero point of charge;
(c) evaluating the capabilities of these materials to adsorb zinc in batch reactors; and
(d) investigating the kinetics of zinc adsorption on these materials. In addition, limited

attempts were made to investigate the practicality of preparationon of certain other
immobilized iron oxides a laboratory scale. This included attempts to "activate"
ferrihydrite thermally at two temperatures in the range used to activate alumina, as well as

to coat steel shot with ferrihydrite in a manner similar to sand, grow an oxide coating on
steel shot by heating.
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Methods and Materials

The investigation described here was designed to evaluate the relative performance

and selected properties of several iron oxidebased sorbents. During the course of the
investigation, it was determined that some candidate materials were likely to be
impractical as sorbents. These materials were not included in further experiments. It was

assumed that further study will be necessary for those candidates which showed promise.

Candidate materials included ferrihydritecoated sand, ferrihydritecoated steel shot,
maghemite nanocrystals in an ion exchange resin, two "activated ferrihydrites" analogous
to activated alumina, and four varieties of thermally oxidized steel shot. Gothite was used

as a reference material for some experiments.

The scope of the experiments is

summarized in Table 1 below.

Table 1
Summary of Experiments
Activity

Fe Ox

Maghemite

on

in Dowex

Sand

Gothite

Fe Ox

Fe Ox

Fe Ox

Thermally

activated
at 295°C

activated
at 515°C

on steel
shot

oxidized
shot

Synthesis
Visual
appearance
Photomicrograph
Fe content
N2BET area
EGME area
XRD
ESCA
zpc titration
Zn adsorption
Zn adsorption
kinetics

Selected candidate materials were characterized by a combination of techniques to
evaluate one or more of the following parameters: visual appearance, iron content, specific

surface area, xray diffractograms, xray photoelectron spectra, zero point of charge and
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photomicrographic appearance. Not all techniques were utilized on all solids. Adsorption

"bottlepoint" experiments were run on ferrihydritecoated sand, maghemite nanocrystals
in an ion exchange resin and gOthite to assess divalent metal adsorption performance. An
additional experiment was intended to provide data on the kinetics of zinc adsorption on

ferrihydritecoated sand. No attempt was made to evaluate relative costs for water
treatment systems using these materials.

Sorbent Synthesis

Three sorbents were prepared for use in adsorption experiments. Sand was coated

with an amorphous ferrihydrite mineral phase, and maghemite nanocrystals were
synthesized in an ion exchange resin. GOthite was synthesized for use as a reference
material. Additional solids were prepared which were not used in adsorption experiments.

These included "activated" (thermally dehydrated) ferrihydrites, ferrihydritecoated steel
shot and thermally oxidized steel shot.

Ferrihydritecoated sand
Ferrihydritecoated sand was prepared using the method reported by Edwards and
Benjamin (patent pending).25 Approximately 1 kg clean sand (Mallinckrodt 7062) was
washed in hot 1 F HNO3, then rinsed in deionized water, allowed to drain and oven dried.
After adding solid ferric nitrate nonahydrate (121 /2 g iron per kg sand) and deionized
water, the mixture was stirred until the ferric nitrate was dissolved. The mixture was then

heated for 24 hours at 103°C. The upper and lower layers of the resulting solid were
brickred, but the middle layer was yellow. Approximately 250 mL deionized water was
then added and the resulting slurry was stirred until it appeared a uniform brickred. This
material was again heated for 211/2 hours to obtain sand which appeared superficially to be

uniformly coated with a brickred material.
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Ferrihydritecoated steel shot
A previous attempt had been made to coat steel shot using a similar approach.
About 50 g of S-330 steel shot (Sand Products Co., Portland, Oregon) with an average
diameter of 0.92 mm were reacted with approximately 3 mL concentrated hydrochloric
acid to prepare a clean surface and to generate ferric ions. Based solely on stoichiometry,
this amount of acid would be expected to produce about one quarter as many ferric ions

per unit area of shot as Edwards and Benjamin used in their preparation of
ferrihydritecoated sand. A stoichiometric amount (about 2 g) of potassium carbonate
was slowly added in order to neutralize any remaining acidity, until bubbling ceased and
small amounts of unreacted potassium carbonate remained visible. The slurry was then
heated in a 103°C oven for 24 hours. This process cemented the shot together and caused
them to stick to the glass vessel, but some texture of the original shot remained visible.
The resulting solid was mostly brickred in color, with some yellow/brown to green areas.

Maghemite nanocrystals in ion exchange resin

Maghemite nanocrystals were synthesized within the interstices of an ion exchange

resin using a method similar to that reported by Ziolo, et a/.26 The synthesis consisted of
repetitive cycles in which ferric ion was exchanged onto the resin, then precipitated and
transformed to maghemite trapped within the polymer lattice. With each cycle, additional
iron oxide was synthesized within the resin.
The synthesis was performed using a sulfonated polystyrene ion exchange resin
with 8% divinylbenzene crosslinks (Dowex 50WX8). This resin had been commercially

prepared as 200-400 mesh acidform beads (38-75 gm diameter) having a nominal ion
exchange capacity of 5.1 milliequivalents per dry gram (BioRad, Richmond, Calif.).

Ferric ions were exchanged onto 100 g of resin by equilibrating the resin with an
aqueous ferric nitrate solution containing the same number of equivalents of ferric iron as
the resin. The resin was then rinsed in deionized water and vacuum filtered to remove
excess ferric ion. After suspending the resin in distilled water and heating to 60±4°C,
hydrazine hydrate was added dropwise with stirring until the solution became nearly black.
Aqueous potassium hydroxide was then added to increase the pH above 12'/2, then the
mixture was allowed to cook for a minimum of six hours. The resin was then rinsed with
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copious amounts of deionized water to reduce the pH to approximately 9. A final rinse in

0.1% nitric acid was performed to prevent precipitation of "ferric hydroxide" during the
next cycle. By the fifth cycle, the magnetic stirrer could only agitate the suspension rather
than stir it. This difficulty was attributed to the increased mass of the resin particles, and
their magnetic attraction to the stir bar. Because of this, processing was stopped after the
fifth cycle.

Gothite

Three 9gram batches of pulite were prepared for use as a reference material by
the following method. Aqueous potassium hydroxide was added to a ferric nitrate
solution to obtain a redbrown precipitate. This solution was allowed to react for 60
hours in a 60°C water bath, and the resulting ocher precipitate was vacuum filtered
(1.5 gm) and rinsed with deionized water until the pH was reduced below 9. The first
batch was freezedried to constant weight, but later batches were dried to constant weight
Freezedrying was
in an evacuated desiccator containing phosphoric anhydride.
accomplished by placing the solid in an evaporating dish in contact with an acetonedry
ice mixture and evacuating for several hours within a desiccator containing calcium
sulfate. Gothite was ground with a mortar and pestle to obtain a finelydivided yellow
powder and stored in polyethylene scintillation vials. Synthesis was conducted in closed

nitric acidwashed polyethylene bottles, and deionized reagent water was sparged
onehalf hour with nitrogen to prevent carbonate interference. Additional details are
provided by Schwertmann and Corne11.27

The first batch ( "Gothite 2:10") was used for measurements of iron content,
surface area measurement by both the BrunauerEmmettTeller (BET) and ethylene
glycol monomethyl ether (EGME) methods, zero point of charge determination and xray
diffraction. The second and third batches were composited ("Gothite 2:71"), and used for
adsorption experiments. Specific surface area was also measured by the EGME method as
an indicator that this batch had similar properties to those of the first batch. All of these
experimental methods are described below.
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"Activated ferrihydrite

Two "activated ferrihydrites" were prepared for the purpose of determining
whether thermal dehydration of ferrihydrite could produce an oxide with a high surface
area. This is in analogy to "activated aluminas," which are prepared by dehydration at
temperatures of 300-800°C and typically have N2BET surface areas in the range of
200-400 m2/g.28

Ferrihydrite was precipitated by adding aqueous potassium hydroxide to a solution
of ferric nitrate at room temperature, exactly as described above for gothite synthesis.

