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~ ABSTRACT

~ An investigation of boron leachability and adsorption by
coal ash under- a variety of conditions was undertaken. Boron
leachability was studied as a function of pH, time, ash type,
particle size, and ash concentration. Total available boron, aluminum,
and iron were determined. Ash retention of boron was calculated. The
adsorption of boron by ash thatwas water conditioned and ash that was
acid conditioned was studied. A releaching of adsorption samples was

pursued to determine changes in the ash after adsorption had taken

place.




INTRODUCTION

The combustion of coaT as a fueT'has become an important alterna-
tive power'ﬁourée in our modern society. Coai is among the fossil
'.fuéls which -are readj]y,availabie, convenient, and prdctical for use.

Coal comBustion,‘zlike all other large scaTe-industriaT pfoqesses,
‘does not come without its technical and environmental considerations.
As a mined resource,'coal ha; natural variability in its compbsition
and its properties. For instance, not all coals burn consistently
hot depending on when and where they were mined. Thetsolid and gaséous
waste§ reéu]ting from coal combustion present an increasing challenge
in their disposal.

Solid coal wastes are commonly referred toés ash. Several
methods of ash disposal are currently in use. One popu1ér method
1n§oives sluicing in lagoons. In'developing,our understanding of tﬁe
aqueous Behavior of a sluicing pond, it is helpful to envision a sche-
matic of a power plant operation. Figure ] is a schematic originated
by Dreesen (1) and it represents water flow at a powér plant. The coal

is burned in the plant to heat water to produce steam which drives the

generators and produces electricity. The function of the cooling pond L,f;7 f

-~

is to allow the superheated water to cool before returning to the
river. The ash pond is involved in an éentirely segregated cycle of
water. MWater is sprayed into the stacks. This procedure cleans the

ash out of the stacks and keeps large amounts of barticu?ate matter
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Figure 1

Schematic of Water Flow at a Power Plant.

-Dreesen and

!

coworkers (1).
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from escaping out of the stacks into the atmosphere and increasing
air pollution. The slurry of Qater and ash is then channeled into .
the ash pond, The engineerfng of this pond fs schematically shown
in Figure 2. During the. holding time in this pond, the solid particles
in the slurry settlg to the.bottém and the aqueous portion is then
allowed to spitl back‘into the natural water system of the area.

Western coal often contains sizable quantities of alkali and<'
alkaline earth oxides which upon cdntact with water provide basic
\sd1utions. Talbot and coworkers (2) studied the pH change of several
éuspended‘ash s]urriés with time; Théy‘Tookeﬂ at systems both open
and -closed to the atmosphere. They noted that in the open system‘
theré was a dramatic initial increase 1in pH; with hopper ash exhibiting
the mogt change,' After one week their slurries equilibrated at a pH
of approximate]y 8.5. Wﬁth the closed system they reported the same
pH increase but it took several weeks to decline. Gréén.dnd Manahan
(3) dissolved ash in mineral acid, a]]b&ing’the ash to equilibrate
ovérnight.and then back-titrated with NaOH. They reported the fly
ash dissolved 1nsdiscrete steps of increasing acidity, indicating
the presence of specific'fractions in thé material. The authors a]éo
stated that scatter of data typified iﬁ\their plots was due to sample
inhomogeneity'and uncertain pH readings in the fly ash suspensions.-
Compensat{on was made by taking large numbers of data points.

Generally, the nature of coal ash is nonvolatile, inorganic matter.
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Figure 2

Schematic of an Ash Pond.
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In 19?7 Dreesen and coworkers (1) analyzed and-found some components
of ash, including such tdxic elements as boron, arsenic, fluorine,
molybdenum, and selenium, to be leached with water. They proved
this by sampling the effluent waters of the.Los Alamos, New Mexico

. power plant and comparing the results with samples of thé influent
waters. Théy found elevation of tﬁese elements in the eff]uents[
For example, intake river water cqntained less than 0.1 pg/ml of
boron .but ash pond effluents contained 12.0 pg/ml and cooling lake
éff]uents contained 0.95 ug/ml boron. '

Analyses of ash content have been exténsively reported and
compared‘uéing a variety of analyses techniques (4-7). Ash and its
parent coal vary Qreat]y in exact content froh sample to sample, but
the major components can be .summarized from the }éports of analyses in
the literature. Thé.major component analyses condenses to: silica,
caTcium, aluminum, magnesium, 1rdn{_potassium, and sodium. Many trace
analyses are also reported in these papers. :'

Other interéstinélinterpretations of ash content have been added
to the literature through the use of electron micrographs. By radi-
ating at selected wavelengths the major compbnent concentrations can
be photographed (4,5). | |

In a unique study, Furr and others (7) grew cabbages.in soil’

.amended with seven percent coal ash from tewnty-oné coal -burning

power plants. They measured uptake of the toxic elements by the
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cabbages. The concentrations in the cabbages of arsenic, boron,
mo]ybdenum, selenium, énd strontium showed high correlation with those
fn the ash.

-fh%g study invo]ves‘oﬁe trace component .of coal ash,fboron.
Interest in boron comes frem the fact fhat, although it is an
essential trace nutrient for plants (é), ff becomes'toxic at con-
centrations greater than one part per miliion (9,10).

Boron is a rare element in the earth's crﬁst and is most abundant-
1y associated with fossil fuels such.as oil aﬁd coal with geothermal
..waters (11). Boron is always found in trace amounts in nétu?al‘water
systems. Most nétura] waters contain less than one half of a part-f
‘per mi]]ioh'W1th slightly higher concentrations found in geothermal -
.waters and waterways through coal rich areas (12)." |

Few authors have looked specifically at the relationship of boron:
1eaching‘in aqueous .systems. Cox and'others (13) Tooked at boron
released from coal ash. They'detérm%ned‘totalIbbron‘by dc-arc
emission spectrometryi Over a sixty second span they measured boron
released at pH 4.55 and pH 7.40. They reported fifty percent of total
boron, which could be as high as 1900 ppm, was leached into water.
They\alsp reported the quantity of boron Teached was independent of pH
over thé-range of 6 to 8 but availability was gfeater in acid. Also
in this paper, they'sﬁggest that-therﬁa] fixation of the boron into

an insoluble chemical state could be obtained by treating the ash at




1200°C for thirty.minutés,

Choi and Chen (14) reported the amount of boron leached from four
common adsorbents; hydro Darco, Eiltrasorb, acﬁjvatéd bauxite, and
éctivated alumina, as a function of pH. For all but one adsorbent
_ the’amount of boron leached at 25 9/1 increased as pH decreased Be]ow
-pH 6 with boron leached remaining approximately constént above pH 6.

Part of the variabijity in analyses of ash can be improved by
fractionatiqn of paricle size. There is a relationship between the
size of the ashlpartic1és and their elemental composition. E]éctron
micrographs done by Smith (15) and Campbell (4) showed ash to be
an amorphoué, fragile materialvcomposed of many particle sizes,
sﬁapes;‘ and .densities. Two separate reports (16,17) group the
ash into-three mass-sizé distributions. Those elements associated.
with large particles (>20.0 um) ére depleted relative to the original
coal composition; a second group ofﬂe]ements in the intermediate
size ffaction (20.0-6.0 um) have.similar concentrations in ash and
parent coal; and a third fraction of small particles (6.0-2.5 um)
contain elements including boron, which havé enriched concentrations -
- in ash.

Another group (18) which studied size fractionation defined
seventeén size fractions in ash ranginé from 10 um through §ubmicrqn
in size. Their results showed that volatile trace eleménts‘inéreased ‘

in concentration with decreasing particle size above one micron; but,
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for submicron particles the concentration becomes independent of
" particle size. These are significant findings since small partié]es
are most easily suspended in water and the enriched boron content is

" easily released.

