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SI/_I_IAIIY

This report d_:_.scrib_:sthe' adsorption pre,pcrtics of hazardous organic compounds

on the Dave Johnston coal fly ash using adsorption isotherm and carbon-I3 solid-state
,D

Nuclear Magnetic Resonance t_chniques. In addition, th_ Dave Johnston and Laramie

River power plants coal tly ashes \ver_ characterized _:xtensively in an effort to correlate

' the chemical and structural properties of coal tl), ashes with their adsorption capacities

for hazardous organic compounds. The report covers the research effort for Task 3.4.1,

Use of Solid Waste for Chemical Stabilization, of the 1990-1991 and 1991-1992 Annual

Project Plans under Cooperative Agreement DE-FC21-86MC11076.

The two fly ashes were characterized using elemental, X-ray, and solid-state

silicon-29 NMR techniques and were found to differ significantly in their chemical and

structural composition. The major differences by NMR in the two anhydrous coal fly ash

materials are the concentration of the SiO4"4anions and the concentration of SiO 2. The

Dave Johnston fly ash has a much higher concentration of quartz (SiO2) than the Laramie

River fly ash, whereas the Laramie River fly ash has a much higher concentration of

monomeric silicate anions.

Solid-gas equilibrium adsorption isotherm studies of hydroaromatics and

chiorobenzenes adsorbed on Dave Johnston coal fly ash indicate that the adsorption

capacity of the coal fly ash is much less than the adsorption capacity of activated carbon

by a factor greater than 3000. The comparison of the adsorption capacities for coal fly

asia with activated carbon is based upon a solid-gas equilibrium and a solid-liquid

equilibrium, respectively. Verification of these results is needed to confirm that the solid-

gas adsorption isotherms can indeed be compared directly with solid-liquid equilibrium

isotherms.

The solid-liquid equilibrium adsorption isotherms of pyridine, pentachlorophenol,

naphthalene, and 1,1,2,2-tetrachloroethane on the Dave Johnston fly ash were determined

and compared to the same compounds sorbed on activated carbon. The Dave Johnston

fly ash appears to adsorb these organic compounds nearly as well as activated carbon.

" Thus, the Dave Johnston coal fly ash can be a good adsorbent for some types of

compounds. Similar adsorption data are needed for the Laramie River coal fly ash which

' is known to have significantly different chemical properties.
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Carbon-13 solid-state NMR was used to inx'cstignte directly tile adsorpti_n of

h:_zard_ms organic ct_mD_unds on coal fix' ash. Spectra of pure compounds and _t'

compounds mixed with fly ash were obtained using both single-pulse and cross-

• p_)larization techniques. To obtain the NMR spectra of hydroaromatic and

polychlorophenol in the solid state requires that the nuclear spin relaxation times be

known. In most cases the relaxation tinms were very long resulting in long experimental

time to obtain a spectrum.

Using a jumbo probe, low concentrations of some hazardous organic compounds

could be detected and, in one specific case of pcntachlorophenol adsorbed onto fly ash,

a change in the chemical shift of the phenolic carbon was noted. This change in chemical

shift is assumed to be due to a strong interaction of pentachlorophenol and the active site

on the coal fly ash.

The use of solid-state NMR to study directly the bonding interactions between the

hazardous organic compounds and coal fly ashes needs additional study since nothing is

known of the strength of these interactions.

vii



INTRO DUCTIO N

Fly :ish is :l by-product flOnl the cumbustion of coal. Tile 1985 annual U.S.

• pruductic, n was estimated to bc about 1 x 1()'s metric tons. Tile utilization for fly ash

durin_ the 19,'-;t)sremained stable at about +-... ..>gb per year. Because of its pozzolanic

• properties, nearly 50% of the utilized fly ash is for cement and concrete products. The

vast quantity of fly ash is not being used and its availability throughout the country and

worldwide has initiated research for new uses for commercial and industrial applications.

Three areas of applicability for fly ash are: (1) as a stabilizing agent for soils, (2)

as an additive to cements and concrete, and (3) as an adsorbent for organic pollutants.

Because of its pozzolanic properties, the utilization of fly ash as a soil stabilizing agent

wuuld increase the strength and durability of pavement subgrade and dirt roads, and

stabilize soil embankments. As an additive to cements, the coal fly ash could lower the

cost and may increase the strength of the cement, The cementing potential appears to be

related to the formation of various hydrated silicates and aluminates. However, the actual

cementing mechanisms have yet to be identified. The inability to predict adequately the

performance of ash-enhanced cement and concrete remains an impediment to its greater

USe.

Little is known of the organic adsorbent properties of fly ash. However, if known

and favorable, the potential commercial application of the adsorptive characteristics of fly

ash could include its use as an adsorbent sandwich for organics in combination with

landfill or other dump site liners, in traps for organics in waste waters, in filters for

organics in process air streams, and as a stabilizer for organic wastes in drums. Variables

that may affect the adsorbability of the fly ash towards organics in water include

temperature; solution pH; interactions between solute molecules and fly ash, and between

solvent molecules and fly ash. Thus, there is an essential need to characterize each coal

fly ash type to enable potential correlation between coal fly ash structural properties and

the nature of the adsorption characteristics of coal fly ash for organic hazardous waste

compounds.

The composition and properties of pulverized fly ash depend on the type of coal

burned and the combustion process. Thus, fly ashes from different origins may haveo

sig,,ificantly different effects on the properties of concrete, the durability of pavement



_ubgx'_dc. tilt stability ,,t'soil cnlbankm_'z_t, and sozt_tion of organic compounds of

cnvironrnent;tt intl.'rest. Eastern and western c{.ml fly ashes differ significantly in their

physical and chemical properties. Eastern coal fly ash alone has little or no cementitious

,.'_:lue in the presence of water. Western coal fly ash, on the other hand, ,,,,'ill become

ccrnentitious in the presence of moisture. The major minerals found in coal fly ash are

. (aA,-,O3'2SiO2), hematite (Fe.,O3), magnetite (Fe3Oa,), lirne(-,-quartz (SiO.,), mullite " n_

(CaO), and gypsum (CaSO4'2H20) White and Case 1990). Very few techniques exist

which can quantitatively differentiate the mineral composition, and the pozzolanic and

adsorption properties of fly ashes. Little is known of the siliceous and aluminous material

coordination state distribution in coal fly ashes. Most siliceous and aluminous materials

in fly ash are amorphous and, thus are not detected and quantified by X-ray techniques.

X-ray diffraction has been used to characterize crystalline minerals, but cannot be used

to study rninerais that are amorphous. F_,ven with crystalline minerals, difficulties are

encountered in ascertaining the general characteristics for fly ash material using X-ray

diffraction (White and Case 1990).

Very few (if any) methods exist to differentiate between fly ashes with regard to

concrete properties, as soil stabilizers, and as adsorbers of organic hazardous waste

materials. It is possible, however, to chemically characterize solid materials by nuclear

magnetic resonance (NMR) techniques. Solid-state NMR techniques are complementary

to X-ray diffraction techniques, and, in addition, are ideally suited for both amorphous

and crystalline materials.

The NMR techniques include multinuclear (1H, 13C, 27A1, and 29Si) single-pulse

excitation with magic-angle spinning and cross-polarization with magic-angle spinning

(SPE/MAS and CP/MAS, respectively), and hydrogen spin-lattice relaxation spectroscopy.

These techniques have been used to study coal pyrolysis residue and coal minerals under

combustion-related conditions. However, the NMR techniques have not been extensively

applied to the study of coal fly ash.

Using newly developed analytical state-of-the-art NMR techniques, a means of

characterizing the coal fly ash based upon its properties under a variety of physical and
¢,,

chemical conditions can be realized. It should be possible to screen coal fly ash based

upon its molecular structure for its potential use. Also, newly developed characterization

methods will allow direct correlation of coal fly ash chemical and structural data with



,, l} ti'l_ + ._'11"i11_t_+I'i11'++'_ ,._ pr.++ll.cilll1+ir'l<,+'c.' d_+It;,t \;,'h_+ll ct>+ll lIv _+tN}1i+'.+uNt'd I11 c.'_++l_cl'_+tc _+ind c_111_t_ts++

t2i tht: lv_ld conditions \vh_:n it is us,_'d as a soil stabilizer, and (3) the adsorption or'

clrg+tnic\vast¢ nl;ltt,,i'J+lls.

