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RECLAIMING HEAVY METALS FROM WASTEWATER USING MAGNESIUM OXIDE

By D. N. Tallman, ! J. E. Pahlman, 2 and S. E. Khalafalla®

ABSTRACT

The electrokinetic properties of Mg0O have been utilized to simultane-
ously filter suspended solids and remove trace amounts of dissolved
heavy metals from synthetic mine water. Greater than 95 pect removal of
metals from influent at neutral pH containing 1 to 6 mg/L of dissolved
Cd, Cu, Mn, Ni, and Zn can be routinely achieved by filtering through a
granular bed of Mg0 at flow rates typlcal of rapid sand filtration (0.3
cm/s). Filtrate concentrations of most metals can be maintained below
0.1 mg/L for 160 bed volumes or more loading. The more mobile metals
(those with larger solubility products) are more difficult to remove,
and are strongly bonded to the MgO granules so that chemical stripping
with chelating agent 1s required to clean the bed. Less mobile ions are
easily removed by the filter and are effectively stripped by conven-
tional filter backwashing. The fraction of metals recovered by chemi-
cally stripping the loaded MgO filters correlates to the zero polnts of
charge of the metals. This process may be applicable to removal and re-
covery of trace amounts of heavy metals in mine drainage that 1s partly
neutralized by liming. Also, since many of these metals are critical
and strategic, the technique can be adapted not only to recycle process
water from mineral and milling waste streams, but also to reclaim their
metal values.

TResearch chemist.

2Group supervisor.

3Research gupervisor.

Twin Cities Research Center, Bureau of Mines, Minneapolis, MN.



INTRCDUCTION

Conventional practice for treating mine
drainage and other water sources contamil-
nated with heavy metals is 1lime pre-
cipitation and settling of the hydrous
oxides. This produces a voluminous toxic
sludge that results in another type of
disposal problem. In addition, settling
of the precipitated hydrous oxides often
does not produce sufficiently pure water
to meet statutory limits for discharge,
50 the decant has to be polished by fil-
tration through sand or other granular

media. Metal hydroxides are difficult to
filter because of their small size and
their low resistance to the hydraulic

shear forces encountered in conventional
granular filters. Flocculation with or-
ganlec polyelectrolytes is often necessary
to achieve efficient filtration.
Magnesium oxide (Mg0) is similar to
lime (Ca0) and can be used analogously to

precipitate heavy metals. Although MgO
is less soluble than lime at high pH, in
acidic to slightly alkaline water it pro-
vides more neutralization capacity per
unit welght than lime, owing to its lower
molecular weight, When a stoichiometric
excess of Mg0O is wused to precipitate
heavy metals from wastewater, the result-
ing sludge 1s up to 4 times more com-
pact than that produced by liming Ql)e4
This was attributed to the unique posi-
tive electrokinetic charge of the MgO
surface at neutral and slightly basic
pH, 1in contrast to the negative surface
charge of most metal hydroxides. The re-
sulting electrostatic attractive force
causes the fresh heavy metal precipi-
tate to cement, or adhere to, the Mg0
surface and expel water molecules from
the spaces between the precipitated par-
ticles, giving a denser solid.

BACKGROUND

FORMS OF MAGNESIA

MgO is often obtained from seawater or
other brines that are rich in MgCl,.
Lime is added to the brine to produce
Mg (OH), precipitate and CaCl, brine. The
precipitate 1s dehydrated by calcining to
produce MgO. Depending on the tempera-
ture and duration of the calcination, a
multitude of MgO products can be obtained
with different properties and reactivi-
ties. By calcining at lower temperatures
(<700° C), much of the original porosity
associated with the crystal structure of
Mg(OH), is retained and a very active
magnesia is produced. By calcining at
higher temperatures ("dead burning”), the
MgO 4is fused, the porosity is lost, and
a tough, relatively inert, crystalline
material is produced (2).

Periclase is a natural magnesium ox—
ide mineral sometimes found in marble,
It easily alters to brucite or hydrous
magnesla, MgO-H,0, which is one of the
many sources of dead-burned magne-
site, Granular, dead-burned MgO has been
demonstrated to be an efficient deep-bed
filter medium for removing particulates

flocculated with aluminum salts (1). 1In
previous research (1), pure MgO powder

was used as a precipitant to remove heavy
metals. One objective of this research
was to find whether  granular periclase
can also precipitate heavy metals, there-
by achieving both precipitation and fil-
tration steps in the same bed. It was
found that the granular filter material
has sufficient activity to raise the pH
of unbuffered water several units. At
typical flow rates in deep-bed filters
the effluent can have a pH of 10 or
greater when the influent pH is about 7.
This increase in pH 1s enough to cause
heavy metals to precipitate as oxides
or hydroxides as they pass through the
filter,

These precipitates were observed to be
quite strongly attached to the MgO gran-
ules. One objective of this study was to
determine i1f the presence of dissolved
heavy metals in the influent would impair
the ability of the MgO to filter suspend-
ed solids, Early results indicated that
significant metals removal occurred in
the filter, so the second objective was
to measure the metals removal capacity

4underlined numbers in parentheses re-
fer to items 1in the list of references
preceding the appendix.



of the Mg0O and to test the feasibility of
removing both suspended solids and dis-
solved metals in the same bed. The third
objective was to determine the feasibil-
ity of recovering these metals by eluting
them from the loaded Mg0 bed with either
chelating agents or acids.