The adsorption characteristfcs of boron'onto_soi]s.hesjbeen
extensively studied. In a series of papers, Harder (19-21) studied
boron in sediments and associated it with the clay mineral, illite.
His primary concern in these studies was ef agricu]tﬁral significance -
~so. pH and temperature were not monitored. He did however, note that
boron uptake was rapid at first and then gradual after a few hours
| In 1964 Hingston (22), also interested in the study of natura]
sediments, investigated boron adsorpt1on onto illite, kao]1n1te and
montmorillonite. He stud1ed boron uptake as a funct1on of pH over
the range of 3.8 to 10.5 and as'a function of concentration. He was
the first to suggest that boron adsorption exhibited Langmuir behavior.
Couch and Grim (23) also studying fhe c1ays; illite, keo11nTte,'and
montmori]Ton%te, determined that the initial boron concentrations and
.temperature had a direct relationship on boron uptake..

| Metwally (24) studied boron adsorption onto freshly precipitated
a}uminum hydroxide as ‘a function of pH. Sims and Bingham (25)
fo]]owed this procedure but also reported an inverse relationship
between boron uptake end aging of the precipitate. A similar paper.by

McPhail and others (26) confirmed Sims' results.
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Concurrent with these studies, several investigators th]e 160k1ng
at volcanic soils in Chi]e,/Hawaii, and Mexico (27-29) correlated a
high boron adsorption by'these soils with high concentratfons of
aluminum in them. | |

In addition to a]qminum hydroxide, freshly brecipitated iron hy-
droxide was studieq for boron adsorptioﬁ by Metwa]]y-(24) and by Sims
(25,30,31). 1Iron is also capable .of participating in the adsorption of
boron but has 200 times less capacity for adsorption than does aluminum.

Bingham and Page (32) reported that 'sulfur and phosphorous exhibit-
ed no influence upon the adsorption of boron by‘an allophanic soil. |
Choi ahd‘Chen'(T4) reported that calcium (II) ions and magnesium,(llj
ions showed an effect on boron adsorption with some adsorbents.‘

An increase in the concentration of calcﬁum (I11) ions to a certain
value resulted in a décrease in the removal of boron for all adsorbents
studied. The value was dépendent upon the adsorEent used. Lftt]e or
no additional effect was found with further increase in the concen;
tration.of calcium (II) above the value. For examp]e,.F11trasorb
removed boron less efficiently in the presence 6f calcium (II) jons hp
to a concentration of 100 mg/1 bﬁt sthed,no,further inflgence with
increasing calcium (II) concentration. Magnesium (II)- ions effected
boron removal only when Filtrasorb was the adsorbeht., Silica has’been
suggested in several papers (2,29,32) to exhibit a competitive effect

with boron for the adsorption sites. Theis and Wirth (33) suggested
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that some species of'manganése ﬁay play a role in tﬁe adsorption of.
boron. _

Choi and Chen (14) examined the effects of pH upon leaching of
boron from the adsorbents and conversely the pHeffects upon adsorption
~of boron onto the adsorbents. They réhqrted increasing boron leached
below pH 6 and approximately constant amounts of boron leached for all
adsorbents between pH 6 and 9. They reported‘the optimum pH for
adsorption of boron was dependent upon the adsorbent present and upon
the concentration of boron in solution. In the same paper, they
reported that salinity effected removal efficiehcy of boron. Removal
efficiency.decreaséd sharply and the pH at which removal is most ef—'-
ficient, increased'sharp1y with increasing éa]inity up to 8% for hydro
Darco, 5% for Filtrasorb, é% for activated bauxite, and 10% for
activated-alumina. Above these concentrations no further decrease in
removal efficiency and increase'in PH was noted.

~ A11 of. the previous adsorption studies .used soil or some well-
characterfzed surface as the adsorbent. In this study the ash was
examined as a participant in the adsorption process. fhe mobi]ity‘of
boron in an .aqueous system has been shown~to be influenced by::pH,
temperature, type and amount of adsorbing solids, the shape and

" density of the ash, and other_chemical species present.




STATEMENT OF THE PROBLEM.AND RESEARCH OBJECTIVES

Boron 1s.one of-thé foxﬁg elements in'cdé1'ésh whiEh is réadi]&
leachable into an aqueous syétem. The determinafion‘of the mechanism
df boron mobility in a natural system involves many factors. A
mecﬁanism has been suggested to involve the adsorption and desorption
of boron species from solid surfaces. Many conditions can influence
such a process and need to be studied specifically. What type of
soil or ash are present and dées total concentration of these effect
the efficiency of the syétem?‘ What is the species of boron involved
and what is its solubility inlwater? ‘What are the‘maxiﬁum.1imits of
the adsorption and desorption? And it must be determined if the

process is simple reversible of if some parameters such as pH, time,

and temperature effect the forward and reverse sequehces differently.

Boron adsorption and desorption from soils has been studied by -
many wofkers.' Few peop]e.have 1opked.at'the role of boron from coal.
ash. In this study, investigations were undertaken to determine the
influence of pH, time, and ash type upon boron leachability. The
influence qf bartic]e size upon a variety of components was studied.
Ash concentration was varied and was determined to have a significant
effect ubon the amount of boron re]eaéed. The'boron refained‘was
calculated and total availability of boron was then experimentally

determined. Based upon the enhanced .leachability of a Variety of
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major components with acid, analyses of total avaiiabi]ity of these
‘components was made. Iron and aluminum wére specifically studied. -

Further investigation of retained boron lead to adsorption
éxperiments. Adsorption was studied by water conditioned ash and‘acid
conditioned ash.  The effeéts of pH upon the process were also
determined. Additionally, releaching of the adsorption samples was
investigated to determine changes in the ash after adsorﬁtion‘had

taken place. .




EXPERIMENTAL SECTION °

'Ash'samples'were obtained from the Boundry Dam Power Stafion
near Estevan, Saskatchewan, Canada, and from a test.burn of coal to
be used at the Poplar River Power Project in southern Saskatchewan.
Ardescription of thé ash samples is presented in Tab]e 1. The ash
- samples were passed througH'TOO mesh screen prior'to.1eaching;
Particles were manually frqctionated withythe.use of concentric sieves.
Thevsieve sizeé were 100, 140; 200, and 325 mesh. The mesh | .
sjzes correspond to Opem'ngs:~ of 150 um, 125 um, 75 um and 45 um,
resbective1y. A1l adsorptfon studies were ﬁone on ash which'bassed
phrough the 325 mesh sieve.

Whenever possible a11-procedurés were'carrjed out in poly-
propylene or teflon containers to avoid any possibi]ity of leaching
boron from glassware, especially at éxtreme pH values or é1evé%ed
tehperatures. '

The Teaching studies involved mixing 50.0 ml of Teachate water,
distilled or natural, with the desired amount of ash. The solutions
were kept in pb]ypropy]ene beakers covered by watch glasses. This
provided for exchange of carbon dioxide. Water. lost by evaporation
was replaced through the regular additipn of.doub1y-dist111ed water.
At the desired time 1nterva1,'an aliquot of leachate solution was‘
withdrawn and analyzed. A Parr, teflon-lined bombzwas'utilized to

digest the ash samples when elevated temperatures and HF were used.
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Table 1

Description of Ash Samples.

Sample Description
Al : Botfom Ash--Poplar River
A2 _ Upper Ash--Poplar River
A3 | - Dust Ash--Poplar River
A4 : ' Upper-Ash, 5-day composite, Boundry Dam
A5. '. Bottom Ash,A5-day compoéfte, Boundry Dam
A6 | Composite: Al (23.5%), A2 (4.7%),

‘A3 (71.8%), Poplar River
A7 . Composite: A4 (58%), A5 (42%),

Boundry Dam -
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. Adsorption experiments involved suspending the ash samples in
solutions of known boron concentration and measuring the decrease in
solution boron concentration after forty eight hours.
| Ash was conditionéd for the adsorption experiments by'1eaching
25 grams with three 11ter§,of doubly-distilled water. This Was done 1in
three consecutive liter portions for one'and one half. hours each. The
‘ash was filtered and air dried. The'acid conditioned ash prepared by

the same procedure was mixed with one molar HC1 or HNO., and

3
| immediately filtered and dried. _Adsorption experiments were carried'
out in covered polypropylene bottles to minimize evaporation. Sodium
| borate was used as the standard boron.reference. .Adsorption experi-‘f
ments were allowed to equilibrate for two days before measurement.
‘The adsorption experiments were done at fifty five~gfams of ash per’
Titer and in 10 ml portions. The:releachingé of ‘the adsorbent were
in 5 ml portions. \ _

Ash was succesively washed fof a determination of tqﬁa1'release
of compohents to Teachates. One gram of ash was subjected to |
washes in one Titer of 1 M HN03, f M NaOH and QOub1y—dist111ed
watelr'.l~ Samples were then shaken on a mechanicaT shaker for twenfy
~ four hours, centri%uged for twenty minutes at nine thousand rpms, and
decanted. This procedure was repeated for a tota1 of thrée‘waShings.