The economic value of being able to fully characterize coal fly ash in terms of its

chernical structure and performance as it relates to different applications such as+,

enhancing concrete strength, road soil stabilization, and as an organic waste adsorbent

cannot be overestirnated. Not only will this waste by-product frorn coal combustion be

more fully utilized in these and other applications, but it will eliminate the need for

storing or disposing of many millions of tons of this material produced annually
worldwide.

There is a considerable amount of information in the literature concerning

adsorption of organic compounds on activated charcoal (Faust and Aly 1987), zeolites

(Meiler and Wutscherk 1989; Deininger 1981), silicates (Parfitt and Rochester 1983),

alumina (Dawson et al. 1982), and clays (Essington et al. 1992). Even though solid waste

materials that arise from combustion processes, such as coal fly ash and spent oil shale,

are composed principally of alkaline-earth and alkali metal oxides, silicates, and

aluminosilicates (Essington and Spackman 1988; Rai et al. 1987; and Netzel 1992),

relatively few studies have been conducted using spent oil shale and coal fly ash as

adsorbents. In a review on fossil fuel combustion wastes, Rai et al. (1987) suggest that

combustion wastes may have a high affinity for sorbing various types of organic

compounds.

The potential for spent oil shale to reduce the inorganic and organic chemical

concentrations in retort waters has also been suggested by Fox et al. (1980), George and

Jackson (1985), and Boardman et al. (1985). Boardman et al. (1985) examined the

adsorption of 2-hydroxynaphthalene, 1,2,3,4-tetrahydroquinoline, and 2,3,5-triethylphenol

by several spent oil shale samples from the Green River Formation. The reduction in

organic compound solution concentrations ranged from 21% to greater than 96%,

depending on the organic compound type. Essington and Hart (1990) studied the

+ adsorption of pyridine by combusted oil shales. They found that pyridine adsorption can

be classified as L-type and that the adsorption isotherms followed both the Langmuir and

. Freundlich equations. However, it was concluded that the reduction in solution of the

I



pyridine concc:ntr_lti_.'_Fid_,_csllOt sufficiently justit'y usin_ spent oil shale as a stabilizing

medium for hazardous organic compounds.

Sorini and Lane (19t)l) studied organic and inoxganic hazardous waste stabilization

usin,- combusted oil shale. The five wastes selected were a separator sludge, creosote-

contaminated soil, mixed metal oxide-hydroxide waste, metal-plating sludge, and smelter

dust. They concluded that (1) the spent shales apparently stabilized the smelter dust and

mixed metal oxide-hydroxide waste by reducing the mobility of cadmium, (2) the mixture

of smelter dust with spent oil shale caused the waste to become alkaline which

significantly reduced the mobility of cadmium, (3) the opposite behavior was detected for

chromium in the mixtures involving the metal-plating sludge, and (4) the analysis of the

leachates of the mixtures involving the separator sludge showed that the spent oil shales

did not stabilize the sludge. Little information could be obtained from mixtures of

creosote-contaminated soil with spent shale samples because of poor homogeneity. They

further concluded that "real-world" organic wastes are too complex for initial evaluation

of the ability of spent oil shale to stabilize organic compounds and that initial stabilization

evaluations involving organic compounds should involve testing synthetic wastes

containing a single class of organic compounds.

Little work is known of the use of coal fly ash to adsorb or stabilize organic waste

materials. Recently, Lane (1992, unpublished data) has performed adsorption studies

which show the affinity of certain coal fly ash samples for organic compounds. Sharma

et al. (1989) discussed in detail the use of coal fly ash as a soil amendment. Their review

dealt with adsorption and leaching of inorganic trace elements and the effects of fly ash

on soil microorganisms, plant growth, and surface and groundwater. Because so little is

known about the organic stabilization properties of coal fly ash, it is the purpose of this

study to define the adsorption characteristics for coal fly ash and that the adsorption

parameters for organic compounds be correlated with the coal fly ash chemical structural

composition.

Adsorption Isotherms

Adsorption isotherms represent the equilibrium distribution of an adsorbate in

solution and that adsorbed on a surface versus the concentration of adsorbate in solution.

Experimentally determined adsorption isotherms are used to describe the adsorption



c;lt_:_ity and, thu_, the' u_:t'ulnc_._ _t' an ad_orbatc. The sh:lpc: of the aLt_orpti_m i_th_:rm

_ivcs int'_rmation abt_ut tht: ads_rpti_n pI'_.>ccssand the extent _)l"th_• surf:let, covcra_ by

the adsorb:lt_.

Adsorption isotherms have been measured for rnany types of organic compounds

• 9 _using activated carbon as the adsorbent (Faust and Air 1.87 and literature cited therein)

Bernardin (19851) reported that activated carbon made fronl lignite, wood, or coal having

high ash contents have adsorptive capacities equal to or greater than those materials of

lower ash contents. The mineral ash consists mainly of silica and insoluble silicates of

aluminum, iron, magnesium, and calcium. These components are similar to those found

in coal fly ash.

Adsorption isotherms were determined for pyridine on several types of spent oil

shales (Essington and Hart 1990). They found that pyridine was poorly adsorbed. The

dominant minerals in the Green River Formation oil shale are quartz, ankerite, calcite,

dawsonite, and feldspars, The silicate and aluminosilicate minerals in spent oil shale are

less than that found in coal fly ash and may be the reason for the low adsorption capacity

of spent oil shale for pyridine.

For coal fly ash which contains numerous minerals, the effects of these minerals

on the sorption of organic waste materials are not adequately known or understood. No

adsorption isotherms of organic compounds on coal fly ash have been reported in the

literature.

Solid-State NMR Study of Adsorbed Hazardous Organic Compounds

NMR techniques have been used extensively to characterize the adsorption of

organic molecules onto various types of surfaces. The application of these techniques

involves measuring the changes in nuclear relaxation times and chemical shift values

when a molecule is adsorbed onto a surface. NMR has been used to follow changes in

the nuclear properties of either the adsorbent or adsorbate. Changes in the NMR

• parameters for hydrogen, carbon, and nitrogen are most often measured for adsorbates,

and changes in the silicon and aluminum NMR parameters are measured for adsorbents.



DL'r_uane (1969) us_d 1I_-1NMR to study tht: adsoq_tion ot" benzene, ethanol,

t:th\lt:nt: glycol, and 2,2-dimcthylbutanc on alulnina. Borovkov and Kazansky (1974)

in,, estigatt:d methanol, ethanol, and propan-2-ol adsorbed on silica gels, aerosil, alumina,

and aluminc._silicat,,s. The specific adsorption of these alcohols in the case of alumina was

attributed to the interaction v,'ith Lewis acid sites. In several papers, studies of the 1"3C

NMR spectra of aceton_ adsorbed on silica gel have been reported (Gay 1974; Bernstein

et al. 1981; Borovkov et al. 1982). Significant shifts to lower magnetic fields with

respect to liquid acetone were observed for the C=O group of acetone molecules adsorbed

on silica gel surfaces. Bernstein et al. (1982) using both !3C and lSN NMR studied the

interaction of pyridine molecules with OH groups on a partially dehydroxylated silica gel

surface. The bonds formed between the proton of the hydroxyl group and the lone-pair

electrons of the nitrogen atom caused a strong 15N NMR chemical shift to a higher field.

Only small changes were observed for the L3C NMR chemical shifts, indicating that no

significant interaction occurs between the :n-electrons of pyridine and the surface sites.

Few, if any, applications of NMR techniques to the study of the adsorption of

hazardous organic compounds on silicates, aliminosilicates, and alumina have been

reported, and even fewer techniques on coal fly ash have been reported.