Instead of heating this solution to 60°C, the precipitate was filtered and washed several
times with deionized water until filter breakthrough occurred. At this point, the filtrate
was still alkaline (pH 10.5). The redbrown precipitate was transferred to an evaporating
dish and placed in a muffle furnace for several days. One activated ferrihydrite was
prepared by heating at 295°C for 64 hours, while the other was heated at 515°C for 183
hours. This latter material was observed to change color from black to reddish brown as it
cooled. Both activated ferrihydrites were crushed with a mortar and pestle and stored in
polyethylene scintillation vials.

The surface area of both "activated ferrihydrites" was measured by the EGME
method (q.v.), in order to determine whether activation had occurred. No further testing
was done, nor was any attempt made to optimize dehydration conditions.

Thermally oxidized steel shot

Iron oxide layers were grown on four sizes of steel shot. Samples of the shot were

placed in aluminum trays and oxidized in a muffle furnace at 600°C for fortynine days
with periodic weighing. An additional sample of S-110 shot was oxidized sixtyfour days
under the same conditions. A sample of aluminum foil and a corner of an aluminum tray

were heated at 600°C for twentyfive hours to gravimetrically verify that aluminum
(melting point 660°C) does not oxidize under the test conditions. The three smaller sizes

of shot were a soft alloy for use in impact cleaning (Sand Products Co., Portland,
Oregon), while the larger size was manufactured for use in ammunition (Mayville
Engineering Co., Mayville, Wisconsin).
digital vernier calipers (Table 2).

The sizes were determined by measuring with
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Table 2
Diameters of Steel Shot

Mean Diameter
Std. Deviation
No. measured
NOTE:

No. 4
3.31 mm
0.03 mm
12

S-660

S-330

S-110

1.94 mm
0.13 mm
50

0.92 mm
0.06 mm
49

0.39 mm
0.05 mm
50

The different shot sizes are identified by manufacturer's designation, which does not reflect U.S. standard sieve sizes.

Adsorbent Characterization

In addition to visual appearance, selected parameters were observed for the
candidate materials. Some of these, such as iron content and xray diffractograms and
xray photoelectron spectra, were used to confirm the identification of the synthesized
material. Others, such as specific surface area, zero point of charge and microscopic
appearance, were of interest in assessing the adsorption capabilities of the material. Not
all parameters were obtained for all solids.

Iron content

As an aid to identification of the iron oxides, samples were digested and the iron
content was determined by atomic absorption spectrometry (AAS) or ioncoupled plasma
atomic emission spectrometry (ICPAES), as described below under atomic spectrometry.
Ferrihydritecoated sand was digested in concentrated nitric acid for two weeks, and then
heated briefly to boiling to dissolve visible red flecks. Maghemite in Dowex was also
digested fourteen days in cold concentrated nitric acid, but digestion appeared to be
complete by the tenth day. The gothite sample was digested nearly three hours in hot
concentrated nitric acid. Samples of ferrihydritecoated sand were also examined using
conventional optical microscopy.

10

Specific surface area

Surface areas were estimated by a gravimetric adsorption technique originally
developed for soils.29 Onegram samples of several oxides were placed in clean aluminum
weighing dishes and dried to constant weight over phosphoric anhydride and calcium
chloride in a vacuum oven at room temperature. The vacuum pump was operated only

until the vacuum reached 29 inHg. About 3 mL of reagentgrade ethylene glycol
monomethyl ether (EGME) was added to each dried sample, forming a slurry. These
slurry samples were returned to the oven under the same conditions and allowed to reach
minimum weight, with measurements collected every few hours. The final minimum
weight was presumed to reflect the presence of a monolayer of adsorbed EGME, which
allowed gravimetric estimation of the oxide surface area. The mass per unit area of the
EGME monolayer was determined to be 0.000256 m2/g by calibrating the gothite results
against those obtained by N2BET analysis of a sample from the same batch, as described
below.

Surface

areas

for

selected

samples

were

also

determined

by

the

BrunauerEmmettTeller (BET) method3°,31,32 for White, for Dowex resin and for
maghemite in Dowex. The analyses were performed on commercially available BET
apparatus by T. Y. Hsien of the Biochemical Engineering Laboratory at Oregon State
University, under the direction of Dr. Gregory L. Rorrer. Nitrogen gas (N2) was used as
the adsorbent. The instrument data system was used to transform data into the linearized
BET equation and calculate the specific areas.

Crystallography

Samples of ferrihydritecoated sand, gothite and maghemite in Dowex were
analyzed by Xray diffraction. These analyses were performed in the laboratory of Dr. A.
W. Sleight in the OSU Chemistry Department. Crystal sizes were estimated by an analysis
of peak widths.

In order to determine the iron oxidation state, samples of gothite, maghemite in
Dowex and both activated ferrihydrites were analyzed by XPS (xray photoelectron
spectroscopy, also known as ESCA, electron spectroscopy for chemical analysis).33,34 The

analyses were performed by Dale Govier at the U.S. Bureau of Mines laboratory in
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Albany, Oregon. Sample spectra were obtained on a Surface Science Laboratories
SSX-100 spectrometer. Samples were excited with xrays from an aluminum Ka source
operated at 10 kV, and spectra were collected over the. 680-740 eV photoelectron binding
range. The instrument's binding energy scale was calibrated using highpurity gold and
copper standards.
Spectra were obtained from FeO and Fe203 standards as well as from samples.

Ferrihydritecoated sand was not analyzed, due to the minimal amount of ferrihydrite
coating observed under a microscope. Samples and standards were mounted on
doublesided tape to insulate them from the spectrometer, and sample surfaces were
maintained at constant potential by a stream of 2.0 eV electrons and a fine nickel wire
mesh held 1 mm above the surface. Peakfitting software provided by the instrument
manufacturer was used to determine relative binding energies.

Zero point of charge by salt titration

The point of zero charge was determined for ferrihydritecoated sand and for
gothite by a salt titration technique.35,36 This technique is based on shifting the equilibrium

ion the exchange reaction

+2H4

-OH +II' <:=> k --OH;

When the pH is greater than the zero point of charge, the surface is negatively charged. If
a small aliquot of salt is added, the cations will be attracted to the surface and coordinate
with it. By LeChatelier's Principle, this shifts the equilibrium of the reaction toward the
left, releasing hydrogen ions and reducing the pH. When the pH is less than the zero point
of charge, the surface is positively charged. Anions of an added salt would be coordinated
to the surface, shifting the equilibrium toward the right and increasing the pH. Thus,

whether the pH is above or below the point of zero charge, addition of salt causes the pH
to shift toward the plizpc.

Prior to salt titration, solid samples were allowed to equilibrate in 0.001 F
potassium nitrate under a nitrogen atmosphere for at least 24 hours. Sample sizes were
selected to have total surface areas on the order of 20 m2 each (15.38 g
ferrihydritecoated sand and 1.00 g gothite). This suspension was then titrated with
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several small aliquots of 0.1 F potassium nitrate, causing the pH to shift towards pliz,p, as
salt ions displaced H+ or OH- ions. The pH was then adjusted by dropwise addition of
dilute nitric acid or potassium hydroxide, followed by titration with several more aliquots
of potassium nitrate. The titration was conducted in a vented polypropylene vessel

(Figure 1) while sparging with nitrogen and stirring. After a minimum of four titration
cycles for each sorbent, the titration curves were plotted and the pH,pc. values were
estimated from the intersections of the titration curves.