The nine leachates were analyzed separately.

Solution pH was adjusted with -additions of variable concentrations
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of NaOH or HNO, for the leaching experiments. For the adsorption

3
experiments bufferé were used. The buffers used were: Trizma base

[Tris (hydroxymethyl) amino methane], phosphate buffer, ammonia buffer,
and acetate buffer.

A11 reagent.solutions were prepared using'doub1y—disti11ed water.
Un]es§ otherwise specified, all experimental so]utioné were also made
with doubly-distilled water. |

A1l natural water samples were filtered through  0.45 micron
filters prior to use. The natural wgter obtained ffom the Boundry'Dam-
Project had: the following characteristicé: pH = 8.25, speciffc con-
= 210 mg/1, C1 = 10.3 mg/1,

ductance = 740 .jmhos/cm, HCO, = 2.4 mg/1, SO

3 4
Ca = 4.4 mg/1, Mg = 22.3 mg/1, K = 11.2 mg/1, Na = 92.2 mg/1, B = 0.343
mg/1. The natural water:obtained from the Poplar River had the follow-
ing-characteristics: pH = 8.30, specific conductance = 986 umhos/cm,
HCO, = 406 mg/1, SO, = 189 mg/1, C1 = 6.0 mg/1, Ca = 33.0 mg/1, Mg =

- 33.9 mg/1, K= 9.8 mg/1, Na = 140 mg/1, B = 0.820 mg/1.

Boron concentrations were evaluated by the curcumin method util-
izing dfying at 75.09C. .The sensitivity of the adsorption experiments
lead to an:examination of nitfate interference. Nitrate was'determined
to yield erroneously hfgh results which are significant when working in
the 1owér Timits of sensitivity of the curcumin method of boron analy-
ses. Hydrochloric acid was utilized for alﬂﬂacid”relatéd portions of-

the adsorption experiments. Atomic adsorption spectrophotometry, with
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appropriate radiation buffers, was used to determine sodium,
potassium, calcium, magnesium, aluminum, cadmium,‘chfomium, copper,
manganese, lead, and iron. Bicarbonate was determined by HCl
fitration, and pH waé monitored by a Radiometer M-26 pH meter usihg
g]ass-SCE\eTectrodes. Sulfate was determined by colorimetric titration
(38) and chloride by iron-thiocyanate procedure. Table 2 contains a
summary of these procedures. The standard curve for the boron

analyses, curcumin method is presented‘in Figure 3.
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Table 2

Analytical Procedures .

Specific Conductance

Determined by standardized probe
and corrected to 25°C. :

pH Measured by standardized electrodes,
- glass and SCE reference.

HC03, C03, OH These are determined potentio-
metrically (pH) by titration with
standard acid.

304 Titration with standard barium using
nitrosulfazo III indicator for
equivalence -point detection.

c1 Spectrophotometric using Hg(SCN)

. and Iron (III).

NO3 Brucinic sulfate ‘and/or spectro-

Na, K, Ca, Mg

photometric method.

Determined by atomic absorption
spectrophotometry using appropr1ate

, radiation buffers.

$10, Spectrophotometric using mb]ybdo—
silicate procedure.
Boron Curcumin method, spectrophotometric

A1, Cd, Cr, Cu, Fe, Mn, Pb, Zn

with color development at 75°C.

Determined by atomic absorption
spectrophotometry.
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Figure 3

Standard Curve for Boron Analyses.
(over 12 different experiments),

1
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RESULTS. AND DISCUSSION

Ash Composition

Four ash samples were leached with doubly-distilled water to
'ascertéin water Teachable components. The results are summarized

in Table 3.. The major water leachable components of these ‘ashes are
sodium, potassium, calcium, magnesium, sulfate, carbonate, iron,

and a1umfnum. The important water leachable trace metals are §tront1um,
vanadium, boron, copper, and zinc. The data indicates that_soﬁe

ash components, including boron, are readi]y'leachab1e‘into watef.
Component analyses of ash from different parent coals can not be com-
pared directly because of the variabi]fty of mined natural resourcesl'
It is reasqnab]e to note that the -ash samples analyzed show major
components similar to tHose reported‘by'other authoré (4-7).

Three samples of A2 were leached with reservoir water as shown in
Table 4. In one samp]e the water was concentrated, in one samp]e the
ash was heated. The analysis of the reservoir water is also included
in Table 4. The heated ash composite was- prepared from bottom ash
that had been heated to 2000°F for % hour, and. upper and dust ash that
- had been heated to 350°F for 1 hour. The concentrated reservoir water
was'prepared by slow evaporation of tﬁe‘reservoir water as received.

Four aliquots of.leachate were withdrawn at 168 hour intervals
for time analyses. It can be:noted that time is a factbr in theﬂ

Teachability of the components. Boron leached with reservoir water




TABLE 3

Chemical Analyses of Ash Leachate Solutions.

A1, A2, A3, A6, 1-g/1, open to atmosphere, 166 hours.

.HQQT

Major Component Leached from Fly Ash Samples.

£0;

3.44

18.95
2.19
15.22

2

5.49
6.49
2.50
5.79

c-

<1.00

<1.00
<1.00 -

<1.00

<}.00
<1.00
<1.00
<1.00

.349
.602
.192
.508

.204

077

127
164

Measured Parameters for Ash Leachates.

S.C.

mmhos /cm

Tcation -

meg/1

1.0 gr Ash + 1000 gr H20, equilibration with atmosphere,

Sample ;
Values are mg/g Ash
A2 42.31
A3 ' 40.16
Al 25.49
A 36.42
sample pH
A2 9.05
A3 - 9.78
Al 8.98
AG

9.72

©.0.072
0.109

© 0,051
0.098

~0.76.
1.19

- 0.51

1,03

zanio

n

meq/ 1

0.88
1.17
0.51
1.02

++
Ca

12.33

20.47
7.11
17.45

o

1.54
1.72

1.68

1.56

TDS
ng/g

67.60
90.50
41.40
79.10

L2




Table 3 (continued)

Values are ug/g.

saple o4 e Cu  Fe M- N P
A2 S0 <5 . 7.7 - 183.4 <51 <41 - <4]

A3 B B <5 29.7 <51 <41 <41

AT 5.0 <50 <5 32.8 <50 <41 <41
A6 <51 <5.1 <5.1 24.6  <5.] @ 4
‘sample A M0 St S I & Co
Rl <05 177.2 <41 B <41 <4

A <41 <205 3391 41 s <l <

A <A 0.5 121.9 <41 . <51 <41 <41

A6 <41 <205 304.3 <41 . <51 <A1 <4

Trace Metals Water Leached from Fly Ash Samples.

¢

<b.1
<5.1

1.2 -

5.1

==

264
586
215
504

|=

6.15
7.17

.2 <5.1
9.22

AR




Tab]e 4.

Successive Leaches with Reservoir Water.

A2, time separation 168 hours. Results in mg/1 leached at 60 g/1, open to atmosphere,

Sample  Wash P HCO; €O, Na K. Ca Mg B Cl MO, SO

3 :
A2 T 9.01 171 56 183 10.9 33.4 41.4 ]6.0 " 9.3 4.5 425
reservoir - ; “ ' :
water . 2 9.10 331 71 158 17.7 19.0 59.2 4.8 8.8 3.2 238

3 9.12 367 55 170 20.0 20.3 53.1 2.6 9.0 3.5 243
4 8.97 380 48 167 20.2 20.8 52.3 1.9 5.6 2.2 222

A2~ | ' 1 9.08 280 95 323 19.1 21.1 56.7 "17.0  15.3 9.4 601
concentrated : ' :
reservoir 2 9.22 499 125 299 34.4 -15.4 88.1 5.6 14.7 6.9 437
water - .
3 9.22 526 105 314 38.4 15.6 75.1 3.3 15.2 5.8 418
4

9.19 538 98 320 39.0 14.0 73.0 2.6 15.2. 3.3 437

* .
not inmg/1

- €¢




Sample - Wash

A2-heated
ash in
reservoir
water

Reservoir water

Concentrated
Reservoir water

*
not in mg/1’

1
2
3
4

*
pH

8.85

9.00
9.03
9.02

8.30

8.88"°

HCO.