The objectives of this study were threefold: (1) to characterize the silicate and

aluminosilicates in anhydrous coal fly ashes by elemental analyses, X-ray mineral

analysis, and solid-state silicon-29 (29Si) NMR techniques, (2) to study the adsorption

properties for selected organic compound types by determining the Freundlich adsorption

isotherms, and (3) to study the sorption characteristics of fly ashes for organic compounds

of _nvironmentai interest using solid-state carbon-13 (13C) NMR techniques.



EXPERI MENTAL

Materials

The Dave Johnston coal fly ash was produced at tile Dave Johnston Power Plant

located near Glenrock, Wyoming, using a conventional pulverized coal process. The feed
4

coal was mined near tile plant which is in the Powder River Basin. The Laramie River

coal fly ash was produced at the Laramie River Power Plant located near Wheatland,

Wyoming, using a conventional fired unit containing a calcium-based sorbent for sulfur

dioxide removal. The feed coal was also mined in the Powder River Basin of Wyoming.

The compounds, benzene, toluene, chlorobenzene, ethylbenzene, 1,2-

Dichlorobenzene, 1,3-Dichlorobenzene, and 1,4-Dichlorobenzene, were purchased as a

single solution containing 200/zL each in CH3OH (Supelco Purgeable Aromatics Mixture

602-M). Pyridine, naphthalene, and tetrachloroethane were purchased as certified neat

compounds from chemical manufacturers. Pentachlorophenol was purchased as a certified

stock solution in methanol. Technical and analytical grades of pentachlorophenol were

purchased from J.T. Baker Chemical Co.

Adsorption Isotherm Procedure

Solid-Gas Equilibrium

Headspace samples were taken using a Hewlett Packard Model 19395A Headspace

Sampler. Samples were weighed into 20 mL headspace vials which were sealed, then

placed in a sample tray held at 60°C (140°F). For the injection process, sample vials

were pressurized for 10 s and a 1.0 mL sample was withdrawn and transferred by Helium

carrier gas at 15 mL/min to a Hewlett Packard Model 5890 Gas Chromatograph (GC).

"File GC separation was performed on a DB-624 capillary column, 0.53 mmx 30 m, 3.0

um film thickness. The following oven temperature program was used: initial

temperature, 50°C (122°F); initial time, 1.0 rain; temperature program rate, 4°C/rain

(7.2°F/rain); final temperature 100°C (212°F); final time, 1.5 rain. The injection port used

was a packed injection port, fitted with a liner to accommodate the GC column, held at

150°C (302°F). Detection was accomplished by a photo ionization detector (HNU Model

PI-52 operated at 150°C (302°F) with a 10.2 eV lamp).



Sampl,:s were prepared by. weiehing,.,varvinu.,.. amounts of fly ash (0.1 g - 10 =,,)

diIectly into the headspace vial. Varying amounts of the standard mixture containing

methanol as the solvent (1.0 .iLL- 50 ,t_L)were pipetted directly to the fly ash and the

vials were immediately sealed.

Five standards were also prepared by pipetting varying amounts (1.0 ,uL - 50 ,uL)

of the standard solution into the headspace vials, and immediately sealing them. Both

samples and standards were placed in a box that was rotated end over end at ambient

temperature for 72 hours. The vials were withdrawn and placed in the autosampler for

2 hours before the injection procedure was begun. Sample concentrations in 1 mL of

headspace injected into the GC were determined by an external standards calculation

based on the responses of the five-point initial calibration.

Solid-Liquid Equilibrium

Pyridine is the only one of the four compounds evaluated that is miscible with

wa:er, the other three exhibit minimal solubility in water. The preparation of aqueous

solutions of these three compounds required the addition of methanol as a co-solvent.

Methanol was limited to 1% of the total volume of the solution.
..

To determine the concentration ranges that were used, individual standard solutions

were prepared and analyzed. UV spectra for each compound were obtained using a Ii.

wavelength scan from 190 to 450 nm (Shimadzu Model UV-265 Spectrophotometer). For

each compound, the wavelength of maximum adsorbance was chosen as the quantitation

wavelength, and an appropriate concentration range to be studied was determined:

[lower], up_./mL [upper], ug/mL

Pyridine 255 0.250 100

Pentachlorophenol 302 1.00 400

Naphthalene 275 0.250 100
Tetrachloroethane 202 5.00 2000

Ten concentrations bracketed by the lower and upper concentrations, and one blank, were

studied for each compound. For each compound, two sets of solutions were prepared.



Tt_c fixst s_t of solutions was designated the standard oz"control solutions consisting of

the: aqueous soluti_ns _I" the: organic compound. The second set of solutions was

designated the sample solutions consisting of the aqueous solutions in contact with the

Ilv ash.
o

Standard solutions were prepared in 50 mL screw-cap vials. Pyridine standards

were prepared directly in water, at a final volume of 20.0 mL. The other organics were

also prepared at a final volume of 20.0 mL, using 200 #L of standard prepared in

methanol added to 19.8 mL of water. Sample solutions were prepared as above, an',.,,4.0

g of fly ash was added to each solution.

Standard and sample vials were capped and rotated end over end oq a mechanical

rotator for 24 hours to assure complete mixing. The vials were then allowed to sit

undisturbed for 4 hours so that the fly ash could settle to the bottom. TEe supernatant

solution was withdrawn by pipette for analysis. The spectrophotometer was calibrated

using the blank solution and ten standard solutions. Each compound exhibited linear

response through these eleven points, so an average response factor was calculated and

used for determining analyte concentration in the samples.

NMR Instrumentation and Conditions

13C and 298i solid-state NMR measurements were made using a Chemagnetics

CMX 100/200 solids NMR spectrometer. 13C spectra were obtained at a 13C frequency

of 25 MHz using the techniques of single-pulse excitation with magic-angle spinning

(SPE/MAS) and cross-polarization with magic-angle spinning (CP/MAS) and high-power

1H decoupling. A 12.5-ram-diameter zirconia bullet spinner was used. Spinning rates

were between 3.5 and 3.6 kHz. The 13C spectra were externally referenced to liquid

tetramethylsilane (TMS) based on the solid-state spectrum of hexamethylbenzene (HMB)

as the secondary reference and assigning 17.21 ppm to the shift of the aliphatic carbons

of HMB relative to liquid TMS (Hayashi and Hayamizu 1989).

29Si SPE/MAS and CP/MAS NMR spectra with 1H decoupling were obtained at

a 29Si frequency of 39.6 MHz. A 7.5-mm-diameter zirconia bullet spinner was used.

Spinning rates were between 3.5 and 3.8 kHz. A 90 ° pulse width of 4.0/zs was used for

all experiments. The pulse delays were 5 and 10 s and the number of acquisitions varied

• from 700 to 16,000. For the CP/MAS technique, the contact time was 3 ms. All 29Si

spectra were externally referenced to liquid TMS based on the solid-state spectrum of

sodium 3-(trimethylsilyl)-propane-l-sulfonate (DSS) as the secondary reference and

assigning 1.46 ppm to the shift of the silicon of DSS relative to liquid TMS (Hayashi and

Hayamizu 1991).



RESULTS AND DISCUSSION

(h_al Fly Ash Cllaracterization

Elemental. Mineral. and Oxide Composition of Coal Fly Ash

To fully utilize coal fly ash as a component in cement, as a stabilizer for soil, and

as an adsorber for organic waste materials, the chemical structural components of coal fly
ash must be known.

The elemental and mineral composition of coal fly ash depends upon the parent

coal and the operating conditions of the power plant. Nearly all existing naturally-

occurring elements can be found in coal depending on the sensitivity of the method of

analysis. Table 1 lists the concentration of some of the more abundant elements found

in the coal fly ash from the Dave Johnston and Laramie River power plants and Table 2

lists the mineral composition from X-ray analysis. Of interest to this NMR study are the

concentrations of the elements, carbon, calcium, silicon, aluminum, and iron. Carbon,

silicon, and aluminum are more abundant in the coal fly ash from the Dave Johnston

power plant than the Laramie River power plant coal fly ash (Table 1). However, the

Laramie River coal fly ash contains more calcium and iron than the Dave Johnston coal

fly ash. Hydrogen was not found in either of the coal fly ash samples indicating that the

coal fly ash samples contained very little water and/or organic hydrogens. Table 3 lists

the oxide composition of the two coal fly ashes.