ELECTRICAL PHENOMENA AT INTERFACES

The surface charge on metal oxides or
hydroxides in water is pH dependent and
is described by Lippmann's equation:

d 3E - T opi (1)
where ¢ 1is the surface charge density,
i.e., charge per unit surface area, vy

is the interfacial tension, and E is the
interfacial potential. The derivation of
equation 1 is given in the appendix.

The electrocapillary curves in figure 1
show the wvariation 1n surface charge
with respect to pH (or interfacial poten—

tial) for a silicate mineral such as
amphibole asbestos and for MgO. The max-
imum of each curve corresponds to a sur—
face charge density of zero, and the

pH resulting in zero net surface charge
is called the zero point of charge (ZPC).
The surface charge of a metal oxide
is therefore dependent on the pH and
moves from positive to mnegative with
increasing pH, becoming zero at some
intermediate pH. A method was developed

Asbestos

INTERFACIAL TENSION, ¥

“Eps Ve or pH

FIGURE 1. - Electrocapillary curves (Lippmann’s
electrocapillarity).

to remove asbestos fibers from water, at

pH intermediate to

the ZPC of

MgQO and

asbestos, based on the electrokinetic at-

tractive

forces between the

unlike sur-

face charge on asbestos and MgO (3).
The ZPC values vary from oxide to oxide
and correspond to the pH of minimum solu~

bility of each metal oxide.

oxides
states
lower

In general,

with cations in higher oxidation

are more
ZPC.,
on the ratio of charge (Z) to
of the cation 1n the pure

acidic and will have a
The ZPC 1is mainly dependent
radius (R)

solid (4)., 1In

a simple electrostatic model the
creases with increasing ionic potential,

Z/R, and

corrections

for

ZPC de-

crystal field

effects (coordination number) are made to

refine the model (4).
ous metal

The ZPC's of vari-
oxldes were compiled by Parks

(4) and are shown in table 1. Depending

on the measurement method employed and

the exact
ported values

sample

some

preparation, the re-
of ZPC for

of the

metal oxides vary over a wide range.

TABLE 1. - pH of zero point charge and
solubility product data for selected
metal hydroxides

Metal ZPC, pH Refer-
Ion |{Value Range Log Ksp| ence
for Ksp
AL(III)| 7.5 6.2- 7.7 | =-31.2 6
-33.5 7
Cd(1I) |11.7 11.4-12.3 | -14,2 6
-14.35 7
Co(II) |10.8 8.9-11.8 | -14.2 17
Cr(III)| 8.4 8.2- 9.3 | -29.8 5
Cu(II) 9.4 9.4~10.1 | -20.35 6
-20.35 7
Fe(II) |12.4 11.3-12.4 | -15.1 6
Fe(II1)| 8.0 7.4~ 8.4 | -37.4 6
~40.4 7
~38.45 7
Mg(I1) |12.4 €D) -11.16 7
Mo(II) |11.8 %) ~12.7 6
-12.8 7
Ni(II) 9.4 7.9-10.3 | -14.5 5
Pb(II) |10.8 10.6-11.1 | ~15.6 6
-19.8 17
Zn(II) |10.0 8.7-10.6 | ~16.9 7
-~15.55 7

'Calculated from Gibb's

free energy of
formation given by Stumm (7).
2No range of ZPC pH values given,
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The Stern model (fig. 2) of the elec-
trical double layer presents a fairly
simple and useful picture of the electric
potential around a solid in water., It
predicts electrical potential based on
the ionic double~layer theory. The elec-
trical potential difference, E,, that de-
velops between the solid surface and
the bulk solution is the balance between
electrostatic attraction of the solu-
tion counterions to the solid surface
and thelr tendency to diffuse away from
the surface. 1In the absence of specific
adsorption, the equilibrium concentra~-
tion gradient of the potential-deter-
mining ions creates the electrical po-
tential shown in figure 2, The distance
over which there exists a concentration
gradient is very small, The double-~layer

thickness, 1/x, is a function of ionic
strength and temperature., At room tem~
perature, for example, in a 1077 M NaCl
solution, 1/k is about 0.1 um, or 1,000

A. Since OH™ and HY are potential-deter-
mining ions, the pH at the solid surface
can be quite different from that measured
in the bulk solution. For an electri-
cal potential of less than 25 mV, this
difference can be approximated (7) (with
gome qualifications) by

PHsurtace — PHpuIk

-t B
2.3 RT

Eo = 17E,. (2)