3
203

384
393
370

406

542

Table 4 (continued) .

€05 -Na -
30 160
52 161
47 165
41 169
- 140
42.5 257

K
10.7
17.3
26.5
21.1

9.8

. 17.9

Ca

23.1

17.0
17.4
20.6

33.0

18.0-

Mg B
33.0 10.0
60.1 3.0
55.1 1.9
47.3 1.4
33.9 .8

1.6

59.6

- L

12.3
8.2
‘8.2
7.0

6.0

12.6

3

2.7
3.0
3.4
2.3

3.2

7.1

S0,

—4
338

229
245
230

189

360

¥e
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-16 m1/7 (0.30 mg/g) in the first 168 hours but had leached ‘a total of

26 mg/1 (0.47-mg/g) by 720 hours. .The use of natural water assimilates

the natural system at the power plant site.

Variation of pH with Time

The Teaching of ash materials derived from western coals with '

. distilled water or a natural water generally provides a basic solu-

tion. The pH of the distilled water solutions rapidly rises as the
oxides dié;o]ve, with subsequent decreaée in pH due to absorption of
carbon dioxide. This decrease in pH as a function of time is shown
in Figure 4, curvé a.and Table 5. Long-term leaching studiéé us%ngA'.
distilled watér.with the exclusion of carbon dioxide exhibit -a much

slower rate of pH decrease (2). When the leachate water has sizeable

-bicarbonate buffering capacity, curVe'b in.Figure 4, the pH does not

exhibit the rapid initial rise, but rather gradua1 approach to a

steady-state pH value as. bicarbonate is converted to carbonate. The’

~ leaching of ash with a water that confains bicarbonate alkalinity

3= 6.7 x 1073M) will not obtain the high pH values

observed for the distilled water leach (see Figure 4, curve b). How-
3

ever, at high concentrations of ash the buffer capacity of the waterv

(pH = 8.3, HCO

‘could be exhausted and résu]t in higher steady-state pH values.

Summation of sodium, potassium, magnesium, and calcium- analyses

values, in Table 3,'provide‘an indication of basic material present

f




Figure 4
pH of Leachate Solutions with Time. Curve (a) 1 gr A6/liter distilled water;

curve (b) 60 gr A4/liter of Boundry Dam water.
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Tab]e 5

" pH of Ash Slurry with Time.

A6 and A4, doubly-distilled water.1each, 1 g/1, natural water leach

- 60 mg/1.
pH pH :
: A6 with doubly- A4 with natural
Time: hours . distilled water water
0 o 10.4 8.3

19 , 0.7 -

43 10.5 . .-

67 - . 10.4 : -

135 ' 9.9 -

165. o 9.8 -
250 . o ' 9.0
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in the ash. The final pH values will be dependent upon the number
of basic sites in the ash, with a Targer number providing a. higher

steady state pH.

Release of Boron with Time

Several studies were undertaken to 1nvest1gate the 1nf1uence of
cdntact time on the concentration of boron in the leachate solutions.
The results are summarized in Figure 5 and Table 6. The amount of
boron released exhibits a rapid initiai 1nckease, with the rate of
release decreasing with time. For example, sample A4 releases
72 ug B/g ash in 216 hours. After 720 hours the additional boron -
leached is on]y 36 ug B/g ash. | |

Boron concentration exh1b1ts a steady state value after approx1—
. mately thirtyldays. " Boron 1eaching rates are characteristiq of the
ash type used. Therefore, leaching rate differénces shoq]d be
~considered when comparing analyses of different ash types. To compare
studies of the same ash but different leaching times, the-]éaching
values.can be calculated to standardize the time reldtionship.

It is interestfng to note that the boron concentrations continue
to change after the pH of the leachate solutions has approached its
steady state value. Iﬁ addition, the specific conductance remains

essentially constant during this time span.




Figure 5

Release of Boron from Ash as a Function of Time. Curve (a) 60 g A6/1liter of Poplar River

water; curve (b) 55 g A4/liter of Boundry Dam water; curve (c) 55 g A5/1iter of Boundry

Dam water.
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Table 6

Release of Boron with Time.

A6, A4, A5, 60 g/1, 55 g/1, 55 g/1, open to atmosphere, résu]ts in

ug B/g ash.
Time: hours a b [q
216 259 72 30
384 - 89 . 36
552 - 95 a4
720 - 108 -39

1680 . : 294 - -
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..Variétion of Boron Léached with pH

Ash samples A4, AS; and A6 were leached wifh soﬁﬁﬁionS'of various
hydrogen ion concentrations to determine‘the effects upon boron ‘leach-
ability. These leachings were done at-ash concentrations of 1.0 gram
per liter. In addition, sample A4 was studied over the same bH range
and at an ash concentration of 5.5 grams per liter. The results of
these §tudies are summarized in Figures 6 and 7 and Table 7.‘

“The daté indicates that boron leachability is influenced by
Hydrogen jon concentration and that boron is most readily leached into
acid solutions. “Sémple A4 at 5.5 g/1 Teached 0.8 mg B/g at pH 2.5 and
0.4 mg B/g at pH 12.0. | -

Many elements exhibit enhanced release from solid materials
under.high and 1dw'pH conditions (33). Since boron fdrms-anﬁonic
.species, its leachability may be enhanced at higher pH values. Other |
studies indicate the boron Teaching rate is greater in acid, but tbét
the total amount leached was pH indebendent over the range of 6-9

(13,14).

Acid Leachable Components

The dissoTution of the ash samples with a mixture of acids, HC1/
HN03/HF, at 100°C, was utilized to provide an indication of the total
available-sodium, potassium, calcium, magneéium, and boron. The results

are summarized in Table 8. . The values for potassium, calcium, and




Figure 6

Release of Boron frém Ash as a Function of pH, 1 g/1.

A4, AS, A6, open to atmosphere, time: 192 hours,
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Figure 7

Release of Beron from Ash as a Function of pH, 5.5 g/1.

A4, open to atmosphere, time: 720 hourse
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Table. 7

Release of Boron as a Function of pH.

A4, A5, A6 19/1, Ad 5.5 g/1, results in mg/g.

pH A4(1 /1) A5 A6 A4(5.5 g/1)
2.6 - - | .78
4.0 - - 1.1 .
4.4 - 1.3 S
5.0 1.7 - - ' .54
7.0 - 2 .6 -
7.3 - - - ;49

7.5 .5 - - -
8.0 i 2. 5 -
8.2 5 - - -
8.7 - - - .47
9.7 - - - 45
9.8 .5 - - -
9.9 - . 5 -
10.0 - .2 - -

12.0 6 3 7 42
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Table 8

Acid Leachable Components of Ash.

Al, A2, A3, A4, A5, results in mg/g.

sample N - K ca Mg
Al 398 8.7 49.4 16.9
A2- - 61.7:15.1 14.4:1.6 46.9:32.9 15.8:4.3
A3 43.7 12:1 53.4  12.2
Y 60.3 3.9 64.8 23.5
AS 71.4 17.7 37.6 13.1

50 mg, of ash.

B
0.68
0.86+.51
.67
.57
2.62

2 m1 of aqua regia, plus 1 ml of 48.9% HF for.4 hours at 100°C,
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magnesium are comparable to those obtained by other investigators (3,7,
17). The sodium values are comparable or somewhat greater. The

boron values are higher than those observed by Furr (7). Dreesen (1),
Gladney (35) and von Lehmden (6), but comparable to those observed by
Cox (3). The values of iron and aluminum, Table 9, are Tower than-
those observed by other investigators (3,6,7,17,33). The data in
Table 10 also indicate that 1 M HC1 and 1 M HNO3 are not as effective
1n 1each1ng the iron and aluminum as the aqua regia-HF mixture at
100° C. For example, A4 released O. 5 mg. B/g w1th 1T M HC1 but only 0 2

mg B/g with 1 M HNO Data presented in Table 11 indicates an '

3°
increase in temperature to 150°C resu]ts in. a loss of material,
possibly through vo]at111zat1on, and thus higher temperatures are
not recommended. A4 re]eased 0 6 mg B/g at 100°C in the Parr
Bomb digest,'but 0.4 mg B/g was observed when the temperature

was raised to 150°C. The concentration of aluminum and iron in

s1ightly basic solutions was less than 0.1 mg/g, which is in ‘agreement

“with prediction based on the sd]ubi]ity of the.reepective hydroxides.