29Si 1N_'!RInvestigation of Coal Fly Ashes

The ease by which the solid-state 29Si and 27A1 NMR spectra can be obtained

make this technique ideally suited for studying many types of silicate and aluminosilicate

minerals (Englehardt and Michel 1987).

The use of 29Si and/or 27A1 NMR to study of coal fly ash has not been reported.

However, several papers discuss the use of 29Si and 27A1 to study similar materials

(Pradip et al. 1987; Parry-Jones et al. 1988; Groves and Rodgers 1989; Young 1988;

Wilson et al. 1986; and Barnes et al. 1986).
e
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Tabh., 1. Elemental C{_mlmsition tJl' Coal Fly Ash a

Coal Fly Ash Source
• Dave Johnston Laramie River

Elements Power Plant Power Plant

q

Aluminum 12.3% 8.89%
Antimony <19.6 <19.1
Barium 0.166% 0.606%

Beryllium <0.198 <0.195
Bismuth <194 <200
Boron 404 732
Cadmium <1.96 <1.91
Calcium 12.4% 19.7%
Carbon 1.3% 0.3%
Chromium 98.3 53.0
Cobalt 24.9 34.6

Copper 128 175
Iron 2.51% 3.29%
Lead b 103 151
Lithium 35.'7 28.9

Magnesium 1.97% 3.65%
Manganese b 288 373
Mercury 0.755 0.282
Molybdenum b 6.04 3.23
Nickel 42.2 48.8

Phosphorous 0.155% 0.282%
Potassium <0.849% <0.955 %
Selenium 10.3 23.3
Silicon 23.3% 14.6%
Silver 1.75 2.04
Sodium 0.134% 0.778%
Strontium 0.123 % 0.387 %
Sulfur 0.3% 0.9%
Thorium b 25.9 33.3
Vanadium 222 163
Zinc 123 91.6

a All values in mg/kg unless noted: Unpublished WRI report to DOE
o b These elements showed poor NBS SRM recoveries: Lead 65%, Manganese 64%,

Molybdenum 67%, and Thorium 127%.

i
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Table 2. _llneraland ChenlicalComl_siti¢,n_)I'C.al Fly Ashesa

Coal FIv Ash Source

Laramie River Dave Johnston

Mineral Cht:mical Cc_nlposition Puwer Plant Power Plant
t,

Quartz SiO., X X

Periclase MgO X X ,

Anhydrite CaSO 4 X

Merwinite Ca3Mg (SiO4) 2 X

Fcrrite Spinel (Mg,Fe)(Fe,AI)204 X
Lime CaO X X

Melilite (Ca,N a)2(Mg,AI,Fe)(Si,A1)207 X

Brownmillerite Ca4AIzFe2 O10 X
Mullite AI6Si2013 X X

Hematite Fe203 X X

Sodal ite Ca2(Ca,N a)6 (AI,S i) 12024 X
'Ca3SiO 5

Ca2SiO 4

Ca3AI206

" Brown 1991

Table 3. Oxide Composition of Coal Fly Ash

Coal Fly Ash Source a
Dave Johnston Laramie River

Oxide Power Plant, Power Plant,
wt % wt %

CaO 13.6 23.7

SiO 2 38.8 26.8

AI203 36.3 28.9
MgO 2.6 5.2

Fe.,O 3 5.6 8.1
Na.,O 0.2 1.2

SrO 0.1 0.4

P205 0.6 1.1

SO 3 0.6 1.9
K-_O 1.6 2.0 "
BaO 0.2 0.6

,t,

Calculated from elemental data in Table 1 and normalized to 100%
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Not:ltic_i_and >)Si NMR Cllen_ical Shift R;_n,_,csfor Silicntcs and Alunlinosilic;ltes.

"l'hu Qn and Q_tmAI)notatit_ns arc used to represent the ;_nionstructural units of'silic:ltus

slid alurnint_silicates in both sc)lution and solid states (Englchardt ;and Michel 1987). In

this rlc_tation,Q represents the silicon atom bonded tctrahedrallv to four oxygen atoms andt,

the:superscript, n, refers to the number of other SiO4 "4 attached to the SiO 4 tetrahedron

bcirlg investigated. In the case of alurninc_silicates, rn represents the nurnber of aluminurn
i,

atoms bonded via the oxygen bridge to the silicon atom of the SiO 4 group under study.

Schematic representations and some exarnples of the Qn and Qn(mAl) notation for

silicates and aluminosilicates are shown in Table 4. Figure 1 gives the estimated 29Si

NMR chemical shift ranges for the various polymerized silicates and aluminosilicates.

Anhydrous Fly Ash. The 29Si NMR spectra of the anhydrous coal fly ashes from

the Dave Johnston and Laramie River power plants are shown in Figures 2a and 2b,

respectively. The spectra are shown for the total sweep width of the experiment (300 to -

450 ppm). The resonance between 0 and -150 ppm is the 29Si signal. The other broad

resonances (150, 30, -195, and -300 ppm) are due to spinning side bands of the center

band. These side bands are the result of magnetic susceptibility broadening due to the

high iron content (Oldfield et al. 1983).

The spinning side band intensities relative to the center band intensity are greater

for the Laramie River coal fly ash than for the Dave Johnston coal fly ash. This is

because of the higher Fe to Si ratio (0.226 versus 0.107) for the Laramie River fly ash.

The higl silicon content of the Dave Johnston coal fly ash (23.3 wt %) relative to the

Laramie River (14.6 wt %) coal fly ash is reflected in the signal-to-noise ratio for both

spectra. Six thousand scans were used to obtain the 29Si spectrum of the Dave Johnston

coal fly ash compared to twelve thousand scans for the 29Si spectrum of the Laramie

River coal fly ash.

Aside from the spinning side band intensities and the noise ratios, there are other

noticeable differences in the 29Si NMR spectra of the two coal fly ashes as a result of

their mineral composition (Figures 2a and 2b; Table 2). Because of their complex

mineral composition and high iron content, the 29Si NMR spectra of the coal fly ashes

are a broad envelope of resonances due to chemical shift dispersion and paramagnetic

broadening. Therefore, it is not possible to assign any one resonance to a given mineral
i

except for resonances that appear at either edge of the chemical shift range.
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Tahle 4. Coordinatic_n State Notati_n and Structure _i' Silicates and Aluminosllicates

N_)tation Structure Nama
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Figure 2. 29SiNMR SPE/MAS Spectra of the Anhydrous Coal Fly Ashes from: (a) The
Dave Johnston Power Plant, Pd = 10 s, Acq = 6480; (b) The Laramie River
Power Plant, Pd = 5 s, Acq = 12,240
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The' major dit'tcrcnct, s by NMR in lh_: two anhydrous coal ily ash m'atcrials an:

th_ concentration of the SiO4"4 anions (O t_)at -70.D and -71,5 pprn for the Laramie Riv_:r

and Dave Jt_hnstorl coal t'lv ashes, rcspcctivt:ly, and the concei_tration of SiO2 (Quartz,

Q4) at -lO5.2 and -1(18.3 ppm, rcsD:ctively. "i'he Laramie River fly ash has a rnucht

higher concentration of monomeric silicate: ar_ionrelative to the concentration of the fully

D_lymeriz_d quartz, \vh_rcas with the: Da\,c Johnston fly ash, the concentration of the
|

monomeric Si()4"'_anion is much less than the conceritration of quartz.

The most downfield signal at -61.7 ppm which appears in the spectra can be

assigned to either of the minerals chondrodite [(Mgs(SiO4)(OH,F)2 ], forsterite (Mg2SiO4),

or olivine [(Mg,Fe)2SiO4]. These minerals appear to be the only minerals that have

resonance signals in this region of the spectrum (Goberdhan 1988).