Colloid stability theory considers the
net effect of the London-van der Waals
force of attraction and the interaction
of 1onic double layers, which can pro-
duce attractive or repulsive forces (8).
The total potential energy of the par—
ticles is a function of their separation
distance (fig. 3). For strong electro-
static attractions, a primary minimum in
the potential energy curve exists very
close to the solid surface (the global
minimum), A secondary minimum may exist
at about four times the equivalent thick~
ness of the double layer, 1/k. The exact
positions of these two minima depend
on the electrokinetic  properties of
the embryonic metal precipitates (and
hence on the nature of the heavy metal)
as well as on the available MgO surface.
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FIGURE 2. - Stern model of electrical potential at
MgO surface,
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FIGURE 3. - Total potential energy curve at MgO
surface displaying primary and secondary minima.
Depending upon whether there -are (a)
strongly favorable (unlike charges), (b)
weakly favorable, or (c¢) wunfavorable
(1ike charges) ionic double-layer inter-
actions, a nascent precipitate will be
respectively (a) cemented, (b) weakly ad-
herent, or (c) dispersed away £from the



solid surface. Under the right condi-
tions, favorable surface interactions are
important for capturing suspended solids
in granular filters (9).

DUAL ROLE OF Mg0 AS A FILTER
AND PRECIPITANT

Flow 1in conventional water filters is
usually laminar (or transitional), and
the granules of filter medium are sur-
rounded by a boundary layer of relatively
stagnant fluid. In a water filter the
chemical conditions near the surface of
the MgO granules may vary considerably
from that of the bulk solution. Not only
does the pH of the bulk solution increase
as a result of passing through the fil-
ter, but ions and particles that cross
streamlines to be captured by the MgO en-
counter an increase in the Mg?* and OH™
concentrations. Dissolved heavy metals
will precipitate in this region before
the pH in the bulk solution would be
raised sufficiently to cause insolubility
and precipitation. The charge on the
newly precipitated metal hydroxide par-
ticles will depend on the local pH level
and will tend to become more negative as
the particles approach the Mg0O surface,
owing to the increasing pH. The more
soluble or mobile metals will form hy-
droxides near the MgO surface where the
ionic double-layer interactions are the
strongest and will be more strongly bound

than ordinary filter deposits, because
the MgO surface 1s positively charged
(ZPC of Mg0 1is 12.4, table 1). Strong

bonding should be related to the solubil-
ity product and the ZPC of the individual
metal hydroxides.

EXPERIMENTAL

beds were composed of granular
(Mg0) from Basic Chemical.3

dead-burned product obtained
from high-temperature calcining of Mg
(OH), derived from a seawater brine.
This filter material assayed, in percent,
95.7 Mg0, 2.8 Ca0, 0.8 8i0,, 0.3 Al,04,
and 0.3 Fey05, 1Two experimental filter
systems were used., The first system was

Filter
periclase
This 1is a

Speference to specific products or sup-
pliers does not imply endorsement by the
Bureau of Mines.

Removal of hedvy metals in the Mg0 fil-
ter can be thought of as an ion—exchange
process 1in which 1 mol Mg 1s exchanged
for each mol of M2*, Any Ca0 impurity
in the MgO material will also contribute.
Metals either pass through the filter
or are bound as metal oxlides or hydrox—
ides. Depending upon how tightly they
are bound, the metals retained in the
filter either will be removed by conven—
tional backwashing or else will accumu-
late on the filter over successive cycles
of filtration and backwashing. Weakly
bound metal hydroxides will be removed
in normal backwashing, while strongly
cemented hydroxides will need chemical
stripping by dilute mineral acid or che-
lating agents such as ethylenediamine~
tetraacetic acid (EDTA) or other selec~
tive leachants, Preliminary experiments
showed that a l-pct EDTA solution re-
covered metals as efficiently as l-pct
HCl; however, the dissolution of MgO
was much less with the EDTA. Because of
this, EDTA was chosen as the stripping
reagent 1in this work. Acidifying the
EDTA solution containing the stripped
metal precipitated 1ts hydrogen form,
which was filtered out and then reacted
with NaOH to regenerate its soluble so-
dium form. The objectives of this re-
search are therefore not only to wuse
granular Mg0 for the combined precipita-
tion and filtration of heavy metals, but
also to investigate the recovery of
the precipitated metal values from simu-
lated mining and mineral processing waste
streams.

PROCEDURE

composed of three 2.5~ by 25-cm acrylic
columns in series, each filled to a depth
of 15.2 em with O0,5-mm MgO. The second
filter was a 5.0-cw~ID column of acrylic
plastic about 1 m in height with a 46~cm
bed of 0.5-mm MgO. Support for the me-
dium was 50-mesh stainless steel screen,
Filtration velocity through both beds was
0.34 cm/s.