Glass pH electrode
I

Fritted glass sparger,
connected to dry nitrogen
gas

I

II

I

iI
i
II
II
II

I

II
II

II

1p

II

rI

4
I

I

i
I

a

i

I

I

I

0

0

0
0

0

I
I

1

I

I

I

I

Food-grade LPDE
(1 cup Rubbermaid
Servin' Saver)

I I

CA)1
Thermometer
Magnetic stirring bar

Figure 1. Salt Titration Apparatus

For solids that are stable in acidic and alkaline solutions, it is also possible to
determine pi 1,p, by successive acidbase titrations at different ionic strengths. With this
technique, the titration curves intersect at the zero point of charge. This method was used
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in a second plizp, determination for gothite, using 0.00220 F potassium hydroxide and
0.00135 F nitric acid as titrants, and successive potassium nitrate concentrations of
0.0010 F, 0.0099 F and 0.11 F.
The zero point of charge was not determined for maghemite in Dowex. It was
anticipated that the titration techniques would be subject to interference from the ion
exchange resin incorporated into the material. Similarly, electrophoretic techniques were
not expected to yield useful results for the relatively large maghemite in Dowex or
ferrihydritecoated sand particles.

Adsorption Experiments
Samples consisting of 5 g ferrihydritecoated sand and 50.00 mL of metal solution

were placed in 60 mL HDPE bottles (Nalge Co.). The pH was adjusted by adding
potassium hydroxide and nitric acid at various concentrations, either from a buret or an

eyedropper. The total added volume was recorded for later use in mass balance
calculations. Samples were equilibrated in a water bath at approximately 25°C for a
minimum of four days. After equilibration, about 25 mL of the supernatant was collected
through a Luerlock syringe equipped with a 0.45 pm filter, transferred to a polyethylene
scintillation vial, and acidified with one drop of concentrated nitric acid. The pH of the

remaining suspension was measured with a conventional glass electrode pH meter. The

acidified filtrate was analyzed by acetyleneair atomic absorption spectrometry as
described below.

For adsorption on g6thite or maghemite in Dowex, 0.1 g solid was equilibrated
with 40.00 mL of metal solution in the same manner as for ferrihydritecoated sand.
Unlike the composite phases, the gothite remained suspended at low pH, causing it to
adhere to the glass electrode. Under neutral and alkaline conditions, the pH was measured
in the one centimeter of clear supernatant which was obtained by allowing about 15
minutes of settling. Regardless of solution pH, the electrode was rinsed in 1% HNO3 and
deionized water between samples to reduce crosscontamination. As with the other
sorbents, the total added volume was recorded and samples were equilibrated in a water
bath for at least four days before analysis by AAS or ICPAES. It was necessary to
centrifuge the gothite samples for up to an hour at 2,500 rpm before collecting the
aliquots for analysis.
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Bottlepoint experiments with ferrihydritecoated sand utilized three different zinc

concentrations at various pH values, as well as six bottles with a synthetic waste
containing zinc, cadmium, copper and lead at various pH values. Experiments with
gOthite or maghemite in Dowex involved only two concentrations of zinc or synthetic
waste at various pH values. In addition, adsorption kinetics was evaluated using a series
of bottles containing ferrihydritecoated sand and a single concentration of zinc at an
initial pH of 8. Individual bottles were sampled over the course of four days in a water
bath at 25°C. Sixtyeight of the 101 bottlepoint experiments were performed within six
months of sorbent preparation, but 33 of the experiments were run three years later. All
materials were stored in closed polyethylene or glass containers when not in use.

An additional experiment was conducted to investigate adsorption kinetics. Ten
5gram samples of ferrihydritecoated sand were placed in polyethylene scintillation vials,
then 40.00 mL of a pH 8.13 solution containing 1 mF NaNO3 and 61.2 gF Zn was added
and the vials were capped. Samples of supernatant were collected for determination of
zinc and pH measurement at varying intervals over the next week. Those samples which
were allowed to equilibrate longer than onehalf hour were kept in a 25°C water bath.
Two blanks containing no ferrihydritecoated sand were also prepared and sampled at
times similar to the first and last vials.

Atomic Absorption and IonCoupled Plasma Spectrometry
on a PerkinElmer 360 Atomic Absorption
Spectrophotometer (PerkinElmer, Norwalk, CT) equipped with an acetylene/air burner
and hollow cathode lamps. Aqueous samples were introduced into the flame by direct
aspiration. Instrument conditions (Table 3) were similar to those of AWWA Method
303A. The nominal linear range under the AWWA conditions is 0.8-30 gmol/L for zinc
and 5-180 gmol/L for iron. The relative standard deviations ranged from 8.2% to 21.6%
AAS

was

conducted

for the analytes of interest.37
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Table 3
Typical AAS Instrument Conditions

Metal
Cd
Cu
Fe
Pb
Zn

Lamp
Cd
Cu/Fe/Mn/Zn
Fe
Pb
Zn

I

X,

(mA)

(nm)

8

228.8
324.8
248.3
217.0
213.9

15

12
8

10

Slit
(mm)
0.7
0.7
0.2
0.7
0.7

NOTE: Air flow was 21'/:. Limin at 50 psi, and acetylene flow was 3.4 Utnin at 8 psi for all analyses.

The automatic nonlinear calibration features of the instrument were not utilized.
Linear regression was used to calculate a mathematical relationship between absorbance
and concentration for each analytical run, and these equations were used to quantify metal
concentrations in the linear range. For several runs, commercial software38,39 was used to
obtain polynomial calibration curves by a leastsquares procedure. These curves were
used to quantify concentrations above the linear range but below that of the highest
standard. Each calibration curve had a correlation coefficient r2 of 0.993 or better.
About half of the zinc analyses were conducted using a Varian Liberty ICP. Zinc

was determined using the 213.856 nm emission line in an argon plasma, under the
instrument conditions given in Table 4. The instrument data system was configured to
report the mean of three emission intensities for each analysis. Zinc was quantified from
these mean intensities using multipoint calibration curves in a manner similar to that used
for AAS.

Table 4

Typical ICPAES Instrument Conditions
Power
Plasma
Auxiliary
Nebulizer

1.1 kW
15 L/min
1.5 L/min
180 kPa

Goethite

Ferrihydrite-coated
Sand

Maghemite
in Dowex

Ferrihydrite Activated
at 300°C

Ferrihydrite Activated
at 515°C
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Results and Discussion

The experimental results include: descriptions and characteristics of oxide
synthesis; log C-pH curves for zinc adsorption experiments; comparison of data for zinc
adsorption on ferrihydrite-coated sand with selected isotherm equations; and findings
from an investigation into the kinetics of zinc adsorption on ferrihydrite-coated sand.

Adsorbent Characterization

The results of characterization studies for each of the various iron oxides are
described below. This includes photomicrography, stoichiometry, zpc titration, x-ray
diffraction and x-ray photoelectron spectroscopy.

Table 5
Properties of Selected Iron Oxides
Oxide
magnetite
hematite
maghemite
gathite
akaganeite
lepidocrocite
feroxyhyte
ferrihydrite

NOTES:

Formula(s)
Fe304

a-Fe203
y-Fe203

a-Fe0OH
i3 -Fe0OH
y -FeOOH

F-Fe0OH
5Fe,03.9H20
F0-108.41420
Fe,(0,H3)3

F.W.
231.54
159.69
159.69
88.85
88.85
88.85
88.85
960.60
480.30
536.15

% Fe (w/w)
72.4%
69.9%
69.9%
62.9%
62.9%
62.9%
62.9%
58.1%
58.1%
62.5%

Density (g/cm3)
5.18
5.26
4.87
4.26
3.56
4.09
4.20
3.96

Color
black
reddish
dark brown
yellow-brown
brown-yellow
light brown

red-brown
red-brown

Names, formulas, densities and colors are from Seinvertmarm & Comell.'W

Ferrihydrile-coaled sand
The coated sand appears largely reddish brown, nearly orange, to the naked eye, with
occasional lighter and darker flecks (Figure 2). Under a microscope, the coloring appears
mostly a faint brown, with an occasional red area (Figure 3). Atomic absorption
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Figure 3. Photomicrograph of Ferrihydritecoated Sand