Ash Material Homogeneity

Fivevsamp1es of A2 were leached to establish the homogeneity of
the material. The results are summarized in Table 12. The standard
deviations are sizable (59% for boron) and suprising since the

material had passed through 100 mesh screen. Since there are‘reports
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: Tab]e-9

Acid Leachable Iron and Aluminum.

Al, A2, A3, A4, A5, results in mg/g.

Sample
Al

A2
A3
A

A5

Element

Fe
Al
. Fe
AT
Fe
Al
Fe
Al
Fe
A

10.0
22.5

12.2
67.6

8.0
18.1

- 13.9

84.3
13.4

22.5

Conditions
o(b)  3(c)
8.3 29.4
29.3 9.5
12.2 43.1
84.3 110.4
10.1 325
31.9 57.3
14.2 20.0
83.9 92.3
13,7 29.1
42.2  86.0

(a) 1 MHCI, 1 g ash/1, 25°C for 24 hours.

(b) -1 M HN03, 1 g ash/1, 25°C for 24 hours.

2(d)

29.0
17.1
27.2
15.1
24.5
<1.0°
21.5
4.2
25.3
<1.0

(c) 2 ml aqua regia plus 1 ml HF at 100°C for 4 hours, 50-mg ash.

(d)- 2 ml aqua regia plus 1 ml HF at 150°C for 2 hours, 50 mg ash.
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Table 10

Boron Leached with 1 M HC1 and 1 M HNO, .

Al, A2, A3, A4, A5, 1T g ash/1, 24 hours, results in mg/g.

sample 1 M HCT 1 M HNO,
A1 - 0.7 0.5
R 1.0 0.2
A3 0.7 - 0.2
A4 0.5 . T o2

A5 : : 1.0 0.5
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Table 11

' Par; Bomb Aéid Digestions.

Al, A2, A3, A4, A5, 0:656 g ash, 2 m1‘aqua regia, 1 ml HF brought to

50 ml with doubly-distilled water, results in mg/§.

l

100°C, 4 hours

1

Sample  Na K- Ca . Mg 10'xB
AT 40 9 49 17 7.4
A2 2 1 92 17 9.6
A3 44 12 53 12 7.4
A 60 4 65 24 6.3 "
A5 717 18 38 13 8.6

150°C,‘2 hours _

Sample  Na - K - Ca Mg - B
AT 0 8 45 12 1.1
A2 280 20 33 9 0.8
A3 27 9 38 11 0.4
Ad 48~ 1 55 22 0.4
A5, 32 1 29 15
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Table 12

Determination of Ash Homogeneity.

- Parr Bomb acid digest of 5'samp1es of A2, 0.50 g ash, 2 ml aqua regia,
1 ml HF, 100°C, 4 hours brought to 50 ml with doubly-distilled water,

results in mg/g.

Sample Na K Ca Mg B
A2-1 63 13 72 14 0.9
A2-2 | 77 14 23 17 - 0.4
A2-3 51 14 19 21 0.8
A2-4 7517 29 g 0.4
A2-5 a2 14 92 - 17 1.8
mean 61.7 14.4 6.9 15.8 0.86
standard , ' _
deviation. 15.1 - 1.6 32.9 0.51

4.3




4]
(15,16,17,36) that composition varies with particie size; additional
size fractionation was conducted. Three subsamples of A4 were
. séparated, 75-100 um, 45-75 um, and less than 45 um. These samples
~ were leached with distilled water for 24 hours at 1 g ash/]iter.. The
results are shown in_Tab]es 137and 14. Similarly, ashes‘A4,:A5, and
A6 were fractionated, 125-150 um, 75-125 um, 45-75 um, and less tﬁan
45 um. These samples were leached at the same conditions for 1176
hours. The results are presented in Table 15. Tﬁese data indicate
ﬁhat a majority of the available boron comes from the smallest
particles, A6 yields 0.5 mg/g from particles less than 0.45 um but .
only 0.2 mg/g for partic]és 125-150 ym. Though not as pronounced, '
there is an increase 1n-1eached'sodfum, calcium, potassium, and mag- -
nesium as the particle size decreases. . The standard deviations are
considerably éma]]er than those-shown in'fablé 1é. Boron ané]yses'of o
A4 particles, which were 1eés than 45 um, had a sfandard.deviation of
1%. The use of small samples, 50 mg, and particle size variabi]ityhis
believed to be the main contributor tb theilafger sfandard devigtions
(shown in Table 8). The standard deviétfons for the analytical
procedures are much less than the observed values. Except for tﬂe data
in the particle size studies, all leaching experiments used ash that
passed through 100 mesh screen (<150 um). This could cause sample
fnhomogenéity, but the samples éré more representative of ash used'

in the sluicing process.

b
ottt o=
R A




Table 13

Influence of Particle Size on the Availability of Boron, Sodium, Magnesium, and Calcium.

Triplicate samples of A4. 1 g ash/1, 24 hours, results in mg/g and standard deviation. (S.D.).

Leach pH

Mesh Size no.. % -units 10'x8/S.D. Na/S.D. Mg/S.D. Ca/S.D.
75-150 um 1 7.5 7.4 .99 0.34 6.08
2 7.4 6.4:>>.O1 .99 .25 o.3zj>>.16 5.8 R
3 S 8.2 .90 0.2 5.75
-
~nN
45-75 um 1 8.0 1.0 .09 0.53 8.32
2 7.9 0.8:>>.O1 01 ).30 0.42::>.3o 7.90 ) .22
3 3 3 1.1 91 0.4 7.7
<45 um 1 8.4 5.5 .35 1.06 L
2 8.3 5.5\\\.00 SN 0.9{:> 12 2
3 8.3 5.5// .31 1.07 :




Table 14

Influence of Particle Size on the Availability of
Boron, Sodium, Magnesium, and Calcium, Composite.

A4, 24 hour contact, 1 g/1.

Size Percent Boron Sodium . Magnesium ~ Calcium
Increment of Total ug/g - mg/g_ mg/ g mg/ g
75-100 um "~ 10.4 7313 0.96+.08 0.31+.03 5.90+.23
45-75 um 9.3 97+£20 1.00£.13 0.44+.11 7.98+.45

<45 um 80.3 548t 1 1.32¢.04  1.02:.09 --

7.5+0.0
7.9:0.2
8.3:0.1

ey




Table 15

Particle Size Study, 4 Size Sgparations.
Triplicates of A4, A5, A6, 1 g ash/1, leached in doubly-distilled water, 1176 hours, results

in mg/g unless otherwise stated, standard deviation (S.D.).

Sample A4
Particle Leach pH S.C./S.D. 1
Size um no. . units pumhos/cm Na/S.D. Ca/S.D. K/S.D. Mg/S.D. 10 B/S.D.

125-150 1 8.0 7 2.9
2 8.0 70 )8.5 7.3:>>.73 1.5::}.] 1.5 :>>.07
3 7.7 87 8.6 1.7 1.7 - ®
75-125 1 8.1 71 0.68 8.6 0.91 2.0 2.2
2 8.1 70> 2.5 0.46>.12 8.3>.53 0.7'l>.10 1.9>.2 2.5 >
3 8.1 67 0.50 7.5 0.78 . 1.5 3.2
45-75 1 8.8 90 - 0.36 11.9 1.1 2.3 3.0
2 8.8 89>'|.9 0.29> 08 12. 0> O.44> .33 2.8>.3 2.8 >.04
3 8.8 93 0.45 10.5 0.75 2.2

.05

<45 1 8.5 178 0.93 0.79 5.9
2 8.5 178:>>1.5 0.7 ;>> 13 23. 1:>>10.3 1.2§:>>.39 5.6 /.01
3 8.5 175 0.68 1.57 5.8

Sample A5

125-150 1 .7.9 59 1.56 1.87 0.9 1.
2 8.0 531>>3.1 1.03:>>.30 8. 4:>>.35 0.92:>>.49 1.0:>>.05 1.2 )0.0
3 7.9 56 1.03 8.5 1.61 1.0 1.2