Stock solutions of each of the heavy
metals employed were prepared with dis-
tilled water and contained 5.0 g/L of
each heavy metal. Reagent-grade hydrated
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sulfate solids of the vari-
ous heavy metals were used to make
these solutions., The appropiate volume
of stock solution was diluted to 100 L in
a large plastic reservolr with tap water
filtered through PALL MCYI00INAE car-
tridge fillters., Manganese was avallable
as a reagent-grade 50-pct—-Mn(NOz); solu-—
tion; the appropriate volume of this so-
lution was pipetted directly into the

nitrate or

reservolr, Influent was pumped by one
channel of a  dual-channel Masterflex
pump. Dilute HCl or HNOs solution was

added via the second channel as needed to
maintain the influent at a pH of 7.0 as
it entered the filter., The dilution due
to the second channel was about 4 pct and
was approximately compensated when the
stock solutions were added to the re-

servoir., Influent concentrations of the
metals were below the solubility limit
at pH 7.0 calculated from solubility
products.,

Filtrate turbidity was measured at
15-min intervals with a Hach 2100A
turbidimeter. Influent turbidities were

measured at the beginning and end of
the tests, which lasted 6 h, Filtrate pH
measurements were made concurrently with
turbidity measurements. pH was measured
with an Orion 901 Ionanalyzer or an
Orion 601 pH meter using a 91-02 double~-
junction, research-grade glass electrode.
Filtrate samples were taken at 30-min

intervals and analyzed chemically by
atomic  absorption  spectroscopy (AAS)
together with the  influent samples.

Aliquots were preserved with 0.5 mL HNOs
per 25-mL sample to prevent postprecilpi-
tation of the heavy metals. The lower
level detection 1imit for the direct
atomic absorption analysis was 0.1 mg/L
(0.1 ppm).

Two methods of backwashing were used.
For the three—column unit the contents of
each column were strongly agitated by
roller tumbling for 10 mlin in a 500-mL
jar containing approximately 200 mL of
(1) distilled water or (2) l-pct EDTA so-
lution. Each column went through four to
slx cycles of cleaning, and samples of
each backwash were acidified and analyzed
by AAS. The larger filter column was
backwashed by a method similar to con-
ventional water treatment practice: 30
min of air-assisted backwash followed
by 30 min of high-rate fluidization at
50-pct bed expansion. Backwashing with
a mixture of compressed alr and water
agitates the bed vigorously and is often
used in practice., Residual metal values
were stripped with an upward flow of 1-
pct EDTA solution at a rate of 500 mL/min
(0.43 em/s), which was less than the
minimum fluildization wveloclity. Backwash
samples were withdrawn at 20-min inter—-
vals for chemical analysis.

RESULTS AND DISCUSSION

HEAVY-METAL RETENTION OF MgO FILTER BEDS

The three—column filtration wunit was
packed with 1.09-mm granular periclase as
the filter medium. An influent solution
containing 0.8 mg/L Cu, 3.2 mg/L Cd, and
3.6 mg/L Zn at pH 6.9 gave an effluent
containing <0.1 mg/L of each of the three

metals for the first 15 min, During the
5~h duration of thils experiment, Cu and
Zn in the effluent remained <0.1 mg/L,

but the Cd concentration rose gradually
from 1,0 mg/L after 100 min to 1.8 mg/L
at the end of the test, The filtrate pH
dropped from 9.29 at the beglnning of
the test to 8.94 at the end. Pressure
drop across each of the three columns
rose only 0,18, 0,07, and 0.07 m H,0,
respectively, during the test., It ap~
pears that the pH was not kept high

enough throughout the Mg0 beds to precip-
itate all of the Cd, which has the
highest solubility product of the three
metals (table 1).

A duplicate test employing 0.50-mm per-
iclase grains instead of the 1.09-mm
grains enabled the bed pH to be kept at a
higher level for a longer time. The re-
sult was a filtrate containing less than
0.10 mg/L of the three metals, with the
Cd concentration remaining at that level
for the first 90 min, Instead of the 15
min for the coarser Mg0O. Also, after 5 h
the filtrate contained only 0.39 mg/L Cd,
compared with 1,8 mg/L Cd with the 1.09-
mm MgO grains.

To maintain enough precipitation abil-
ity for MgO without sacrificing 1its fil-
tration capacity, all gsubsequent tests
were performed with 0,50-mm MgO grains.
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synthetic waste stream containing ap-
1 mg/L Cu, 4 mg/L Cd, and

4 mg/L Zn was passed through the three-

column wunit.
between 6,9 and 7.2.

creased

METAL CONCENTRATION, ppm

FILTRATE pH

5

1.0
10.5
(0.0
9.5
9.0

8.5
8.0

7.5

7.0
6.5

0

steadily with
when only water
Data for this series of tests
in figure 44.
tained on the column after

The influent pH was

Filtrate pH de-
successive

backwashing was

Very little

kept

runs
used.
are shown
Cd was re-
one loading

cycle, the

volumes

which was

Zn broke

that Cd,

through after two
loading cycles, and Cu was retained until
the f£ifth loading cycle.
were passed
in each loading cycle except
cut short because
were blinded with air bubbles.
indicate that the filter bed was satu-
rated with metals after
loading and

five

About 150 Dbed
through the filter
the third,
the columns
The data

cycles of
the most mobile

1

A KEY
o Cd

o Cu

A 7Zn

~W££“

FIGURE 4, - Heavy-metal retention in three-stage MgO filter. A, Breakthrough curves; B, filtrate pH.
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of the three heavy metal cations, broke
through first, followed by the second
most mobile cation, Zn, as would be
expected. EDTA backwashing restored the
performance of the filter to its orig-
inal level or better, as indicated by the
higher filtrate pH and better metals
retention in the sixth loading cycle
(fig. 4B).