Because of the broad, featureless resonances in the region of-75 to -105 ppm, no

other spectral assignments can be made for the anhydrous Dave Johnston coal fly ash.

However, in this spectral region of the Laramie River coal fly ash, some well defined

resonances and broad resonances are noted. The resonances at .78.9 and -86.2 ppm are

assigned the coordination units of Q1 (Si end group) and Q2 (Si middle group), and

Q4(4AI) (Si cross-linking groups with 4AI), respectively. The broad resonances centered

at -97.2 and -105.2 ppm are assigned the coordination units of Q3 (Si branching group)

and Q4(1AI) (Si cross-linking group with 1Al), and Q4 (Si cross-linking group) and

Q4(0Ai) (Si cross-linking group with no aluminum), respectively.

To extract additional information from the 29Si spectra of coal fly ash, a

mathematical smoothing function was used to reduce the spectral noise level and to define

more precisely the major silicate and/or aluminosilicate components. With the major

components defined, a curve-fitting routine was used to determine the distribution and

quantity of silicates and aluminosilicate species within the coal fly ash sample. Figures

3a and 3b show the expanded spectra of the anhydrous coal fly ashes. These spectra were

deconvoluted and the relative area measured for the silicate and/or aluminosilicate anions.

"Fable 5 lists the relative percent of anion types and the silicate coordination state

assignment for each coal fly ash. The three resonances below .60 ppm (Figure 3b) are

• silicates and aluminosilicates which have not been reported by any other technique.

Although the curve-fitting techniques determining the silicate species within a fly ash

' sample are semi-quantitative, they do provide concentration information that cannot be

obtained by any other method.

17
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Figure 3. Deconvoluted 29Si NMR Spectra of Coal Fly Ashes: (a) Dave Johnston Power
Plant; (b) Laramie River Power Plant.
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Table 5. Rchstivc l'c_cent of Silicate .4,ni_,ns in l)ave ,](Jhnst()n and l.,aramic River
lh_x_er Plants Ctml Fly Ashes

Dave Johnston Laramie River
. Coal Fix' Ash Coal Fix' Ash

D_:co nvoIuted SiIicatc Rel ativt: Silicatc Relative
Peak No. Coordination Area Coordination Area

' Let'l-to-right State % State %

] - 0.3 - 1.6
2 Q0, Q1 6.1 - 8.3
3 Q2 23.8 - 15.2
4 Q3 28,5 QO 26,8
5 Q3 10.6 Q1, Q2 2.3
6 Q4 4.2 Q2 19.5
7 Q4 26.5 Q3 14.0

8 Q4 12,4

Adsorption Isotherms of Hazardous Organic Compounds Sorbed on Coal Fly Ash

Several equilibrium models have been developed to describe adsorption data. The

most common adsorption isotherm equations used for describing adsorption data are those

derived by Langmuir (1915) and by Freundlich (1926).

The logarithmic expression for the Freundlich adsorption isotherm is given in

equation 1.

log (x/m) = log K + (l/n)(log Ce) (1)

where x = the amount of adsorbate adsorbed, m = the weight of adsorbent, Ce = the

adsorbate equilibrium concentration, and K and 1/n = constants characteristic of the

system. The equation is widely used to describe the adsorption in aqueous systems. A

plot of log q, where q - x/m, versus log Ce gives an intercept of log K and a slope of

1/n. The value of K can be taken as a relative indicator of the adsorption capacity, while

• 1/n is indicative of the energy or intensity of the reaction (Weber 1972). A value of 1/n

of ~ 1 indicates high adsorptive capacity at high equilibrium concentrations. For 1/n <<

' 1, the adsorptive capacity is only slightly reduced at the lower equilibrium concentrations.

19



S_lid-G;l_ t,!quilit_rium

ThE Fr_'undlich adsorption isotherms w_r_ obtaint:d for three aromatic

hydrocarbons and several chlorobenz_ne c_mpuunds using the hcadspace analysis

t_+chniqu_: (Fi_urt:s 4 and 5). In th_s_ experimt:nts a dilute solution of all of the

__,mpuunds in CH3OH was applied dirt:ctlv to th_ Dave Johnston coal fly ash in a vial

and allowed to equilibrate tier 72 hours at ambient temperature. Because the amount of

solution added to the fly ash was totally adsorbed, only a solid-gas equilibrium exists.

The headspace above the fly ash contained the vapor phase of the organic compounds in

equilibrium with the adsorbed compounds on the fly ash. Table 6 lists the Freundlich

adsorption isotherm constants (K and I/n) for the compounds adsorbed[ on the Dave

Johnston coal fly ash and the same compounds adsorbed on activated carbon. The

Freundlich adsorption isotherm constants for the organic compounds on activated carbon

w_re obtained from the literature (Faust and Aly 1987 and literature cited therein). These

constants represent a solid-liquid adsorption equilibrium. Howew_r, to a first

approximation they can be compared to the solid-gas adsorption equilibrium because both

equilibrium processes depend on monolayer coverage.

Table 6. Freundlich Adsorption Isotherm Constants for Organic Compounds on
Dave Johnston Coal Fly Ash and Activated Carbon

Coal Fly Ash Activated Carbon _

Compound K (mg/Kg) l/n r2 b K (m_Kg) 1/n

Benzene 3.94 0.2533 0.363 1 x 103 1.6

Toluene 9.38 0.0872 0.169 16.1 x 103 0.44

Ethylbenzene 10.04 0.3842 0.803 53 x 103 0.79

Chlorobenzene 15.67 0.2055 0.565 91 x 103 0.99

1,2-Dichlorobenzene 40.25 0.4595 0.754 129 x 103 0.43

1,3-Dichlorobenzene 140.80 1.1431 0.945 118 x 103 0.45

1,4-Dichlorobenzene 46.46 0.4922 0.727 121 x 103 0.47

_' Ref. 10 in Faust and Aly

b Regression coefficient
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• Figure 4. Freundlich Adsorption Isotherms for Benzene, Toluene, and Ethylbenzene.

(Adsorption Capacity, q, in mg/Kg; Equilibrium Concentration, Ce, in rag/L)
Symbols ll, O, and • represent dift'erent experimental runs.
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q':iblc 7 _ht_v.._lhc c,_ll_l_;ilis_nt_l'lhc ad_t_rpiit_i_c:lp;icity !qt of ccml fly ;is]llt_ that

_,I :jcti,,",_tcdc;trb_._llfi._r lilt., II\drc',:lfc_lYlalic_;.|rid chlc'Jlt_bcl'tzc'nc'sat all cqtlilibriurn

ct,llCc, lllralit_rl t_i' l()nlg:L, The adsorptic_n capacity was calculated using the respective

Frcundlich cc_nstants and the Frcundlich adsorption isotherrn equation. Table 7 shows that,i

;_ctivateclc:_rbon adsorbs the cornpounds to a much greater degree than c¢ml t]3' ash, ;is

. _._nc would expect. In fact, activated carbon adsorbs the hydroaron'latics and

chlorobenzenes compared tu the fly ash by a f;mtor greater than 30()0 at an assumed

cquilibriurn ct_ncentration of 10 rng/L, Although 1,3-dichlorobenzene appears to be

adsorbed on coal fly ash to a rnuch greater extent than the other compounds, the higher

value represents essentially two data points over a very narrow concentration range and

thus the confidence level is low even though the regression coefficient is high (Table 6),

Table 7. Adsorption Capacities for Dave Johnston Coal Fly Ash and Activated
Carbon at an Equilibrium Concentration of' 10 mg/L

Adsorption Capacity q (mg/Kg)

Compound Coal Fly Ash a Activated Carbon b

Benzene 7 40 x 103

Toluene 11 72 x 103

Ethylbenzene 24 327 x 10 3

Chlorobenzene 25 889 x 103

1,2-Dichlorobenzene 116 347 x 103

1,3-Dichlorobenzene 1957 332 x 103

1,4-Dichiorobenzene 144 357 x 103

a Solid-gas equilibrium

t_Solid-liquid equilibrium

• It should be noted that the comparison of the adsorption capacities for coal fly ash

with activated carbon are based upon a solid-gas equilibrium and solid-liquid equilibrium.