75-125 1 . 8.0 58 0.9 8.8 0.53 1.2 1.2
2 8.0 61>2.0 0.98 ).04 98>.59 o.3a>.n 1.2>o.o 1.2>.o1
3 8.0 58 0.9 8.7 0.59 1.2 1.4
45-75 1 7.9 66 0.97 10.0 0.90 1.5 1.4
2 8.0 67> .2 1.o1> 05 10. o>.09 o.e7>.12 1.5>o.o 1.6 ).01
3 8.0 67 0.95 10.2 0.80 1.5 1.4
<45 1 8.2 107 1.58 6.7 1.41 1.8 1.4
2 8.1 1o7> .2 1.48> 06 16. o>.54 o.42>.49 1.9>.oz 1.9@.0
3 8.2 106 1.49 6.9 0.97 1.9 1.
Sample A6
125-150 1 7.9 54 0.15, 5.5 1.30 1.5 1.8
2 7.9 5i>1.o o.oz>.o7 7.Z>.43 0.86>.32 1.5>.05 | 1.7>.oz
3 7.9 5 0.05 6. 0.70 1.6 2.2

.02

75-125 1 8.0 72 0.26 9.3 0.76 2.4 1.6
2 8.1 75>2.4 0.17 .07 8.6>.38 0.53> .62 2.j> 14 1.5>
3 8.1 77 0.13 9.3 0.57 2. 1.1
45-75 1 83119 16. 1\ 0.6 4.3 1.
| 2 . 8.2 105> 6.7 0.22 ) .03 12. 8/2 .07 0.1:> .23 3.8> .25 1.:> .01

3 8.3113 0.17 1.7

<45 1 8.5 161 21.2 0.45 5.5 5.2
2- 8.4 16%:> 2.6 .09 20.7:>>.33 | 0.25::}.12 5.8j>>.19 4.9:>>.02
' 3 8.5 165 0.48 20.6 0.46 5.8 4.8
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Table 16

Separation of Ash by Mesh Size.

R4, A5
opening
size
mesh : um
100 150
120 125
200 .75
325 . N 45
Size, um. Upper Ash (A4) . Bottom Ash (A5) '
<100 ' 4.82% o 27.19%
<120 10.41% ~ 50.97%
<200 . 9.33% 16.49%

<325 80.26% . 32.25%
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In the initial size separation shown in Table 16, sample
A5 yielded 32.35% in the smaliest fraction and sample A4 80.26%

in the same size fraction.

Release of Boron at Different Ash to Water Ratioé.‘

Table 17 summarizes the results of a leaching study at three
concentrations, of five samples, leached in"reservoir water for 768
- hours. Table 18 summarizes a leaching study at six concentratfons of !
.samh]es A4;.AS, and A6 .in doub1y—dfst111ed'water.for 456 hours. The
'concentration of boron in the leachate solutions is dependent upon.
the ratio of ash to water. This_dependence is shown in Figure 8 and. .~
in Téb]e 19. The nonlinear behavior indicates incomplete releése of
boron when the ash-to-water ratio is inckeaséd.' For examp1e, A4
Teaches 0.7 mg B/g ash at 1 g ash/] but leaches 0.1 mg B/g ash
a£ a concentration of 100 g'ash/1. Leached boron concentration is
dependent upon ash type, .with thezlargest amount being released from
the upper ash. ~ | |
Using the bordn released in the 1 g/1 solutions as an estimate
of the total available boron, it is possible to calculate the
: Aémount of bofoﬁ that 1is retaiﬁed by the'ash in the solutions where -
the ash-to-water ratio'is.higher. The data are presented in Table 20.
The values in Table 20 are comparable to thése reported by Choi -and

Chen (14). A plot of ug-boron retained/g of ash as a-function




Influence of Ash Concentration on Leachability in Reservoir Water.
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Table 17

Al, A2, A3, A4, A5, 768 hours, results in mg/1 unless otherwise stated.

s.C.
pH umhos/ _
Conc. Sample units cm HCO3
1 g/1 Al 8.7 751 198
‘ A2 8.7 746 221
A3 8.7 777 234
A4 8.7 801 247
A5 8.7 744 212
25 g/1 Al . 8.8 896 260
| A2 8.8 905 228
A3 9.0 1015 239
A 8.8 839 158
A5 8.7 830 263.
100 g/1 Al 8.9 1141 205
A2 9.1 957 -
A3 9.3 991 - 13
M 9.5 g2 14
A5 8.8 942 246

22

—]

D W
N

=W B w0 M

w o uv b

.
wanad

183

195
186

195
188

240 -
255

300
267
215
379
339
354
280
267

101
116
123
123
116

12.8

" 11.0

15.3
12.8
0.4
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Table 18

Release of Boron as a Function of Ash Concentration.

Triplicate of A4, A5, A6. 456 hours, doubly-distilled water Teach.

s.C. |
_ PH mmc]ﬁ/ . Bug/ml . Bug/g ash
1/l M1 g4 154 0.49 489
-2 8.4 1.62 0.56 543 -
3 84 1.6 0.4 494
AS-1 7.9 .88 0.13 133
-2 8.0 .86 0.17 169
-3 8.0 .86 0.13 131
A6-1 8.3 1.3 0.42 425
-2 8.4  1.34 0.43 418
-3 8.4 1.3 0.46 457
12.5g/1 A4-1 8.7 3.07 4.4 348
-2 8.9  3.06 4.4 350
-3 8.7  3.26 4.4 - 352
AS-1 8.6 . 2.23 0.83 66
-2 85  2.33 0.70 56
-3 8.5 - 2.3 0

21 17

Avg.

- 509

144 . -

433

350

46
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Table 18 (continued)

s.C.
mmhos/ B
pH cm B ug/ml B ug/g ash Avg.
A6-1 8.8  3.08 . 3.6 285 |
-2 8.9  3.i6 3.6 289 331
-3 8.8  3.12 5.2 e
25 9/T M-1 9.2  3.33 6.6 264
2 91  3.21 6.2 249 265
-3 9.0 3.5 7.0 281
A5-1 8.7  3.37 1.2 48
-2 87 338 1.3 50 48
3 8.7 . 3.28 1.2 46
pe-1 8.7 350 6.4 256
-2 8.8  3.55 6.3 252 - 253
-3 8.8 372 6.3 251
50 g/1 Ad-1 9.5  4.26 7.1 141 |
-2 9.5 427 9.5 0 1
-3 9.8 4.64 9.6 192
A-1 8.8 . 3.72 2.1 43
2 87 . 3.89 2.1 82 43
-3 8.7  3.74 2.2 43




75 g/1

100 g/1
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Table 18 (continued)

5.C.
mmhos / - .
PH cm B ug/ml - ' Bug/g ash Avg.
8.2 4.15 8.4 169 |
9.2  3.91 7.8 156 154
9.3 3.47 6.8 137 |
9.6  4.05  .11.1 148 .
10.2  4.22 1.2 150 - 153
10.0  4.22 121 - 162
9.2  4.12 2.8 38
8.8 4.1 2.7 6 38
8.8 ~ 4.21 2.9 39 |
0.8 4.79 9.6 128
9.8  4.65 9.5 127 130
9.8  5.00  10.2 136
0.3 435 13.0 129
0.4 4.43 2.7 121 136
9.6  5.41 15.7 157 |
8.9  4.08 3.1 3
8.9  4.32 3.6 36 o 3
9.0  4.24 ' 3.6 o 36




51

Table 18 (continued)

S.C.

. mmhos/
PH cm

A6-1 10.4 - 4.46
-2 . 10.3  4.82
-3 9.8  5:2]

B ug/ml ' B ﬁg/g ash

7.8 78

9.1 - 91

1.4 114

Avg.

94




time:

456 hours.
16

Figure 8

Release of Boron from Ash as a Function of Concentration.

120

s
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Table 19

Summary: Release of Boron as a Function.of Ash Concentration.

" A4, A5, A5, time: 456 hours, results in mg B/1 and (mg/g).

Concentration '
g ash/1 A4 A5 : A6
1.0 C 051 (0.51)  0.14 (0.14)  0.43 (0.43)
12.5. 44 (0.35)  0.61 (0.08) 3.7 (0.30)
25.0 6.6 (0.26) 1.2 (0.05) 6.3 (0.25)
50.0 9.5 --(0.19) 2.1 (0.04) 7.8 - (0.76)

75.0 11.3  (0.15) 2.8 .(0.04) - 9.6 (0.13)
100.0 13.5 - (0.14) 3.5 (0.04) °10.5 -(0.11)°
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Table 20

Boron Released and Retained at Various Leaching Ratios.