Two synthetic waste suspensions, one
containing only 25 mg/L suspended kaolin
and the other containing 4.5 mg/L Zn, 3.7
mg/L Cd, 5.0 mg/L Ni, and 6.3 mg/L Mn in
addition to the 25 mg/L suspended ka-
olin, were alternately flowed through a
S5-cm-diam Plexiglas column containing
45,7 cm of 0.50-mm periclase grains at a
rate of 400 mL/min for 6~h intervals.
Starting with the plain kaolin suspen-
sion, a total of 30 h of filtration
(three 6-h runs with plain kaolin solu-
tion and two 6-h runs with kaolin
and heavy metals) was accomplished.
After each 6-h interval the column was
water—-backwashed with ailr scouring. Fil-
tration of kaolin solution resulted in pH
drops of 0.25, 0.15, and 0.24 wunit, and
increases in bed pressure of 0.20, 0.l4,
and 0.07 m Hy0. Influent turbidities in
these tests were 16 NTU, while final tur-
bidities were 0.77, 0.84, and 0.34 NTU.

Filtration of kaolin with heavy metals
resulted in pH drops of 1.62 and 1.64 pH
units and increases of bed pressure of
5.17 and 4.65 m Hy0. Influent turbidi-
ties 1n these tests were 17 NTU, while
final turbidities were 0.08 and 0.26 NTU.
In both of these tests the Zn was almost
completely removed (<0.1 mg/L) throughout
the 6-h tests. Filtrate Cd concentration
was initially less than 0.1 mg/L in both
tests, but rose to about 1.0 mg/L at the
end of one test and to about 4 mg/L by
the end of the other test. Mn concentra-
tions remalned above 1 mg/L throughout
the tests. The large drops in filtrate
pH 1indicate that the pH was mnot always
high enough to completely precipitate
metals with higher solubility product
(Ksp) values, i.e., Mn, Ni, and Cd. The
presence of suspended solids apparently
does not affect heavy metals removal
significantly, mnor does the presence
of heavy metals serlously impair the
filtration of suspended solids. 1In fact,

results suggest that the dissolved metals
may ald the removal of suspended solids.
If the metals are periodically stripped
from the bed so that the filtrate pH re-
mains sufficiently high, metals removal
and filtration can be done simultaneously
in the same bed. The precipitation of
heavy metals resulted in lower filtrate
turbidity throughout the 6-h tests, but
also 1Increased the pressure drop across
the bed. Influent containing highly sol-
uble metals such as Cd, Mn, and NI re-
quires maintaining higher filtrate pH to
achieve adequate removal. Thils dictates
the use of either deeper beds or finer
sized MgO to supply extra surface area
for metals precipitation.

STRIPPING OF HEAVY METALS
FROM MgO FILTERS

A synthetic waste stream solution
was passed through the three~column unit
containing O0.5-mm Mg0 at a rate of 100
mL/min for 6 h. This solution contalned
2.5 mg/L Al, 2.2 mg/L Cd, 2.1 mg/L Co,
1.0 mg/L Cr, 1.8 mg/L Cu, 1.9 mg/L Fe,
l.4 mg/L. Mn, 1.8 mg/L Ni, 1.4 mg/L Pb,
and 1.8 mg/L Zn and had an influent
pH of about 6.9. All the metal values
were almost totally removed (<0.1 mg/L)
throughout the 6-h test. The filtrate pH
dropped from 10.51 at the beglnning of
the test to 9.68 at the end. FEach column
was  backwashed once with water and
five times with l-pct EDTA solution. The
results of these tests are in table 2.
Recoveries of the 10 elements from the
MgO0 column ranged from 93.6 to 97.7 pct
(water ‘plus EDTA backwashing). For Al,
Co, €d, Cu, Mn, Ni, Pb, and Zn, the
majority of each metal was recovered in
the EDTA backwash. For Fe and Cr, the
majority of each metal was recovered in
the water backwash. Except for Mn, Cd,
Al, and Co, a substantial amount (53 to
88 pet) of the metal was collected in
the first column. For Co and Al, only
about half of the metal value 1is col-~
lected in the filrst column. Cd was
equally collected on the first and second
columns, while more Mn was collected on
the second column than on either the
first or third column.