2-Theta

Scale

06-Aug-1993 09 48

0
0
r

0

a.
U

O

co

SS
60
50
45
40
35
30
25
20
15
10
28.
C --D5000\DATA\3N05RNI32.RAW 3HOSRP102 PU FE ON SAND tCT. 2.0s. SS'0.020dg, WL: 1.5406Ao, Tim:
C:')5000DATA\3H05RN01.RAW 31-105RNO1 PW OUART2 kCT: 2.0s. SS:0.0206g, WL- 1.5406Ao, DX*--.065, Tim:
(WI,' 1 S406147,)
sioa Quark::
33 -1161

Figure 4. Xray Diffractogram for Ferrihydritecoated Sand
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performed on a digested sample indicated that 4.7 mg of iron were attached to each gram
of sand. This is about half the 10±2 mg Fe/g sand coating efficiency reported by Edwards
and Benjamin.'"
Ferrihydrite can be dehydrated and rearranged to form hematite, which has a more
reddish hue. However, pure hematite contains 69.9% iron by weight. Mass balance

considerations indicate that the coating on the sand contained 62.0% iron by weight.
Coupled with the redbrown color, this suggests that the coating is ferrihydrite or
feroxyhyte (see Table 5).42

The Xray diffractogram for ferrihydritecoated sand yielded an excellent match
with the known pattern for quartz (Figure 4). Two minor quartz peaks were not observed
in the sample, but all ten sample peaks matched library peaks in both angle and relative
intensity. Iron oxide diffraction peaks were not identified, presumably because the low
iron oxide content was low relative to the silica content.
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Figure 5. Ferrihydrite Zero Point of Charge Salt Titration
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The salt titration curve for ferrihydritecoated sand (Figure 5) yielded a plizpe of

7.79, which agreed well with the value of 7.9-8.0 reported by some workers for
ferrihydrite alone.43 By comparison, a pH.,p, in the range of 1-3 has generally been
reported for quartz.44,45 This suggests that sufficient ferrihydrite has attached to the sand
to dominate the surface chemistry of the resulting solid.

The specific surface area of ferrihydritecoated sand ranged from 0.78 to 1.4 m2/g
by the EGME method (Table 6). Assuming that the surface area attributable to the sand is
negligible, this results in an oxide area of 160-300 m2 per gram of iron, comparable to the
260 m2/g Fe reported by others.46 Expressed another way, the area is 34-63 m2 per gram
of oxide coating, slightly less than the 73-92 m2/g obtained for gOthite (see below).

Table 6
Specific Surface Area Measurements

Adsorbent
GOthite (batch 2:10)
Gothite (batch 2:10)
Gothite (batch 2:71)

Gothite
Ferrihydritecoated sand
Ferrihydritecoated sand
Maghemite in Dowex
Maghemite in Dowex (batch 2:41)
Maghemite in Dowex (batch 2:76)
Maghemite in Dowex

Dowex 50WX8
Dowex 50WX8
Activated Ferrihydrite (295°C)
Activated Ferrihydrite (295°C)
Activated Ferrihydrite (515°C)
Activated Ferrihydrite (515°C)
NOTE:

Method

Surface Area (m2/g)
72.97 ± 0.11

N2BETa
EGMEa

73

EGME

92
82.2

calculatedb

EGME
EGME
N2BET
EGME
EGME
calculated.
N2BET
EGME
EGME
EGME
EGME
EGME

1.4

0.78

4.11 ± 0.08
-11
14

20.4
35.34 +30.84
1518
113

202
17

2.9

a. This result was used to calibrate the EGME method against the N2BET method.
b. Calculated for 150 Ax150 Ax240 A rectangular prisms with density 4.26 g/cm3.
c. Calculated for 28.2% by weight 170 A cubic crystals with density 4.87

crit3
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Perrihydritecoated steel shot
The attempt to coat steel shot with ferrihydrite resulted in a cementitious solid.
The predominant reddish color suggests ferrihydrite, hematite or feroxyhyte. However,
the presence of yellowgreen and brown areas suggests that gothite, akaganeite or iron
oxides containing chloride and/or carbonate may also have been present. Akaganeite
formation is favored by high chloride concentrations and temperatures over 60°C.47 No
attempt was made to mince and sieve the cemented solid. Because the presence of
oxidized regions on ferrous metals tends to promote tubercule formation and further
corrosion,48 it is questionable whether the oxides would remain attached to a steel
substrate. For this reason, this approach was not pursued further.

Maghemite nanociystals in ion exchange resin

A black powder was obtained, in contrast to the initial light yellow color of the
resin. Digestion and spectroscopic analysis indicated that the powder contained 6.1% iron
by weight after one synthetic cycle and 19.7% iron by weight after five cycles. This is
comparable to the results of Ziolo, et al., who had obtained 7.8% iron after one cycle and
37% iron after ten cycles.49 Simple experiments with a magnet demonstrated magnetic
effects similar to those of iron filings.

The specific surface area was measured as 4.11 m2/g by the N2BET method
(Table 6). This is about onefifth of the calculated result for a resin containing 19.7% iron
in 170 A cubic maghemite crystals having a density of 4.87 g/cm3. This suggests that the
resin blocks most of the adsorption sites on the maghemite crystals. The EGME method
did not produce consistent results. Neither the N2BET nor the EGME method gave
reliable results for the surface area of untreated ion exchange resin. This is probably due
to resin conformation effects induced by the EGME or by the highvacuum conditions of
the N2BET analysis. The entrained maghemite would be expected to resist resin

conformational effects, and the maghemite surface area would be expected to far exceed
any N2sorptive capacity of the resin itself
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Xray diffraction of the maghemite in Dowex showed good agreement with the
known maghemite pattern, with the five major library peaks appearing in the sample and
no major library peaks missing (Figure 6). No sample peaks were observed that were not
in the library pattern. The crystals were determined to be cubic, with an average crystallite
size of about 170 A.

Gothite

The synthesized solid was a yellowbrown powder with iron content of
65.2±11.7% by weight, consistent with the stoichiometry of gothite (see Table 5). Xray
diffraction yielded good agreement with the known pattern for gOthite. Of the 22 peaks in
the library pattern, all but three were definitely present in the sample pattern, and in similar
proportions. Three minor library peaks were probably present in the sample, but at
amplitudes similar to the noise floor. No sample peaks were observed that were not in the
library pattern. The crystals were anisotropic, with average crystallite length of about
150 A in the shortest dimension and about 240 A in the longest dimension.

Figure 8. Gothite Zero Point of Charge Salt Titration
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Two values for plizp, were determined experimentally: 7.41-7.72 by salt titration
(Figure 8) and 7.65-7.72 by the acidbase titration (Figure 9). These ranges are in good
agreement with each other, and with the value of 7.8 reported by Stumm and Morgan.50
Others have reported isoelectric points generally in the range of 4.2-7.2.51
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Figure 9. Gothite Zero Point of Charge AcidBase Titration

The specific surface area measured 73 m2/g by the N2BET method, and ranged
from 73 to 92 m2/g by the EGME method. This is comparable to the 90 m2/g reported for
a similar synthetic procedure,52 and also to the theoretical value calculated for 150 Ax
150 Ax240 A rectangular prisms with density 4.26 g/cm3.
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"Activated ferrihydrite

The ferrihydrite dehydrated under less extreme conditions (295°C for 64 hours)
proved to be "activated," in the sense of having an increased surface area. As shown in
Table 6, this black oxide had an EGME surface area one to three times as great as that
measured for gothite. On the other hand, the harsher conditions (515°C for 183 hours)
produced a "deactivated" reddish brown oxide, with EGME surface area measurements
ranging from one quarter to 1/25 that of gothite.
The large variation in measured surface areas for the "deactivated" ferrihydrite
may be due to inhomogeneity in the products, since no attempt was made to optimize the
conditions. For example, this oxide was observed to undergo a phase change as it cooled,
changing color from black to reddish brown. Even if it had been at equilibrium at 515°C,
the rapid cooling in air probably promoted inhomogeneity.