Ad, A5, A6, time: 456 hours-

Boron Leached ' Boron Retained
Ratio Ash/Water(a) - wo/nl; : lug/g)
em M A A M Mg
1.0 0.5 0.1 0.4 -- -- --
12.5 4.4 0.8 4.1 158 83 102
25.0 6.6 1.2 6.3 244 96 180 -
50.0 9.5 2.1 7.7 318 102 279
- 75.0 n.5 2.8 9.8 355 107 303
100.0 . 13.6 3.4 9.4 | 373 110 - 339

<a)TotaT volume 50.0 ml
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of ug B}m] is shown 1n*Fj§ure 9. Sample A5, which is bottom ash,:eXr
hibits a maximum retention of 105 ng B/g ash. Sluicing this ash at 55
g/1 should provide leachate waters containing 1.9 mg B/1. The re-
tention behavior for A4 and A6 is not as well defined, but tﬁe shape
of the curve indicates Langmuir behavior, with a 1imiting value in
excess of 400 ug é/g. Correspondingly, the s]uieihg of these ash
materié]s at 55 g/1 would provide boron. concentration in excess of
those predicted for the bottom asH. The retention of beron by the ash
material complicates the assessment of how much boron will be released
to a natural water system over.a given time epan. These resﬁ]ts
indicate that the 1.mg/1 agricultural iimit may be exceeded. Howe&er;
since not all of the boron is removed initially, there will be a
dependence upon how rapidly water moves through the system.

The boron retained by the ash material is'readily available, as
evidenced by the following. The A4 ash from the .50 g/1, 75 g/1, and I
100 Q/1 . Teaching experiments was 1so]eted aﬁd releached at a ratio of
1 §/1. The total available boron was released from the ash and found
~in the leachate so]utioes. The results are shown in Table 21. There-
is good agreement between the boron released by these releachings
anq that expected from calculations. A4 ash when leached at:TOO
g ash/1 released 136 ug B/g ash and released 498 ug B/g ash when’
resuspended at 1 g ash/1. A4 at 1 g ash/1 Teached 508 ug B/g ash.
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Figure 9

Boron Retained by Ash as a Function

of Boron Concentration.

A4, A5, A6, time: 456 hours.
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Table 21

Release of Retained Boron.

Ad, 24 hours, doubly-distilled water,

original - ng B/g ash
concentration : when leached
g _ash/1 at 1T .g/1
1 | 508
50 o 523
75 , 460

100 o 498
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Boron Adsorbed at Varying Solution Concentrations.

Ash that was conditioned by water WAShing was mixed with solutions
containing varying concentrations of boron to determine adsorption,
the results are shown in Eigufe 10 and Table 22. ‘Many‘déta points
were co]]ected to compensate for the scattering due.to variability of
the ash. The ash adsorbed boron with a.Freundlich type behavior. Choi
and Chen (14) have also reported Freund]ich adsérption isotherms for
boron adsorption onto solids. The amount of‘béron adsorption was
dependent ﬁpon the concentration of béron.in the solution. For
example, sample A4 has the capacity to adsorb 36 ﬁéméfé ash at 55
g aéh/i and with 160 mg B/ 1 jn so]ﬁtfon. fhe amount adsorbed is
a fdnction of ash-type, amount of ash in so]ﬁtion;‘andvconcentration
of boron. The pH for these experiments was held at the 8.6-8.8
range. This is within the maximum adsorption pH fange of 6-9
reported by others (14,25,30,31). Tris buffer at a concehtrqtion-
lof 0.5 M was used to maintain'pH._ The effects of this buffer from 0.1
Mto 1.0 M were studied, Iﬁadequate_buf?ering capacity was found

below 0.5-M'Tris and there were no buffer effects upito 1.0 M.

Adsorption of Boron by Acid Conditioned Ash.

The effeéts on boron .adsorption by ash conditioned with acid
‘were studied. A sample of A4 was washed with T M HNO3 and another
sample of A4 with 1T M HCl. The data in Table 23 and shown in
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Figure 10

Adsorption of Boron by Water Conditioned Ash.

A4, 0.5 M Tris buffer, pH 8.6, 55 g ash/1.
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A4, pH 8.6, 55 g ash/1, 48 hour adsorption, results in mg/1 and mg/g.

"~ Adsorption of Boron onto Water Conditioned Ash.

Table 22

-1

107

1

XB

107

1

X

B

B = N o o o o o o o

N N - N

anmad

B BN W

~ ~ L= [$)} ~nN B3 I N L~

09’

e 107148 added 7ch;gge % 10718 in L
baseline mg/1 to solution mg/1 baseline mg/1 solution mg/1. adsorbed mg/1 adsorbed mg/q

0.2 0.0 0.1 0.3

0.2 0.0 0.1 0.4

0.2 0.4 0.1 0.7

0.3 0.8 0.1 \ 1.0

0.2 1.1 0.1 1.3

0.2 1.2 0.1' 1.3

0.2 1.2 0.1 1.3

0.2 . 1.5 0.1 1.7

0.2 1.6 . 0.1 1.6 |

0.2 2.0 0.1 24

0.3 - 2.0 0.1 2.0

0.2 2.4 0.1 2.3




Table 22 (continued) -

19

10718, 107 1xB added ,chiﬁgl e e 10 10T

baseline mg/1 to so]utioh mg/1 baseline mg/1 solution mg/1 adsorbed mg/1 ‘adsorbed mg/g
0.2 2.4 0.1 2.6 0.1 02
0.2 4.0 1. 3 0.4 0.7
0.2 B 0.1 5.0 0.4 0.7
0.2 7.4 0.1 7.0 0.7 1.3

0.2 7.5 0.1 7.0 ‘0.8 1.5

0.2' : 9.5 0.1. ‘8.8 1.0 1.8
0.2 " 10.0 0.1 9.0 1.3 2.4
0.2 12,0 0.1 11.0 1.3 2.4
0.3 | 13.0 0.1 © . 1.0 2.4 4.4
0.2 14.0 0.1 . 13.0 1.3 2.4
0.2 15.0 0.1 13.0 2.3 4.2
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Table 23

Adsorption of Boron on Acid Washed Ash.

Ad, pH 8.5, 55 g".ash/1, 48 hours,, resu]tS‘in‘mg/1 and ﬁg/g.-

1071

xB added to
:solution mag/ 1

xB in
solution mg/1

10'1xB‘

adsorbed mg/1

1.9
5.9
8.0
9.9

1.9
4.9
6.8
8.3 o

0.2
1.1
1.3.
1.7

10 e
adsorbed mg/g

0.4
2.0
2.4
3.1
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Figure 11 indicates that adsofption by the;e ashes was more than ontor
water washed ash. . Sample A4, when water conditioned, adsorbed 0.13 to
10.18 mg/g onto 55 g ash in a Titer of 70 mg/1 boron solution. When
A4 was acid washed it adsorbed: 0.24 mg/g under the 'same conditions.
Perhaps this is dﬁe to its ability to "clean" the adsorption sites
of intgrfering species. l
The effects of solution pH on the adsorption of boron by ash A4
is shown in Figure 12 and in.Table 24. The results show that‘the ash :
ié less effective in adsorbing boron'at pH 9.5 than at 8.6.
Comparison of data in Tables 24 and 22 showé that 1n‘a 40 mg/1 boron
solution, A4 will adsorb 0.73;m§ B/g at pH 8.6 and 0.36 mg/g at pH 9.5.
Since the possible effect of ammonia buffer interference is undetermin-
ed, further interpretation cannot be made. The data correlates with
. the pH dependence of boron adsorption onto soils as reportéd by-othe;
" authors (11,14,25,30,31) and suggests that ash may follow a similar |

pH dependence behavior.

-Regeneration of Ash Surface.

The finding that an isotherm generated using acid-conditioned.ésh
.exhibits higher adsorption éapaqity'than the water-conditioned ash
suggests that the surfaces of these ashes may be similar and contain
“large -amounts of iron and’aluminum. Those samples which had been used

to generate the isotherms (Figures 10 and Tl)'were re]eécheer1th
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Figure 11

Adsorption of Boron by HC1 Conditioned Ash.