TABLE 2. - Heavy-metal recovery

and distribution in three—column Mg0O filter, percent

Backwashing reagent Al Cd Co Cr Cu Fe Mn Ni Pb Zn
Column I:
Watereeossesessssosens | 19.82|19.43/19,53/48.42/41,13/38.96] 5.69/23.73|25.22|37.96
EDTAvsessesnsvassenses | 29.36/122,23129,14(19.27125.84/13,95/18,79{31.33{33.59|50.08
Totaleesevonsossose | 49,18141,66(48.67(67.69/66,97|52.91124,48]55,06|58.81|88.04
Column II:
Watereessossroosossoece 5.81{12.18|13.55 .25 .86(13.52| 8.37|12.41| 5.18| 2.22
EDTAeeeesvevavenoannese | 23.43127.94{28.53| 7.50|17.70|15.98|33.51|24,20{23.33| 4.95
Totalesesesssseoess | 29.24/40.12142.08] 7.75/18.56/29,50|41.88(36.61(28,51| 7.17
Column III: '
Watereeesoosossoocnenss 1.21] 2.27} 1.11} 9.52] 1.74| 5.62; 3.22 .81 W71 .37
EDTAeeesosonnnssseeess | 17.86/13.18| 3.78| 8.62| 7.75| 7.98|26.35| 3.04| 7.84| 2.07
Totaleeesosonsoases | 19.07{15.45| 4.89|18.14| 9.49|13.60]|29.57| 3.85| 8.55| 2.44
Total watereisseeeessesas | 26.84|33.88{34,19(58.19{43.73158.10{17.28!36.95/31.11|40.55
Total EDTAvecevasevesess | 70.65/63.35/61.46{35.39|51.29|37.91/78.65|/58.57{64.79|57.10
Total recoveryeeesees | 97.49197.23/95,65/93.58{95.02]96.01]95.93{95.52/95.90{97.65
Ratio, EDTA to total
YECOVEYYeooosossovnnvss 0.72| 0.65| 0.64| 0.38] 0.54| 0.39; 0,.82]| 0.61] 0.68| 0.58

The quantity of each metal retained on
the columns was calculated by numerically
integrating the area under the concentra-
tion versus time curves for the filtra-
tion tests, then multiplying by the volu-
metric flow rate (which was maintained at
100 mL/min) to get the total amount of
each metal passing through the filter but
not being captured. This was subtracted
from the product of the influent concen-
tration times the flow rate times the
total run length to obtain the net amount
retained on the columns. Many of the re-
ported concentration values for the ef~-
fluent were below the detection limit of
the chemical analysis; a wvalue of 0.1
mg/L was used for these points in the in-
tegration process. The quantity of each
metal stripped from the column was cal-
culated by summing the products of back-
wash volumes and reported concentrations
from each column.

For each metal, the fraction recovered
during the EDTA backwash relative to the
total recovered by water plus EDTA back=-
wash 1s plotted versus ZPC values in
figure 5. The brackets span the range
of ZPC wvalues selected by Parks from
the literature (4) and given in table 1.
Aside from AL(III), the percentage re-
covery of metals increases with increas~
ing ZPC, as would be expected since the

higher the ZPC, the higher the pH of
minimum solubility of the metal and the
more mobile the metal ion. Apparently,

precipitation of the more mobile ions
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FIGURE 5. - Correlation of fractional metal recov-
ery by EDTA stripping with the metal oxide ZPC,
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occurs closer to the MgO surface, prob-
ably at the distance corresponding to the
global potentlal energy minimum of figure
3. Here the pH 1s higher and bonding of
the metal hydroxlde or oxlde to the MgO
is highly probable so that chemical
stripping of the metal oxlde or hydroxilde
is required. A stralght 1line is drawn
through as many of the bracketed values
of ZPC as possible; at thils time no theo-—
retlcal 1mportance has been attributed to
the slope, Intercept, or linearity of the
plot. Aside from AL(III), only Cd(II)
fails to contact the line. Only a single
value was reported for Mn(II), so no
bracketing values are avallable. The re-
covery of Cd(II) appears to be lower than
it should be 1n these tests as results
described later 1ndicate.

A synthetlc waste solution contalning
about 1 mg/L Cu, 4 mg/L Cd, 6 mg/L Mn,
and 4 mg/L Zn was passed through the
single 5-cm-diam MgO filter column at a
rate of 400 mL/min for 6 h. The column
was not allowed to saturate, as was done
with the three—-column wunit. After each
cycle of 1loading the fillter was back-
washed with alr and water, then stripped
with 1-pct EDTA solution. The metals
eluted off the column quickly, as shown
in figure 6. The area under each curve
was determined by numerical integration
and multiplied by the volumetric flow
rate to obtain the total recovery of
each metal., Two duplicate tests were
run, and results are given in table 3.
Most of the Cu was removed by water and

CONCENTRATION, ppm

4 i o Ty X S

0 2 4 6 8 10 12 14 16
TIME, min

FIGURE 6. - Metal elution curves with T-pct EDTA

from single~column MgO filter.

alr backwashing, which accounts for the
low Cu recovery by EDTA stripping. Re-
covery efficlency 1s much better for the
Zn, Cd, and Mo by this method than by
tumbling. The coating of metal hydrox-
1des is dissolved, and the heavy metals
elute off together in a concentrated so-
lution (as evidenced by the peak 1in the
concentration versus time plot). This
quick elution of the heavy metals means
that the EDTA solution has 1limited con-—
tact time with the MgO; therefore MgO
dissolution 1s kept at a minimum.