Thermally oxidized steel shot

The softer iron shot (S-110, S-330 and S-660) changed noticeably to a darker
gray upon heating. The metallic luster of the ammunition shot (No. 4) was dulled
somewhat, and a few reddish spots became visible on the surface. The masses of all of the

shot samples were observed to increase with time in the expected manner. The percent
increase was proportional to the square root of the time, and was greatest for the smallest
shot (Figure 10). This mass increase was presumed to be due to oxidation. The shot
tended to cement together upon heating. This tendency was greatest for the smaller shot.
The S-110 shot stuck to the dish, while the S-330 and No. 4 showed less clumping and
could be removed easily, and the S-660 did not stick at all. Although the smaller shot
showed the best oxidation, the cementing tendency appeared to make them impractical as
a sorbent. Therefore, this line of enquiry was not pursued further.
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Zinc Adsorption Experiments

The solubility of metal cations in pure aqueous solutions can be estimated from
equilibrium calculations. The equilibrium expressions are rearranged with pH as the
independent variable and plotted in a solubility diagram, which graphically displays the
variation in solubility with pH. The total dissolved metal concentration is simply the sum
of the concentrations of the individual soluble metal species. The relevant reactions and
equilibrium constants for zinc are contained in Table 7. The slow transformation of
amorphous Zn(OH)2 precipitates into crystalline ZnO reduces the zinc solubility over time.
Figure 11 displays the

solubility diagram for zinc oxide, showing the longterm

equilibrium total zinc concentration and individual zinc species concentrations, as well as
the quasiequilibrium between Zn2+ and amorphous Zn(OH)2.

Table 7
Solubility Reactions for Zinc Oxide53

Reaction
ZnO(s)+2H+ a Zn2+ +1120
ZnO(s)+ H" a ZnOH +

Equilibrium Constant

ZnO(s)+2H20 a Zn(OH)

log( *lc) = 16.9

ZnO(s) + 3H20 a Zn(OH)42+
Zn(OH)s(amorphous)+ 2H+ a Zn2+ +21120

log(*Kro) = 11.2
2.2
log( *K,1) =
log( *K,4) =

29.7

log(*K,0,) = 12.45

The results of adsorption experiments can be similarly summarized using log CpH
plots.

Figures 12 and 14 show zinc concentrations versus pH after four days of

equilibration with ferrihydritecoated sand and with gothite. The total zinc concentration
and quasiequilibrium Zn2- concentrations from the solubility diagram are also displayed.
At low pH, dissolved zinc concentrations remained at their initial levels. As the pH
approached neutrality, the concentration dropped, reaching an apparent minimum near the
solubility minimum at pH 9.9. At still higher pH, zinc concentrations were higher, but

remained at least an order of magnitude below the corresponding concentrations at low
pH. The data obtained from bottlepoint experiments three years after sorbent synthesis
showed no obvious differences with earlier data.
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The log CpH plots demonstrate that adsorption, rather than precipitation, was the
primary zinc removal mechanism on ferrihydritecoated sand and on gothite in dilute
solutions. In the experiments with total zinc concentrations of 6.12 and 122 pmol/L, the
dissolved zinc concentrations were less than the calculated solubility at all pH values
except in the solubility minimum between pH 9 and 11. Within that range, precipitation
was the dominant mechanism, since dissolved zinc concentrations were equal to the
calculated solubility (based on the amorphous Zn(OH)2 quasiequilibrium). In the
experiments with 2,450 p.mol/L total zinc, the dissolved zinc concentrations followed the
solubility curve over a wider pH range, suggesting saturation of the available adsorption
sites.

On maghemite in Dowex (Figure 16), the 5.1 meq/L ion exchange capacity of the

resin reduced total zinc concentrations of 122 iimol/L down near the AA instrument
detection threshold at all pH values. This caused the dissolved zinc concentrations to be
independent of pH. However, increasing the initial zinc concentration to 3,060 pmol/L
(6.12 meq/L) resulted in dissolved zinc concentrations which did show a dependence on
pH. The observed dissolved zinc concentrations with maghemite in Dowex were roughly
half that with Dowex alone under acidic conditions. However, this is approximately in

accordance with the relative amounts of resin used in the two series of experiments
(0.072 g vs. 0.044 g). Under alkaline conditions, the dissolved zinc concentrations with
maghemite in Dowex were similar to those with Dowex alone. Three year old sorbents
produced data similar to that for fresh sorbents.

Maghemite in Dowex did not reduce the dissolved zinc concentration below the

calculated solubility between pH 7 and 12, indicating that precipitation, rather than
adsorption, was the removal mechanism under alkaline conditions. This was similar to the

results for ferrihydritecoated sand and gothite at 2,450 !mon. Two samples, at pH
10.31 and 10.79, anomalously appear to have dissolved zinc concentrations above the
calculated solubility. If this is not in error, it may reflect increased zinc solubility due to
ionic strength effects. These might have been caused directly by the presence of the resin.
However, additional ionic strength was contributed by the KOH required to neutralize
hydrogen ions released from the resin by exchange with zinc and to bring the solution to
alkaline conditions.

Performing mass balance calculations and plotting the amount of zinc removed per

gram of ferrihydritecoated sand or gOthite versus pH gives a series of Sshaped curves
(Figures 13 and 15). As expected, the amount of zinc removed at low pH is neglible, and
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increases sharply near neutral conditions. Under alkaline conditions, the zinc removal
appears to be nearly independent of pH. This is a consequence of arithmetic, since the
increased zinc solubility above pH 10 is negligible compared to the total zinc
concentration.

Sshaped curves were also obtained for adsorption experiments with maghemite in
Dowex when the total zinc concentration was 3,060 gmol/L. The zinc removal is plotted

on a Dowex mass basis rather than a total solid mass basis, in order to facilitate
comparison with removal by Dowex alone (Figure 17). This plot shows that, under
alkaline conditions, zinc removal is based on precipitation and is essentially independent of
the amount of solid "adsorbent".

At pH 6 and lower, the plot suggests a very small increase in zinc removal per
gram of Dowex. However, the removal of divalent ions per gram of ion exchange resin
actually depends on the resin concentration, as shown by the equation (see Appendix 3)
CRzy,

(RCRzn)2

Czn

znif (C Czn)2

where CZ,,, C Rzn, C and R are the volumetric concentrations of dissolved zinc, zinc
exchanged onto the resin, total cation concentration (including H4-), and resin exchange
site concentration, respectively (all in equivalents per liter). The parameter Kzns is the
mass action constant for the exchange of zinc in place of hydrogen ions. Table 8 shows
the measured and calculated zinc removal attributable to the Dowex for both Dowex and
maghemite in Dowex. The calculated zinc removal attributable to the Dowex is 15%
higher for the maghemite in Dowex samples than for the Dowex samples. This accounts
well for the observed data, in which the zinc removal attributable to the Dowex is 13%
higher for the maghemite in Dowex samples than for the Dowex samples. This indicates
that adsorption by the maghemite has not been detected.

The ion exchange calculations described above used a resin capacity of
5.1 meq/L54 and mass action constant of 2.7.55 To assess the validity of these parameters,

the equilibrium zinc concentrations for the Dowex samples were also calculated.