' Additional experiments are needed to confirm that the solid-gas adsorption isotherms can

indeed be directly compared to the solid-liquid adsorption isotherms.
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S,c,?lict-Liquid,,Equjlil',rium

Tile Freundlich adsoq3tion isotherms were obtained for pyridine,

pentachlorophenol, n;lphthalene, and 1,1,2,2-tetrachloroethane in aqueous solution in the

presence of known amounts oI"Dave Johnston coal t13'ash (Figure 6). In this figure the

straight lines were drawn through the points that best represent the adsorption process.

The data are a composite of several experimental runs (represeiited by different symbols)

and the data points that appeared to be outliers were dropped in computing the Freundlich

adsorption isotherm constants. Table 8 lists the adsorption constants for the four

compounds adsorbed on coal fly ash and activated carbon as reported in the literature

(Faust and Aly 1987 and literature reported therein).

"Fable 8. F|'eundlich Adsorption Isotherm Constants for Pyridine,
Pentachh_rophenol, Naphthalene, and Tetrachioroethane on Dave Johnston
Coal Fly Ash and Activated Carbon

Coal Fly Ash Activated Carbon

Compound K (mg/Kg) 1/n r2 a K (mg/Kg) 1/n

Pyridine 120 0.33 0.979 1220 0.2b

Pentachiorophenol 780 0.12 0.811 150 x 103 0.42 c

Naphthalene 896 0.22 0.982 132 x 103 0.42 c
Tetrachloroethane 2003 0.40 0.659 10.6 x 103 0.37 c

"' Regression coefficient

t-,Ref. 13 in Faustand Aly 1987

c Ref. 10 in Faust and Aly 1987

To compare the adsorption data, the adsorption capacity q, for the coal fly ash and

activated carbon were calculated for each compound using the Freundlich constants and

the Freundlich equation, and an equilibrium concentration of 10 rag/L. These data are

reported in Table 9. The adsorption capacities for both the coal fly ash and the activated

carbon are based upon a solid-liquid equilibrium in which only a monolayer adsorption

is assumed possible because of the rapid motion of molecules in the liquid phase. This

prevents a multilayer build-up of the adsorbed molecules at the surface of the fly ash and
activated carbon.
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Table 9. ,,Xds(_rpti(Jn Capacity _l' Dave J_Jllnst_JnC(ml Fly Ash and Activated
Carbq_n at an Equilibrium C{_nccntrati{Dn {;f' 10 mWL J'ltr l}yridlne,
Pentachl{Dr{;phcn{Jl, Naphthalene, and TetrazhhDroethane

Ads_l'ptit_n C+,lp,lt.ltX .¢1 (tllt?,/K_)

Compound Ct al I:lv Ash Activated Carbon

0

Pyridine 0.25 x 103 1.934 x 103

Pentachlorophenol 1.04 x 103 395 x 103

Naphthalene 1.48 x 103 347 x 103
Tetrachloroethane 5.05 x 103 24.8 x 103

As shown in Table 9, the Dave Johnston coal fly ash appears to adsorb these organic

compounds nearly as wcll as activated carbon. The coal fly ash adsorption capacity is

a factor of about 300 less, relative to activated carbon. In fact, 1,1,2,2-tetrachloroethane

is adsorbed on coal fly ash almost as well as it is on activated carbon (5 x 103 mg/Kg

versus 25 x 103 mg/Kg). Thus, it appears that the Dave Johnston coal fly ash can be a

good adsorber for some types of compounds.

The relationship of the adsorption properties of the Dave Johnston coal fly ash to its

chemical composite cannot be made with any certainty at this time. Similar adsorption

data are needed for the Laramie River coal fly ash, which is known to have significantly

different chemical properties.

t3C Solid-State NMR Study of Hazardous Organic Comoounds

Observing the 13C NMR signal of a compound in the solid state can be more

difficult than observing the 13C NMR signal of the same compound in the liquid state.

Major factors contributing to the difficulties are' (1) sample phase (amorphous versus

crystalline), (2) long hydrogen and carbon spin-lattice relaxation times, (T1H and Tle), (3)

short spin-lattice relaxation times in the rotating frame (Tip), (4) long polarization-

transfer time (TcH), and (5) Hartmann-Holin matching conditions (Axelson 1985; Botto

and Sanada 1993).
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Bet's,re>tud.villg the ;ld_lpiic_u c_l'vliri_tis lypcs _,f I_;iz:lrctt_usolg;inic ¢_nlpounds c_n

_.'_;Jlfl\ ;lsl_, ,_cv_:,rlilc'xpcrill_clllS \v¢:,l'c,condtict_,d 1o dclcl'lllirlc' the ¢_ndilioils ncccss;lry

l_r _bsci_,ing the NMR sig.n:il of pur_: compounds in the, solid stlil_.';lad !o determine:

qu;llii_ilivclv the It,v¢:,lof dctc.,clioriwhc.,rlrising ii jumb<_ NMR probe,
0

Arorn;lii¢ Hvctrocarborls ;llld Polvchlorophenols
t

Figures 7a and 7b shc)w the lSC solid-stat_: NMR spectra of naphthalene using

SPE/MAS and CP/MAS. In Figure 7a, the carbon resonances of naphthalene are barely

discernable at 128 ppm using SPE/MAS with 780 scans, a pulse delay of 20 s and about

2.5 g of sample in a jumbo probe. However, using CP/MAS with a contact time of 2 ms

and a pulse delay of 20 s, a spectrum was obtained after 500 scans. The difficulty in

obiaining a spectrum of naphthalene with good signal-to-noise ratio in a short time is the

inherent long spin-lattice relaxation times of the hydrogen and carbon atoms when the

rnaleri;_l is in its crystalline state. Figures 7c and 7d show the 13C NMR SPE/MAS and

C)P/MAS spectra of naphthalene in which a 0.05 M solution of the relaxation ageni

chromium III Acetylacetonate (CrAcA¢) in CDCI 3 was added and the mixture heated to

remove the CDCI s, The signal-to-noise of the SPE/MAS spectrum was not improved
indicating that the Cr ion was not close to the site of the carbon atom; however, the

signal-to-noise ratio of the CP/MAS spectrum did improve relative to the spectrum in

Figure 7b. In addition, this spectrum was obtained in less time using a 5 s pulse delay

instead of 20 s. Apparently, the Cr ion was in a position to reduce the hydrogen

relaxation time perrnitting a more effective cross-polarization to occur.

Figures 8a and 8h clearly show the effect of increasing the pulse delay time from 1

to 30 s tbr the lSC solid-state SPE/MAS spectra of 2,3-dimethylnaphihalene. In Figure

8a only the methyl resonance (~ 25 ppm) is detected at a pulse delay time of 1 s,

indicating a short relaxation time for the methyl carbons relative to the aromatic carbons.

At a pulse delay of 30 s, all aromatic carbons (~ 128 ppm) are now observed (Figure 8b).

However, the aromatic carbon intensities are less than the methyl carbon intensity

indicating the aromatic carbons have not fully relaxed to the ground state before the next

pulse. The theoretical ratio of resonances should be 4:4:2:2 reading the resonance peaks

t'rorn left to right. Figure 8c does show the theoretical ratio of the 13C resonances for 2,3-

. dirnethylnaphthalene. This spectrum was obtained using CP/MAS with a pulse delay of
1 s, a contact time of 3 ms and 500 scans. In this case the long relaxation time of carbon

is not detrimental. The good spectrum in the short experiment time is due to hydrogen
e

spin diffusion from the methyl group and the relatively short relaxation time of the

hydrogen atoms.
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' Figure 8. 13C Solid-State NMR Spectra of 2,3-dlmethylnaphthalene: (a) SPE/MAS, Pd
= 1 s, 300 scans; (b) SPE/MAS, Pd = 30 s, 72 scans; (c) CP/MAS ct = 3 ms, Pd
= 1 s, 600 scans
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l:i_tJiu.,,,Ui tl'It+t,u_l+1Uj :item.+the SF'I:'NIAS and ('i' XI..\S >,,,lid-:.+tatv+_C?NNIR spectra
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.', +ilid 2(Jl)s,,:aFIs. The l+CSOllailcc Sigll:il tit + 155 pt)m is that ut' c.'arbc_riwith OI+lattached.