The total amount of Mg and Ca leached
out of the column by the EDTA solution
was determined by the same methods used
for the heavy metals. Totals of 1.34 and
1.62 g Mg and 0.54 and 0.25 g Ca were
dissolved by the EDTA in the two tests.

TABLE 3, - Loading and stripping of single MgO column

Quantity, mg Ratio of chemically
Metal Loaded on filter! Stripped with EDTA | recovered to loaded metal
after water backwash
Run 1 Run 2 Run 1 Run 2 Run 1 Run 2

Cdevevecsessonees | 538.0 510.0 502.0 548.0 0.93 21.08
Cleesosssssssssss | 113.0 118.0 44,0 30.1 .39 .26
MN,eesecoceosesse | 837.0 795.0 773.0 894.,0 .92 21,12
ZNevssessonsssssss | 635,0 648.0 357.0 328.0 .56 .51

'Calculated from influent and effluent chemical analyses,
2Ratio exceeding 1.00 is due to experimental and computational wuncertainties.
Probable source of error 1s taking an analysis of <0.1 ppm as 0.1 ppm for integra-

tion purposes. If O ppm was used,
slightly higher.

the loaded metal i1n the denominator would be



About 1.67 and 1.80 total grams of heavy
metals were stripped from the column. On
a molar basis, this amounts to 72 mmol
(Ca + Mg) to 26 mmol total heavy metals
stripped.

The efficiency of the process i1s fair;
160 bed wvolumes of some of the most
mobile metal cations were successfully
treated in each c¢ycle before break-
through, During filtration about 2 mmol
(Ca + Mg) (about 50 pct each on a molar
basis) is exchanged per total millimoles
of heavy metals, The metals can be re-
covered in less than 8 L EDTA brine, and
the metals are concentrated as much as
twenty fold, with the exception of Cu,
which is removed by normal backwashing.,
It is obvious from figure 6 that the bulk
of the metals are stripped within 6 to 8
min, and thus a volume equal to about
half that actually used would be suffi-
clent for metals recovery.

Metals recovery is apparently a strong
function of ZPC, as shown in figure 5 for
¢d, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn,
and in figure 7 for Cd, Cu, Mn, and Zn.
The EDTA backwash data plotted in figure
7 are the average of both tests reported
in table 3. The vertical brackets span
the range of experimental values, The
data fit very well to a stralght line,
suggesting a strong correlation between
adherence to the Mg0 surface and the ZPC
of the precipitate.

Several factors probably influence the
ZPC and bonding of the heavy metals to
the Mg0O. 1In the test with a stock solu~-
tion of 10 heavy metals, the initial tur-
bidity was higher than that for the
4 metals, indicating that more precipi-

tate was formed in the 10-metal filter
influent then in 4-metals influent.
These precipitates, once formed, would

tend to
operating 1in
Normal backwashing with water

be captured by the mechanisms
conventional filtration.
is suffi-

cient to remove these hydroxide precip~-
itates so that the quantity of metals
requiring removal by EDTA 1s lowered.

Secondly, the ZPC is affected by defect
structures and impurities (water, anions,
and cations) occluded in the precipitate.
Various metals could be coprecipitating,
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FIGURE 7. « Fractional metal recovery by EDTA

stripping from single-column filter os o function of

ZPC of metal oxide.

which would explain why Al1(III) recovery
is unexpectedly high in the test results
of flgure 5. Interactlons between 4 met-
als are diminished with respect to those
possible for 10 metals, so the differ-
ences 1in stripping behavior are more pro-

nounced. Thirdly, it should be pointed
out that the precipitates are mnascent
precipitates; 1.e., they are formed and

captured within minutes or even seconds.
There 1s most likely mnot enough time
to form equilibrlum structures, a process
that may require days. The precipitates
are likely to be disordered and to
contain H,0 at the expense of OH™ or 07,
as well as other impurities. The more
ordered, high-purity structures with OH™
and 0% replacing H30 tend to have lower
ZPC, so the nascent precipitates may
be ©bonded more strongly than expected,
based on ZPC values determined for aged
precipitates,
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SUMMARY AND CONCLUSION