As

shown in Figure 16, these are very close to the observed values at low pH, where
precipitation is not occuring. Insufficient data points were available for successful
nonlinear regression to estimate the true resin parameters.
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Table 8
Zinc Removal by Dowex: Calculated vs. Measured

Sample

Dowex Mass

Calculated Removal

Measured Removal

0.044 g
0.072 g

(mollg)
0.00136
0.00156

(mol/g)
0.00111
0.00125

Dowex
maghemite in Dowex

Kurbatov plots for zinc adsorption

Metal adsorption can be considered as a reaction in which a metal ion in solution is

exchanged for hydrogen ions on the sorbent surface:
R-

M2- a R-- M

The average number of hydrogen ions released per metal ion adsorbed, n, is usually less
than the formal valence of the metal cation. Adsorption is roughly equimolar for
adsorption of alkaline earth cations, with n between 0.8 and 1.2. For transition metal
cations, n is usually higher.56

The exchange reaction can be characterized by a mass action law quotient Q,
which relates the activites of the metal cation and hydrogen ion.

p0 = log0 = log[

am2. _

= log am,, --11 log a

= log a 2 ± iipH

(air )n

The exchange stoichiometry can be estimated by means of a Kurbatov plot,57 in
which the metal distribution coefficient D is graphed versus pH. These plots have been

observed to be linear for metal concentrations on the order of 1 tM or less in soil
solutions. These plots can be expressed in terms of the simple equation

log D = log

fraction adsorbed)
= n(pH pH50)
fraction dissolved
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where the slope n of the Kurbatov plot gives the stoichiometry of the exchange reaction at

low surface coverages and solution concentrations. The parameter pH50 is the pH at
which 50% of the metal is adsorbed. As total metal concentration decreases for a given
solid: solution ratio, pH50 reaches a limiting value related to the free energy of adsorption.
An empirical isotherm equation has been derived from this expression, based on the
observation that adsorption is linear under these conditions.58.59 This "Kurbatov isotherm"
is given by

logN

log k1 + n pH + log c

where x/m denotes the amount of metal adsorbed per unit of sorbent, c represents the
equilibrium dissolved metal concentration, and h and k1 are adjustable parameters.

Table 9
Linear Regression Results for Kurbatov Equation

Sorbent

Total Zinc

Fe/Sand
Fe/Sand
Fe/Sand
Fe/Sand

all

6.12x10-6 F
1.22x 10-4 F
2.45 x 10-3 F

pH Range
3.96-9.26
5.78-7.07
3.96-9.26
5.90-9.17

r2

n

plica

0.76
0.92
0.74
0.77

1.03
1.30

6.32
6.50
6.25
6.52

0.84
1.38

Figure 18 is the Kurbatov plot for zinc adsorption on ferrihydritecoated sand.
The relationship between log D and pH is linear over a wide pH range (approximately 4 to
Estimates for 1) of 1.03 and pH50 of
10) for total zinc concentrations as high as 2,450

6.32 are obtained from linear regression over all the data in this pH range (shown in the

figure as a black line).

Separate regression analyses of the data sets for three zinc

concentrations do not exhibit a trend toward decreasing pH50 at lower zinc concentrations.

However, the lack of an apparent trend is strongly affected by a possible outlier
observation at pH 5.90 for 2,450 p.F zinc. Stoichiometries reported for divalent cation
adsorption on iron hydrous hydroxide gel range from n = 0.95 for Cat* ton = 1.65 for
Zn2-.6° The Kurbatov parameter estimates are summarized in Table 9.
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Theis isotherm

An approach to generating numerical isotherms was used by Theis, et a1.61 They
modeled divalent metal adsorption by a simple ion exchange reaction of the type

R OH +Ze 4=> ROZn. + H
If the sorbent phase is treated in the same manner as dissolved constituents, rather than as
a solid, an "apparent equilibrium constant" Kapp can be written as

[11}[R- OZn+1
=
PP

[Z112+ P OH I

This can be rearranged in the form of an isotherm equation, referred to herein as the
"Theis isotherm".
Kamp

[11-1+ Ka c
where the adjustable parameters ST and Kapp are the total oxide binding site density (in
moles per gram of sorbent) and the apparent equilibrium constant, respectively. The
expression m is the solid to solution ratio (in grams per liter), and converts the adsorbed
metal concentration into the conventional units of moles sorbed per gram of sorbent.

Regression models implicitly assume that the independent variable is error free. In

adsorption isotherms, the independent variable is normally the equilibrium dissolved
concentration, c. However, c is subject to the same kinds of measurement errors as the
amount adsorbed, x. Since x is normally computed from the difference between the total
concentration, cT and the disssolved concentration, c, the errors in x and c will be
negatively correlated. In order to minimize this negative correlation, Kinniburgh62 has
suggested replacing xmi by the equivalent expression in terms of CT and c. The alternative
approach used here (see Appendix 4) is to recast the equation in terms of the fraction f of
the zinc which is adsorbed, thus
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f _ mS
V

T

K (1 f)
aPP

[II' ]+ KappCT(1 f)

The data for zinc adsorption on ferrihydritecoated sand and on gothite were fitted
to the above equation using nonlinear regression. The analysis was performed using
commercial software63 utilizing an adaptive leastsquares algorithm" combining features

of the GaussNewton65 and LevenbergMarquardt66 methods. The parameters obtained
are displayed in Table 10, and the adsorption site densities derived therefrom are in
Table 11.

Table 10
Nonlinear Regression Results for Theis Equation

Sorbent

Total Zinc

r2

all

note a
0.69
0.36

6.4±4.1x10-8

0.15

1.7x10-5

note a

4.1±2.9x10-5

Fe/Sand
Fe/Sand
Fe/Sand
Fe/Sand

6.12x10-6F
1.22x10-4F
2.45x10-3 P

gOthite

all

NOTES:

ST
8.0±8.4 x10-8
7.5±3 .6 x 10-7

Km,
0.11 ±0.42

0.14±0.25
0.34+1.26
67000
1.11±6.50

a. Not reported by software.
b. Iterations stopped due to singular convergence. No 95% confidence limit reported by software.

When multiple data series with different total zinc concentrations are pooled for
regression, the resulting curves offer a poor visual fit, except at the lowest total zinc
concentration (Figures 19 and 21). All of the curves exhibit the same maximum removal
per gram. Performing the regression separately for each CT (Figure 20) improves the
visual fit somewhat, producing different maximum removals for each total zinc

concentration. Theis and coworkers also reported better visual fits with unpooled data.

However, they preferred to use pooled data, on the grounds that it provided narrower
confidence intervals for the parameter estimates and because it incorporated CT as an
independent variable.67 The results seen here for ferrihydritecoated sand do not indicate
a marked improvement in parameter confidence intervals when pooling the data. In any
case, the model does not fit the data very well for either ferrihydritecoated sand or for
gothite.
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Table 11
Experimental Zinc Adsorption Site Densities

Adsorbent
ferrihydritecoated sand
gothite

sorbent
8.0x10-8
4.1x10-5

moles Zinc per gram of:
iron
1.7x10-5
6.5 x10-5

oxide
3.5x10-6
4.1x10-5

Kinetics of Zinc Adsorption

Both zinc concentration and pH were observed to decrease over the weeklong
test (Figure 22). However, the increase in hydrogen ion concentration (from 1.6x10-8 M

to 3.8x10-6 M) was four orders of magnitude smaller than the reduction in zinc
concentration (from 4.9x10-5 M to 4.1 x 10-5 M). This indicates that the pH change was
not caused solely by a simple exchange reaction like that given previously.

The experimental conditions were chosen so that ionic strength changes and zinc
solubility would not effect the results. The ionic strength was controlled primarily by the
0.001 F NaNO3, which is well above the total zinc concentration of 6.12x10-5 F. And the
zinc solubility diagram shows that the zinc solubility exceeded the total zinc concentration
at all hydrogen ion activities below pH 8.3.

Plots of zinc concentration and pH versus log t (Figure 23) display a marked
change in slope at t = 4-7 hours. This indicates that a second zinc removal mechanism
becomes dominant at that time. The later mechanism appears to be slower than the earlier
one. The second mechanism may be a diffusionlimited sorption into pores within the iron
oxide coating. This is similar to the twomechanism sorption which has been reported for
cadmium on gOthite.68 Since the solid had not been previously equilibrated with a
zincfree solution, an alternative second mechanism is diffusion of residual hydroxide from
ferrihydrite pores, accompanied by precipitation of amorphous zinc hydroxide. Plots of

log [Zn] vs. t and 1/[Zn] vs. t did not clearly differentiate between first order and
monomolecular second order kinetics for either the early or late mechanism.