"]['llt.' I't'StlllllllCeS signals tit + 130, - 121, lind + 115 ppln llrt+duc tu carbons lit the nleta, para,

and ut'tho pusitiun within the arurnatic ring. The 13C CP/MAS spectrum of phenol is

shuwrl in Figure 9b. The spectrum shows only twu resonance signals - the phenolic

carbon at ~ 155 pprri and the para carbon at ~ 12i ppm (contact time 500tts and pulse delay

time 20 s), Varying the contact time from 50 Bs to 8 iris and the delay time from 1 to

6(I s did not result in obse_,ing the resonance signals for eitl'ler the ortho or meta carbons.

The observed spectrum suggests that the phenol molecule is rotating rapidly in the solid

state about the C2u symmetry axis. Carbon and hydrogen atoms in the ipso and para

positions remain relatively static and, thus, effective cross-polarization occurs between the

hydrugen and carbon atoms resulting in the tv¢o signals observed. Low temperature

studies will be required to slow the rotational motion of the phenol molecule so that the

ut'tho and meta c,+,rt'on resonances can be observed by CP/MAS,

The 13C SPE/MAS spectra of 4-chlorophenol, 2,6-dichlorophenol and 2,4,6-

trichiorophenol shown in Figures 9c, 9e, and 9g respectively, were obtained using a pulse

delay of 120 s and 60 scans. The spectrum of pentachlomphenol (Figure 9i) was obtained

with a pulse delay of 20 s and 200 scans. It is readily apparent that as the number of

chlorine atoms increases, the spectral resolution decreases. In fact, for pentachlorophenoi,

the phenolic carbon is no longer evident in the spectrum. The long pulse delay time (120

s) was necessary because carbon atoms with chlorine attached have spin-lattice relaxation

times up to 66 s (Freeman and Hill, 1971). For quantitative results the pulse delay should

be greater than 300 s or 5 rain between pulses.

The 13C CP/MAS spectra of the polychlorophenols (Figures 9d, 9f, 9h, and 9j) were

obtained using a contact time of 50(1,us, a pulse delay of 120 s and approximately 500

scans. As the number of chlorine atoms increases, the signal-to-noise ratio and the

resolution decrease. With an increase in the number of chlorine atoms, there is a

corresponding decrease in the hydrogen atom and cross-polarization becomes ineffective.

From the above observations, it is apparent that any adsorption studies using solid- i
state 13C NMR to directly observe the adsorbed chlorinated phenols should be carried out

in the SPE/MAS mode.
t
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Figure 9. 13C Solid.State NMR Spectra: (a, h) Phenol; (c, d) 4.chlorophenol; (e, f) 2,6.
dichlorophenol; (g, It) 2,4,6-trlchlorophenol; (i, J) pentachlorophenol
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Tlw purity _)f the startin_ material can affect the spectral resolution ol_scrvcd even

it' tlw material is highly chlorin:ttcd. In the cas< or' pcnt:lchlorophelrl(,)l, the spectral

I(:.,,_)lutiol_for tvchnical gradv pcntachlor(._phcnol is better than the pure material. Figures

l(.)a through l()d show the SPE/MAS and CP/MAS 13C' NMR spectra ol' technical and

pure pentacl'll(.)ropherlol. The four carbon resonances (148, 131, 125, and 119 ppm) are

clearly resolved in SPE/MAS spectrum of the technical grade pentachlorophenol (Figure

l()a) and discernible in the CP/MAS spectrum (Figure 10b). High resolution 1H NMR

spectra of the technical and pure grades of pentachlorophenol showed little or no

difference in composition, Attempts to obtain 13C spectra of pure pentachlorophen'31

doped with CrAcAc were unsuccessful. Obviously, additional experiments are needed to

ascertain the reason for the enhanced resolution in the 13C NMR spectrum of technical

grade pentachlorophenol.

.Sc)rptionof Organic Compounds

Silica Gel. Silica gel is a siliceous adsorbing material having two 29Si NMR

resonance signals at -101.3 and -110.5 ppm (Netzel 1991, unpublished data). These

signals correspond to the Q3 and Q4 coordination states of the silicate anions. The Q3

and Q4 coordination states also account for 70% of the silicate anions in the Dave

Johnston coal fly ash (see Table 5). Thus, silica gel was used as a model adsorbent to

investigate the use of 13C NMR to measure the adsorption capacity and bonding

interactions of organic materials with the adsorbent.

Figure 112 is the 13C CP/MAS spectrum of 2,3-dimethylnaphthalene (100 rag)

physically mixed with silica gel (1 g). The spectrum was obtained using a jumbo probe,

a puJse delay of 1 s, a contact time of 3 ms and 36,000 scans, whereas only 500 scans

were necessary when the sample was neat (see Figure 8c). Methylene chloride was then

added to the mixture of silica gel and 2,3-dimethylnaphthalene to ensure complete

interaction of the two components. The methylene chloride was removed by evaporation

and the 13C CP/MAS NMR spectrum obtained on the intimately mixed mixture (Figure

l lb) using the same conditions as for the physically mixed sample. The only signal

observed is that due to sorbed methylene chloride at ~ 50 ppm. The broad signal centered

at --.140 ppm is mainly the background signal from the probe. It may be argued that the

small signal at ~ 20 ppm is due to the methyl resonances of 2,3-dimethylnaphthalene.
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Figure 1l. IJC Solid-State NMR Spectra of2,3-dimethylnaphthalene: (a) physically mixed
with silica gel, CP/MAS, ct = 3 ms, Pd = 1 s, 36,000 scans; (b) CHzCI 2 solution
on silica gel, CP/MAS, ct ---3 ms, Pd = 1 s, 36,000 scans
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Etltl_.'I tl_,.:N.\IR _i,_..:'I_;llof _....,-dzn_t:th',lt_apttthal_:nt: is t',r_mdt.,nL'ddu_" l_., lilt: ,ldsorpti_._n

,,nt,, s_iic_ gel v,_new inst_umcntal parameters must bc set t_ t:xtract the signal from the

n_,i.,,e. "Ftaat is. the rt:lax;ltit_n time of carbt_n and lavdr_carbon are significantly different

t'_._Ithe adst_rbt..d m_._lecule than the "free" nl<_lccule in the stolid state. If this is the case,

the ct_ntact time and pulse delay time must be adjusted accordingly. Neverttleless. it is

;lt_p_ll't.'llt lhat little iflforlll,ltit)ll c_ln t_t, obtained :lbout tht: bondin_ interaction of ""_.,..)-

dimethvlnaplath:_lcne with silica gel.

Figure 12a and Figure 12b show the 13C SPE/MAS and CP/MAS NMR spectra of

20 mg of pure pentachlorophenol sorbed on 1 g of silica gel. The pentachlorophenol was

intimately mixed with silica gel using methylene chloride which was then evaporated.

"File only resonance signals that can readily be observed are due to sorbed methylene

chloride (- 50 ppm). The resonance peak at - 170 ppm in Figure 12b may be real. This

rcsollancc signal may be due to tile ipso carbon having the OH group attached to it.

Coal Fly Ash. The coal fly ashes obtained from the Laramie River and Dave

Johnston Power plants were exposed to pyridine vapor for 11 days. The 13C CP/MAS

NMR spectra of the ashes were obtained using a contact time of 5 ms, pulse delay time

of 1 s and 65,000 (Figure 13a and Figure 13b). The spectra given in Figures 13a and 13b

are the difference spectra in which the probe background signals were subtracted from the

composite spectra. The pyridine does not appear to be sorbed on the Laramie River coal

fly ash (Figure 13a) while the Dave Johnston fly ash does sorb pyridine, as determined

by adsorption isotherm experiments, but tile resonance signals are broadened over the

range of 120-160 ppm (Figure 13b). In contrast, pyridine is readily adsorbed on silica

gel as shown in Figure 13c. The silica gel was exposed to pyridine vapor for only a few

hours and the spectrum was obtained in less than 3 hours.