In laboratory tests with synthetic so-
lutions the metal concentrations of the
solutions have been reduced to less than
0.1 mg/L by passage through a bed of
granular dead-burned MgO. Recoveries of
heavy metals from the MgO bed in excess
of 95 pct were obtained by combined water
backwashing and stripping with EDTA solu-
tions., The granular Mg0O precipitation—
filter process appears to have merit for
removing and recovering heavy metals from
waste streams that have been at least
partly neutralized by liming. The metal
concentration of the waste stream to be
treated cannot be too high, nor can the
pH of the waste stream be too low; other—
wise the reactivity of ‘the dead-burned
Mg0 will not be sufficlent to treat the
wastewater, or excessive dissolution of
the MgO0 will occur. In acid mine drain-
age it 1is fairly standard practice to
neutralize to pH 7.0 and aerate to remove
the dron. This is not sufficient to re-
move the more soluble heavy metals., With
the granular MgO filter, heavy metal re-
moval could be accomplished without fur-—
ther addition of 1lime or flocculant. The
MgO filter 1is easily cleaned, and the

metals recovery is relatively unaffected
by the presence of suspended solids,
such as occurs with ion—-exchange columns.
Fine tuning of the procedure and reducing
the dead volume in the column could im-
prove the heavy metal removal and re-
covery. By employing more columns of MgO
and varying the reactivity of the MgO,
the particle size of the MgO granules,
and the depth of the MgO bed, it may be
possible to improve the removal of the
most mobile heavy metal ions and at the
same time segregate the metals on dif-
ferent columns for easier recovery. It
may also be possible to selectively strip
and separate the metals from one column
by using a series of metal-specific elu-
ants, Metal values removed from the col-
umn by normal backwashing can be col-
lected in a small volume of solution and
then acidified to give a concentrated so-
lution. Taking into account the OH™ gra-
dient around the MgO0 granules and the
ZPC of the metals explains at 1least in
part the need for chemical stripping of
the more mobile metal cations from the
beds of MgO.
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APPENDIX.~-~LIPPMANN'S ELECTROCAPILLARITY AT AQUEOUS METAL OXIDE INTERFACES

The presence of a net electric charge
on a surface lowers the surface tension
because repulsion between 1like charges
decreases the work done in extending the
surface area. A quantitative measure of
this effect 1s shown by the ideal elec~-
trocapillary curve in figure 1, which
depicts the variation of surface tension,
Y, with the interfacial potential, E.
For hydroxides, the electric potential E
with respect to the standard hydrogen
electrode is given by

Ey = %E In ay+ = 0.06 log ay+

(A-1)

]

-0.06 pH,

where R 1s the molar gas constant (1.987
cal/(mol+deg)), T is the temperature (K),
and F is the Faraday constant (23,060

cal/V). At 25° C, the quantity 2.303-%2
= 0-06 V.

Thermodynamic equilibrium of the sur-
face at constant temperature, pressure,
and chemical composition requires the
Gibbs free energy function, G, to be at a
minimum; i.e.,

3G = A 3y + Q 3E = 0, (A-2)
where A 1s the surface area and Q 1s the
surface charge. This equation indicates
that the varlation in Gibbs free energy
due to the change in y just balances that
due to the change in the electric po~-
tential of the charge Q at the surface,
Lippmann's equation involves a rearrange-—
ment of equation A-2 to give

=-2--. (A-3)

o;lo)
< |=

Upon applying the Nernst formula (A-1) to
equation A-3, one obtains

- - 9Y _ 199Y
ag = T 173~Pﬁ’

s (A-4)

w U.8. GOVERNMENT PRINTING OFFICE: 1986—8605-017/40,034

where ¢ 1is the surface charge density,
i.e., charge per unit surface area.

Applying equation A-4 to the curves
of figure 1 shows that the maximum of the
electrocapillary curve corresponds to
a surface charge density of zero. The pH
that results 1in zero electric charge is
called the zero point of charge (ZPC) or
isoelectric point (IEP). Also, the sur-
face charge density would be positive in
the ascending branch of the electrocapil-
lary curve and negative in the descending
branch. The surface charge of a solid
metal oxide is therefore dependent on the
pH of the surrounding water and goes from
positive to negative with increasing pH,
becoming zero at some intermediate pH.
The ZPC values vary from oxide to oxide
and correspond to the pH of minimum solu-
bility of the metal oxide.

Figure 1 depicts the electrocapillary
curves of Mg0O and a silicate mineral such
as most asbestos fibers, Since the ZPC
of many silicates 1s between 2 and 5
while that of Mg0 i1s 12.4, it dis ob~
vious from the preceding analysis that
at neutral or near-neutral pH values, a
typical asbestos  fiber, except for
chrysotile (which is rich in Mg0), will

carry a net negative charge while the
Mg0 surface 1s positively charged. A
method to remove asbestos fibers from

mineral waters was developed (3)! based
on the electrokinetic attractive forces
between the unlike charges on asbestos
and the Mg0 surface. The method was
found to work equally well with other
suspended particulates such as fine
quartzite, i1ron ore particulates, and
kaolin,

TUnderlined numbers in parentheses re-
fer to items 1in the list of references
preceding the appendix.
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