After eliminating one obvious outlier, nonlinear regression gave the following
exponential equation with correlation coefficient r2 = 0.994:
[Zn]= 12.7x 10-6-T1 43.14 + e-"1349
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where t is in hours.

According to this equation, the zinc concentration would

asymptotically approach an equilibrium value of 4x10-5 M. Based on this value, the zinc
reduction was 86% complete at 96 hours. This suggests that the experimental error in the
bottlepoint experiments due to nonequilibrium conditions should be small, on the order

of 3.5x10-6 moles per liter. This would also be consistent with the practice of other
investigators, who have reported equilibrium adsorption on iron oxides in onehalf hour to
thirty hours.69,70,71 32,73
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Summary and Applications

Based upon this study, the most promising sorbent appears to be gothite, although

the "activated ferrihydrites" are also worthy of further study. Ferrihydritecoated sand
and maghemite in Dowex appear unlikely to be economical, although the magnetic
properties of maghemite in Dowex may be useful in specialized applications. The
usefulness of the various sorbents and areas for further investigation specific to each
sorbent are discussed below. Sorbent specific surface areas and zinc adsorption site
densities are summarized in Table 12 below, along with literature values for other
adsorbents.

Table 12
Summary of Surface Areas and Adsorption Site Densities

Adsorbent
Ferrihydritecoated Sand
Maghemite in Dowex
Gothite
DowexTM 50WX8
Activated Ferrihydrite (295°C)
Activated Ferrihydrite (515°C)
Fresh Ferrihydrite74
Ferrihydritecoated GAC75
Alcoa F-1 Alumina76
Granular Activated Carbon (GAC)77
NOTES:

Surface Area (m2/g)
0.78-1.4

Site Density (mmol/g)

4.11

NAa

73-92
NA
113-202
2.9-17
236
NA
210

0.049-0.98 (Zn)
2.6 (Zn)
NA
NA

625d

9.66 (Pb)

8.0x10-5 (Zn)

1.336

0.02 (Cu)
NA

a. NA = value not available or not applicable.
b. Based on acidbase titrations rather than metal adsorption.
c. Alumina is normally used for anions such as F- or in the gas phase, but not for cations.
d. The area range given for activated carbon rt.vrtaits the total are, not all of which is available for adsorption.

Ferrihydrite coaled sand
Three batches of ferrihydritecoated sand were successfully prepared, with iron
coverage about half that reported by Edwards and Benjamin. This demonstrates the
robustness of their method.

43

Adsorption experiments with zinc confirmed that ferrihydritecoated sand is
capable of removing zinc ions under alkaline conditions. Both adsorption and
precipitation mechanisms are involved in the removal, and the apparent stoichiometry of
adsorption is such that 1.03 hydrogen ions are released for every divalent zinc cation
adsorbed. The adsorption site density per gram of oxide is indistinguishable from that
obtained for gothite.

Zinc removal kinetics appear to be somewhat slow compared to reported
equilibration times, at least under the conditions studied (approximately 3.5 mg/L zinc;
nominal pH 8). Further examination is warranted to determine the equilibration times at
several zinc concentrations and pH values. Other recommendations for further study of
ferrihydritecoated sand are common to all of the sorbents, and are discussed below.
The results of this study suggest that the ferrihydritecoated sand is unlikely to be

a practical sorbent, in spite of the robustness of the synthetic method of Benjamin and
Edwards. The low sorption capacity per weight of total solid might render it impractical,
compared to ion exchange or other sorbents. For example, treatment of only 100 gallons
of a waste water containing 10 mg/L zinc would require about 1,600 pounds of the
ferrihydritecoated sand studied here.

Maghemite nanocrystals in ion exchange resin
The low effective surface area of maghemite in Dowex suggests that it would not
be a very good sorbent. The adsorption experiments demonstrate that any adsorption

effects are (at best) small compared to the ion exchange capacity of the resin itself. The
usefulness of this material is likely to be limited to applications where the magnetic
property would allow physical separation of an ion exchange resin from solution. This
might include cleanup of a pond or similar batch container. The relative complexity of the
synthesis is likely to make the material expensive.

Gothite

Gothite was not originally intended as a candidate sorbent. It was used in this
study as a control for comparison purposes. However, the estimated adsorption site
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density per mass of oxide was indistinguishable from that for ferrihydritecoated sand.
This suggests that compressing gothite into pellets similar to those made with commercial
activated alumina is an attractive option. This would give an iron oxidebased sorbent

which would not clog filters, but would give more sorption per mass of solid than
ferrihydritecoated sand does. The sorption kinetics might be slower than for gOthite
powder, since cations would have to migrate into micropores to reach many of the
sorption sites. However, the kinetics would probably be similar to that for both alumina
pellets and ferrihydritecoated sand. Investigation into the manufacture of gOthite pellets
and their sorption kinetics is probably worthwhile.

"Activated ferrihydrite

The idea of "activating" ferrihydrite by thermal dehydration shows some promise
for producing synthetic adsorbents. Although the two dehydration conditions attempted

were randomly selected, one set of conditions (295°C) appeared to increase the oxide
surface area (relative to that of gOthite). This suggests that a systematic attempt to finding
the conditions which produce the greatest increase in surface area would be profitable.
The phase diagram for "activated ferrihydrite" is likely to be complicated, as suggested by

the apparent phase change observed during cooling of the 515°Cdehydrated oxide. The
activated oxide could most likely be formed into a practical adsorbent by grinding it into a
powder and then compressing the powder into pellets to prevent filter clogging. After

determining the conditions which produce the highest surface area, adsorption studies
similar to those performed here would be necessary to evaluate the performence and
stability of the adsorbent.

Ferrihydrite-coated steel shot
The preliminary experiments conducted in this study were not successful in using

steel shot as a substrate for ferrihydrite growth using a technique similar to that of
Edwards and Benjamin. The millimetersized shot were cemented together during the
heating process, presumably by some combination of ferric oxides, carbonates and
chlorides. In addition, only a single alloy of unknown chemical composition was tested,
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and acid washing was the only surface preparation. Other alloys or alternative surface
preparation techniques may be more successful. For example, washing with moderate

concentrations (2 F or greater) of nitric acid might clean the surface as well as
concentrated hydrochloric acid, but any remaining nitrogen oxides might be driven off by

the heating step.

Concentrated nitric acid is known to passivate iron, possibly by

formation of an oxide layer.78

Ferrihydritecoated steel shot would be expected to have similar adsorption
properties to those of ferrihydritecoated sand, since the adsorption is accomplished by
the coating. Steel shot would offer a technical advantage in specialized applications where
magnetic handling is useful. A minor economic disadvantage might result from the fact

that steel shot have a density nearly twice that of quartz, and would thus be somewhat
more expensive to ship and handle.

Thermally oxidized steel shot

The steel shot oxidized in this study would not be a practical solid adsorbent.
Smaller shot will have a larger geometric surface area, and thus afford the greatest
opportunity for oxide growth. However, these smaller shot also have the greatest
tendency to adhere to each other upon heating. This would make it more difficult to pack
columns with the shot, and would reduce the oxide surface area available for rapid
adsorption. Because this adhesion is greatest for the smallest shot, it appears likely that
the adhesion is caused by the fusion of the oxide layers as they grow. It is possible,
though, that the adhesion is related to the alloy used in the smaller shot in this experiment.
Experiments with small shot made from a different alloy could clarify this issue.
It may be possible to avoid adhesion of the shot by using a different alloy or by

varying the conditions. For example, multiple shorter cycles of heating interspersed with

mechanical agitation could provide sufficient oxide growth without adhesion.

If

experimentation could provide oxidized shot without adhesion, it would be worthwhile to
investigate the surface area and sorptive properties of such a material.
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Suggestions for further research

In order to develop any of the candidate sorbents into practical treatment systems
with rational design procedures, the following series of experiments would be useful.

Additional bottlepoint type experiments using other metal ions, singly, in complex
mixtures and in the presence of various anions and chelating agents would give important
information about which metals could be removed and which substances interfere with

removal. Such experiments would also give information about adsorption and desorption
kinetics and reversibility, necessary to estimate contact times for waste treatment and for
bed regeneration.