A4, 55 g ash/1, pH 8.6.
264
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Figure 12

Adsorption of Boron as a Function of Solution Concentration. |

A4, water conditioned ash, pH 9.5, 55 g ash/1,0.5 M ammonia buffer.
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Table 24

\

Adsorption of Boron as a Function of Boron in Solution.

A4, 55 -g/1,

mg/g.

‘ 10_2xB in

1

B adsorbed
(mg/1)

solution (mg/])
0.2
0.4
0.8
1.0
1.2

0.3
0.2
5.0
3.3
7.5

pH 9.5, water conditjoned ash, resu]ts'in'mg B/ml and

10%x8 adsorbed
(mg/g)

- 0.5 -
0.4
9.0
6.0
4.0




67 _ .
1 M HCl1 at 55 g.ash/1, The leachates were analyzed for é]uninum and
iron and ‘the results are shbwn in Table 25. Water conditioned ash
samp]es‘of A4 yielded 13 to 15 mg Fe/g and 73 to 91 mg Al/g.
Aéid conditioned A4 leached 8 to 9 mg Fe/g and 51 to 62 pg Al/g
into the acid. Table 26 shows the results from an experiment in
which samples A4, A5, and- A6 were washéd for three sqécessive
24 hour periods at 1 g ash per Titer with 1 M HC1, 1 M NaOH and
doubly-distilled water. " The conclusion of this ekperiment was thatv,
acid was effective in washing iron and aluminum from the_sur?ace
of ash. Sample A4 released a total of 56 mg Al/g and 13 mg Fe/g
into tﬁe 3'acid washes. A4 released undetectable amounts of diron
and aluminum into the water and basic washes.

The combined resu1ts from these two exper1ments 1ead to the
possible suggestion that there is regeneration of the ash surface.
This could Tlead to an interpretation consistent with a sputtering-
etching experiment run by.Campbe11 and "co-workers (37) which showed
the relative concentrations of.sodium, carbon, oxygen, and sulfur to
decrease with layer depth but silica, aiuminum, and iron to increase

upon .sputtering to a depth of approximately fifty angstroms.

Re]eachabi]ity of Boron

Table 25 suggests that boron released with acid from samples of -

A4 which had previously adsorbed boron (see Tables 22 and 23) is
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Table 25

Acid Releaches of Adsorption Samples.

A4, HNO, leach, 12 hours, water conditioned ash, mg/g.

Sample
1

2w N

Sémg]e

(Vo) o 0~ [2)) (3]

Fe
15
13

13 .

14

Fe
10
10
10

3.

10

. Al

91

87
87

91

A4, HC1 Teach, one hour, acid conditioned ash.

Al
58
62

55
51

58

B
0.4
0.5

: 0;5
0.4

10" %B

0.5
0.7
0.6

0.6 -

0.9




w
g
o
-
(o)
=
=
=
o
)
2

——

W 0 ~N OO0 O »p W N

doubly-distilled

HC1
concentration

water
concentration

ash

ash
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Table 25 (continued)

Boron
initial Boron adsorbed
treatment by sample

mg B/qg mg B/g
0.9 0.4
1.4 0.2
1.8 0.3
2.4 0.4
0.0 -
0.3 -
1.0 0.2
1.8 0.2
18 0.3
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Table 26

Successive Washes with Acid (1 M HC1), Doub]y;

Distilled Water and Base (1 M NaOH).

A4, A5, A6, 1 g ash/1, 24 hours, results in>mg/g unless otherwise-'
stated. : . . o

M
wash pH S.C.
no. unitss  mmhos/cm Fe Al Mg B
acid 1 4.2 23.9 0.5 17 9.6 0.6
2 3.3 4.6 7.8 3 6.5 0.4
| 3 2.3 6.3 44 5 2.9 0.4
dwply- 1 1.0 210 - - 03 0.4
water 2 - 9/8 - 6.9 - - 0.8 0.1
B 10.4 5.9 - ~ 0.8° 0.1
base 1 1.1 2.4 - - 06 0.5
2. 10.8 1.0 - - 09 0.2
3 10.4 - 0.4 - - 0.8 0.
A5
acid 1 3.2 23.9 5.4 17 & 9.4 0.3
2 2.2 8.9 . 1.7 = - 2.3 0.5

LW

2.1 7.7 0.3 - 0.3 0.3




Table 26 (continued)

no.

wash
dougiy- 1

distilled
water 2
3

base 1
2.

3

acid 1
>

3

-doubly- 1

distilled
water 2.
3

base 1
2

.71

pH S.C.
unit; mmhos/cm
9.5 5.6
10.3 4.6
9.8 3.5
9.9 2.2
10.1 1.0
9.7 0.4
4.2 21.7
2.6 5.2
2.0 6.6
10.9 17.2
0.3 7.3
10.3 4.3
1.1 2.2
©10.7 0.9
10.1 0.4

A6 -

1.3
5.4
1.5

17
17

N P2 0w o

W O O O W £ N o O

o o o o o o

[ o o o o o o O o
. . . . . . . . .
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1ndependent of the amount of boron they originally adsorbed. In
Table 23, samp]es 1, 2, 3, and 4 of water conditioned A4 ash all
released 0.4 to 0.5 mg B/g into the acid leach irregardless of how
much boron the samples had originally adsorbed (0.2-0.4 mg B/g).
The experiments were repeated for verification and yielded comparab1e
results. A1l containers were checked for adsorption loss to wa11s,
bgt the amounts found did not constitute the difference between that
originally adsorbed by these samples and that releached from them.
There are no similar experimental cﬁeck of this type in the Titerature

to indicate whetherrboron is releachabie from other adsorbents.




SUMMARY AND CONCLUSIONS

This-inVestTgation was undeftaken‘to detefmine the influence of
certain factors upon the‘mobility of boron from coal ash to an aqueous
system. The leachability of boron was'determined to be a function. '
of pH, time, and ash type. Upper ash taken from the stack, leached
.ﬁore boron than did bottom ash which resides in the furnace arnd
sustains higher témperatures. Over time, boron-1eachés continually
until a steady state is reached in approximately 920 hours. Leaching
i; rapid.initially but drops off dramat1c$1ly aftar 158 hours. Acid
is most effective for leaching and there is aminimum leached in ‘the
pH range of 6-9.

| The ash was épecifically examined for aluminum, iron, and boron -
s%nce these have demohstrated a relationship in the adsorption process -
(24,25). The ash samples contained significant‘amounts of these
components. _

A §ize fractionation of the ésh into four segments, 150 microns
to 45 microns, was made. The analyses showed that certain elements
tend to associate with particular size fréctions. Boron predominaf}y
associates with the sma]]ést particles, less than forty five microns.
The standard deviation of- triplicate runs of ehch fragment indicated
that improved homogeneity of qnalyses can be accomplished by size
fractionation. Homogeneity is important for analysis comparison.

In the natural system, particles of many sizes add to the complexity -
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of the system.

S]urrieS'Were”prepared, varying ash concentrations from one gram
of ash per liter to one hundred grams of ash per 1iter. Boron
fe]eased from these s]urries was analyzed and revealed an -incomplete
release of boron at high concentrations of.ash. One gram of ash per
‘1iter was taken as an inéicatiqn of total leachable boron. This was
‘checked'by releaching of ash samples used in the higher concentration
studies at one gram per liter. Based upon these calculations of
total available boron, the concentration-of boron retained by the ash
was assessed. The retained boron exhibits‘Langmuir adsorption |
behavior.

Adsorption of boron by ash was studied by first conditioning ash
by a proﬁess which remoVed boron, then resuépendiﬁé the ash in a
standard solution of boron. Ash was shown to adsorb boron increasingly
with increasing boron soTution concentration in a Freundlich relation-
ship. Acid éonditioned ash showed enhanced boron adsorption. A study
of the influence of pH upon adsorption by ash indicated that at pH .-
9.5 adsorption was less than at pH 8.6. These results are consistent
with pH influence on boron adsorption by soils as reborte&vby other
authors (14,25,26,30,31). An acid releach of adsorption samp]és was
analyzed for iron, aluminum, and boron. If the adsorption of boron
was a simple surfacé 1ayer'éo§ting, one would expect thé Boron to be

easily releached. Experiments did not affirm this. Also noted, from
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the acid releach, was- that the surfaces of water conditioned ash and
acid conditioned ash were similar and contained comparable amounts

of iron and aluminum.

Y | —
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