Attempts were made to observe pentachlorophenol sorbed on Dave Johnston fly ash

using 13C NMR. Figures 14a and 14b show the SPE/MAS and CP/MAS spectra of 20

mg of technical grade pentachlorophenol physically mixed with 1 g of fly ash. Broad

signals are observed in the chemical shift, region for pentachlorophenol. Methylene

chloride was added to the mixture of pentachlorophenol and fly ash, and then evaporated.

' Figure 14c shows the SPE/MAS 13C NMR spectrum of the intimately mixed

pentachlorophenol with the fly ash. A pulse delay of 20 s was used and 300 scans. The

• carbon resonances of pentachlorophenol are barely visible above the noise level at - 130

ppm. The ipso carbon, the carbon of most interest, was not observed.
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Figure 12. 13C Solid-State NMR Spectra of Pentachlorophenol: (a) CH2C! 2 solution, on
silica gel, SPE/MAS, Pd = 30 s, 1,800 scans; (b) CH2C! 2 solution on silica gel,
CP/MAS, ct = 3 ms, Pd = 1 s, 10,800 scans
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Figure 14. 13C Solid-State NMR Spectra of Pentachlorophenol (a) physically mixed with
Dave Johnston Coal Fly Ash, SPE/MAS, Pd = 3 s, 12,000 scans; (b) same,
CP/MAS, ct = 3 ms, Pd = 1 s, 7,200 scans; (c) CHzCI z solution with Dave
Johnston Coal Fly Ash, SPE/MAS, Pd = 20 s, 300 scans
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in a rL.latt'd exp_:rinlcnt, technical _radc pt:ntachlL_F_phen_l ill m_.'thvlt.'nt,chloride v,as

'add_'d to "l'cnn_:ss_,_:'Valley Auth_rit\' (TVA) coal fl\ ash to give a concentration of 2(I

rng of pcnlachlL_r_phvnol p_:r gram tly ash, t:igur_, 15;l shows the 13C SPE/MAS sp_.,ctrum

of technical giade pcntachlorophenol, coal fly asll with sorb_..d pentachlorophenol (Figure

15b), and the mixture leached with wat_:r (Figure 15c), In Figure 15b, the ipso carbon

_f pentachlorophenol sorbed on the fly ash had shifted to 169 ppm from 148 ppm for tht.

p_ntaclllorophenol alone, This shift is quit_ significant ,lnd suggests that there is a sstrong

bunding interaction of pentachlorophenol and the TVA coal fly ash.

Figure 15c shows the 13C SPE/MAS spectrum of the pentachlorophenol adsorbed on

the fly ash after leaching with water, An enhancement of the carbon with the OH

attached is observed at - I70 ppm, The CP/MAS spectrum of the same sarnple (Figure

15d) shows an enhanced aromatic carbon intensity but no ipso carbon resonance. These

spectra suggest that water molecules may be near carbon sites providing rapid relaxation

of the carbon-spin state and a source of hydrogens for cross-polarization of carbon to be

effective.
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C'C)NCLUSlONS

i):tvu J_.,hn.,,t_nand I.nramie River pc,v,'_;.rplanl ct_al fly asl'l_..s,.vurv cllaracterizud bv

ulurnent_Jl. X-rav. at'ld -_Sl NMR an:ll,,'sus, ihusu fly ashes dilTur sigrlil'icantly irl th_..iri

cl_eiriJcal and rnJiwral ¢s.trnposiliorl. Allh_tu_ll tl'lis study on adsorptjLtn isotherms and 13C

NMR spectra of adsorbed hazardous organic comp,_unds was t-rased on D,l e Johllstoll

coal fly ash, one experiment with the adsorption of pyridine on both types of ashes

suggests thai ,lie Dave Johnston fly ash which contains a higher proportion of polysJlJcate

anions, is _tbetter adsorbent than the Laramie River fly ash. Many of the experiments

carried out using the Dave Johnston fly ash need to be perforrned using the Laramie River

t13' ash. If this were to be done, it would be possible to correlate the chemical, mineral,

and structural properties of the ashes with their adsorption capacity R_r hazardous organic

compounds. This was outside the scope of the current project.

Adsorption isotherm studies of hydroaromatics and chlorobenzenes have shown that

thee Dave Johnston coal fly ash is less effective as an adsorbent than activated carbon by

factors ranging from 3000 to 35,000. This conclusion was based upon comparisons of

the solid-gas adsorption isotherm equilibrium for coal fly ash and the solid-liquid

adsorption isotherm equilibrium, Additional investigation is needed to ascertain the

degree of validity for comparing the adsorption isotherm data of two different phase

equilibrium even though the adsorption process in both cases depends on the monolayer

coverage model of the adsorbent.

Solid-liquid phase adsorption isotherm studies were conducted using pyridine,

pentachlorophenoi, naphthalene, and 1,1,2,2-tetrachioroethane in aqueous solution sorbed

on Dave Johnston coal fly ash. The results were compared to the adsorption capacity of

activated carbon. The adsorption capacity of the four compounds on the fly ash was

lk_und to be less than that reported for activated carbon. The difference in the adsorption

capacity for pyridine and tetrachioroethane on fly ash and activated carbon was found to

be less than a factor of 10. However, fol pentachlorophenol and naphthalene, the factor

'Swas found to be between 200 and 400. Clearly, the Dave Johnston coal fly a,h is a

relatively good adsorber of organic hazardous compounds of the type studied, but not as

effective as activated carbon.
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+ i ,_,.,li+.t-_t_t<+.+ :"c N.\ll,t .,+tud_,...,<,,very v<_tlductc+,.lit+ aN ,+'it',,tt t_, d,+..'t,,:I+llliilcdirt:oily tI+,,.+

'+d+.,,.,tl',+..d tJl_ill11,,.+' c_,ii+l+<,uii,..l>,<+,rl,.:,._',iltly ',i,;li arid t_+,n+_u;_,.,ut<:tliu strcri4tl'i <.,t+the l+',undiri4

lllt_.+l;iCti,,.+ll t,utv. _',.'i+i+._,+ilt'l,, ;isl'i +il_dtl'_,..+ ,++ru+_nic,,.',,ml><,ui'_,+ladsurt',v,.l. It is p,+_ssil',l,:t,,

,+-,l_-.,ur\utl+i,..,Is(' NXIR l+i.t:'St'ill;lllCi..+S i'll' tli,.+ads,.,rt",vd ,.:,.,nlp,.+,unds,,,n i1v ash v,,itli tl'ic usu uf:
II

l lJ ;i .jUlllbc, prt+l',c (~ 2,5 u _;t'.,.+:lmplcland (2) a it+Jigpulsv delay tit+++(120 s or lunger)

lt_ ct+_lllpenstitc l't_r lc+ng rclaxtitit_n tin+les. The' lllt_st successful e×perirnents were those
1

usiii 7 single pulsv e×uitation, t-luv+'vvcr, such +×pcriments take tl considerable am_3unio1'

tillw It> perforlri, 7'lie resulting data, however, should be quantitative, 13C cross-

pularization e×perimenis tire nlt)si successful for those types of compounds having

hydrogens. The experirnents +ire less time consuming. However, the optimum contact

time must be determined lbr each compound.

Because the fly ash contains considerable amounts of paramagnetic impurities, the

observed reson_nces can be broadened and tile chemical shift of the carbon resonance ill-

defined. This will preclude any effort to determine bonding strength for some adsorbed

species. It has been observed, however, that the t3C chemical shift of the phenolic carbon

in pentachlorophenol when adsorbed on coal fly ash, shifted downfield relative to its

position in the "free" solid state, The magnitude of this shift should be directly related

tt_ the bonding strength.

Additional solid-state NMR experiments are needed to properly evaluate the

technique as a means to study directly the adsorption properties of organic hazardous

compounds.
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