Most practical systems are likely to involve column reactors, rather than batch
sorption. Pilot studies with columns would be necessary to determine the useful range of
hydraulic loading rates. Multiple cycles with the same column packing would give an
indication of the longevity of the sorbents. Sorbents used at high concentrations are likely

to need replacement more often than those used for "polishing," due to plugging of
micropores by precipitates.
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Appendix 1

Chemical Names, Abbreviations and Chemical Abstracts Service Registry Numbers

CAS No.

74-86-2
1234-57-5
1344-28-1
7440-43-9
10043-52-4
7440-50-8
107-21-1
110-80-5

Substance
acetylene
akaganeite
alumina
cadmium
calcium chloride
copper
ethylene glycol
monoethyl ether

Formula

Synonyms
ethyne

HCCH

PFe00H
aluminum oxide

A120,

Cd

CaC12

1,2ethanediol

Cu
HOCH2CH2OH

EGEE;

H3CCH2OCH2CH2OH

2ethoxyethanol

109-49-6

monomethyl ether

EGME;

H3COCH2CH2OH

2methoxyethanol

60497-39-4
7705-08-0
39473-89-7
1310-14-1
1317-60-8
302-01-2
7803-57-8
7647-01-0
7439-92-1
12022-37-6
1213/1 6 6
1309-38-2
7697-37-2
7727-39-9

584-08-7
7759-79-1
14808-60-7
1310-73-2
7440-66-6

6'Fe00H

feroxyhyte
ferric chloride

ferric nitrate
ferrihydrite
gothite
hematite
hydrazine
hydrazine hydrate
hydrochloric acid
lead
lepidocrocite
maghemite
magnetite
nitric acid
nitrogen
phosphoric anhydride
potassium carbonate
potassium nitrate
quartz
sodium hydroxide
zinc

Fe(C1)3
Fe3(NO3)3.91120

5Fe203 9H20

goethite

aFe0OH
aFe203
H2NNH2

142NNH2H20
HC1

Pb
7 FeOOH

7Fe203
Fe304
HNO3
N2

potash

P4010
K2CO3

silica; silicon dioxide, sand

KNO3
Si02

NaOH
Zn
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Appendix 2
Other Abbreviations, Acronyms and Symbols

BET
ESCA

Definition
Atomic Absorption Spectroscopy
Atomic Emission Spectroscopy
BrunauerEmmett Teller method
Electron Spectroscopy for Chemical Analysis

Fe Ox

iron oxide (generic)

Fe/Sand
HDPE

ferrihydritecoated sand

Abbreviation
AAS
AES

I

ICP
LDPE
Mag/Dowex
N2BET

pfL,
XPS
XRD

pc

high density polyethylene
current

/onCoupled Plasma
low density polyethylene
maghemite in Doweirm

Nitrogen BrunauerEmmettTeller method
Zero Point of Charge
Xray Photoelectron Spectroscopy
XRay Diffraction
Zero Point of Charge
wavelength
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Appendix 3
Detailed Derivation of the Ion Exchange Equation

modeled for engineering design
The behavior of ion exchange resins is commonly
purposes as an exchange reaction. For exchange of divalent zinc onto the acid form of the
resin, this reaction and its mass action expression are

Zn2+ +R- H2 <=> I?" Zn + H,
[I?. - Zn][H±T
Kznif

[R- -11][Zn'r

The mass action expression is conventionally expressed in terms of equivalent fractions of
cation (e.g., zinc) in solution and on the resin. If C is defined as the total concentration of
cation i in solution (in equivalents per liter), ; is its valence and R is the volumetric
capacity for cation exchange in the resin, these equivalent fractions are written

If only divalent zinc and hydrogen ions are present, the sum of their fractions in a given
phase is one. Incorporating this into the mass action expression and rearranging gives the
expression (see reference 4)
Zn
2

(1

Y Zn

KZnH

R

C1

X Zn
Zn ) 2

For purposes of regression, the equivalent fractions are more conveniently
expressed in terms of the equivalent volumetric concentrations

CRznand
and C77,
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c,
(1_ c

2

= KZnH

R
2

k

cam,
R
)2

R

l

R

=K

( c-c \ 2

Znff

C

R

CRZn

K

(R-Cizz)-

RC

Zn

ZnH C (C-C

R

CRZn

(RCRzn)2

K

CZn

Znif (C C zn) 2
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Appendix 4
Detailed Derivation of the "Theis Isotherm"

The equation described in this work as the "Theis isotherm" is given without
derivation as Equation 2a in the paper by Theis, et al.. The equation can be derived as
follows:

Divalent metal adsorption is modeled as a simple ion exchange reaction of the type

R OH + Zrz'

<7>

R-- OZn± + 11+

If the sorbent phase is treated in the same manner as dissolved constituents, rather than as
a solid, an "apparent equilibrium constant" Kapp can be written as

_EH+ ][R OA]
{z,12 RR' OH]

KaPP

If the total oxide binding site density in mol/g is denoted by ST, the hydrogenated oxide
volumetric concentration is the total oxide concentration minus the sorbate concentration.
r

tZn

[R- -OH] = mST

Substituting c and {Z1} ads for the aqueous and adsorbed zinc concentrations, respectively,
and rearranging gives:

[114 ]tbiL
Kapp =
T

{zrz}adj

V
Kappc

[11+ ] {A}

mS T
V

{Zn }ate
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s

[H']{Zn}

{Zn} ads

m- T
V

Kappc

[11-]1Zn}

mST

{Zn}

Kappc

{Zn }ads + {Zn }ads

{Zn} ads

{Zn}

mST

Kc

V

[Tr])

1

=

mST

+K

V

MS

I

MST

1

V

K.PPc'LH*i
cppc

T

V

ads

1

=MS T

{Zn}

[Tr]

V

ad'

[5']
+ Kw
pc
KaPPC

Kappc+[H1)

Because {Zn} ads is normally determined experimentally as the difference between CT and c,

the variables {Zn} ads and c exhibit a negative correlation. This correlation can be avoided
{A} ads for c, resulting in the form of the equation given without

by substituting CT

derivation as Equation 2a by Theis and co-workers.

mSKapp(CT {A} ad,)
=

{Zn }

T

V

ad'

[H'

{Zn} ads))

KapAcT

In order to avoid loss of accuracy in numerical procedures due to taking the difference
between numbers which are close together, the equation can be expressed in terms of the
fraction of sorbate which is adsorbed, f = (Zn} adsk T:
I

Kapp `CT

fcT =

V
VT

[1-1'] + Kapp(cT

(

f

Kapp(1

V

fcT)

r

j_ mST

fcT)

f)

[HE j+KappcT(1-f)

\

V

KacT(1- f)
KappcT(1- f)
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This implicit equation was used with the nonlinear regression program NLREG to
estimate the coefficients Kapp and Sr In order to predict f at a given pH and CT using these

coefficients, the expression was rearranged to a quadratic equation and solved.

mS,Kcip,(1 f)

f)) f

([111+ KappC T (1
([11-]+KappcT)f

V

KappCrf 2

([111

mST

V

Kapp

([111+mST
Kapp

V

MS KapP f
V

([11+]+mSTV KaPP +KappcT)f

crf2

mSTyKapp

+cT

K pCTf

2

MS T Kapp

=0

V

)f +mST =0
V

{11

+c ±

1

2

mS

4c TmS T

[Kapp + V +CT

T

V

2cT

Conventional isotherms express adsorption in terms of moles adsorbed per gram of

sorbent, rather than in volumetric concentration of adsorbate. The above equations can be
expressed in this manner as follows:

{Zn}
CT

x

=s

1 ( X Pi?) MS
CT

n AV

)

V

Kapp(CT

ST

m

K app(CT

(L)(F))

Kapp(1

*C-0(f))

{II1+ KappCT(1

