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PREPARATION AND.ANALYSIS OF COAL FOR METALS 

By Jim Parker 

Abstract 

Under the Supervision of Dr. David c. Hilderbrand 

The effect of sample preparation on the analysis ·of coal for 

metals is reported. Wet and dry ashing methods were investigated 

for the dissolution of coal samples. Nitric acid was the primary 

oxidizing acid. Sulfuric and perchloric acids were also used 

and their effect on the results is reported. Hydrofluoric acid 

was used ·to dissolve any siliceous material present in the coal. 

Different �cid combinations were investigated for the dissolution:·�· 

.of-· high t_emperature. coal ash- • .<!.··_The effect of· particle· ·size- ·on 

oxidation :was :-also· investigated and: the.results are reported. 

A National Bureau of Standards' coal sample was analyzed. 

The resuits were used to test the accuracy and precision of a 

method under investigation against an established method of 

analysis. 
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STATEMENT OF THE PROBLEM 

At the present time there is a growing national concern 

about the nature and quantity of trace elements that are entering 

the environment. In view of this concern there is a need for 

accurate and reliable analytical methods for the determination 

of essential and toxic ele�nts in a variety of complex matrices. 

One of the pollution spurces is combustion of fossil fuels; more 

specifically, combustion of coal. In 1973, · 590: x: 106 
.. tons•·of 

coal were burned in the United States.l With increased emphasis 

on the use of coal as a primary energy source in the United States 

by the current administration that figure will probably increase . 

in the coming years. 

There are radiochemical methods of analysis available for 

determining concentrations of trace metals in raw coal samples, 

but.wet chemical techniques are still the method of choice in 

many laboratories due to instrumental availability. Gorsuch 

presented a detailed discussion of the problems encountered in 

the destruction of organic material by acid digestion and dry 

ashing techniques,2 but the majority of his sample material was 

cocoa leaves. Coal being an entirely different matrix should 

in addition present different ashing problems. Von Lehmden, 

Jungers, and Lee demonstrated the need for study in this area 

by reporting the results of analysis of twenty-eight elements 

by nine different laboratories of coal, fly ash, fuel oil, and 



gasoline samples.3 Differences of less than an order of magnitude 

were reported for some elements in the coal analysis, but differ-

ences of one and two orders of magnitude were more frequent. 

The purpose of this work is to examine the relationship 

between sample preparation and the analysis of coal samples for 

trace metals. Copper, zinc, sodium, and arsenic were selected 

as representative elements. · It is not the intent of this study 

to develop a new analytical method for the oxidation of raw 

coal samples� Rather it .is· to detemine·· if' the ·wide :-variaxion in 
• . 

\J '•. , , • • • 

reported values of the analysis of coal for trace metals in some 

studies is due to the sample preparation step. 
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LITERATURE SEARCH 

Over 60 different elements have been identified in coal 

samples.4 Included are such environmental toxins as mercury, 

lead, cadmium, arsenic, beryllium, selenium, and nickel. Many 

of these are present in coal only in trace quantities. However, 

when the total amount of coal burned in one location is taken 

into consideration then the potential for environmental damage 

becomes significant. Using the figure of 590 x 106 tons of coal 

burned a year, at 1 part per million a trace element such as 

mercury will produce 590 tons of a potentially dangerous toxin. 

The percentage of mineral matter in coal samples has been re­

ported to be from 9.04% tq 32.26% in coal samples selected from 

various locations across the United States.1 Using 15% as an 

average value, this would amount to approximately 89 x 106 tons 

of mineral matter a year. 

As our dependence on coal as an energy source increases so 

does the importance of research on the conversion of coal to 

liquid and gaseous fuels. One important aspect of this type of 

research is catalysis considerations. Since minerals and trace 

elements in coal can play an important part in catalysis it 'is 

important that characterization of the trace metals in coal 

samples be precise and accurate. 

Neutron activation analysis3'5 and photon activation 

analysis5 have been used in the analysis of coa1 for trace 
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metals. These methods are accurate and require no sample pre­

treatment unless they are necessary for removal of interferents6'7 

or for a possible enrichment step,7 but they are time consuming 

and usually require the use of a nuclear reactor. Spark source 

mass spectroscopy,3,s,9 anodic stripping voltalllllletry,3 atomic 

absorption spectroscopy,3,9,l4,l5 optical emission,3,10 and ion 
1 1 ·" .. selective electrodes.' ·have been used for the analysis of trace 

metals in coal samples. X-ray fluorescence3,12 and isotope di­

lution mass spectrometry13 have been used to analyze both whole 

coal and coal subjected to a pretreatment step. Atomic absorption 

is ofteri·the method of choice in the analysis of trace metals. 

Atomic absorption has the advantage of low cost, high speed, 
small sample size, simplicity�-precision, accuracy, and sensi-

tivity. 

In general, analysis by atomic absorption spectroscopy 

requires digestion of the sample matrix and analysis of the re-

sultant solution. The objective of the ashing step is to oxidize 

any organic matter present in the coal, and to leave the elements 

of interest in solution.· It is essential that the true concen-

trations of the elements of interest are not altered by volatili-

zation< or reagent contamination. Precipitation of insoluble 

species.� inclusion by species not of interest and absorption to 

any glassware or container must be avoided. Numerous ashing 

procedures have been used for solubilization of the mineral con-

tent of coal. Some of these procedures will be reviewedQ 

4 



Combustion bombs are often used to destroy complex sample 

matri.ces. Combustion bombs are closed systems and operate at 

elevated pressures and temperatures. They are quite often used 

when the specie of intere·st is ·extremely volatile. 

Bernas used a specially designed Teflon (DuPont) vessel for 

the decomposition and analysis of silicate rocks.16 The decom-

position vessel has a metal body lined with a teflon crucible. 

A teflon sealing disk fits between the crucible body and a metal 

screw cap. The teflon sealing disk provides an effective means 

of sealing the vessel when the metal cap fit with the sealing 

di�k is ·manually screwed onto the crucible body. The vessel 

measures approximately 51 mm by 58 mm. Bailey used Bernas's. 

method to digest high temperature coal ash for trace analysis 

by solvent extraction and atomic absorption.17 That method was 

modified by Hartstein, Freedman, and Platter to include an 

additional oxidation step.15 The revised procedure used fuming 

nitric acid for destruction of the organic matter and hydrofluoric 

acid for the destruction of the siliceous material• Boric acid 

was used to comple� any fluorine remaining in solution. The 

teflon bomb has the advantage of small sample size (50 mg), 
' . 

freedom from contamination, volatilization, and rapid destruction. 

A similar procedure was used by Ruch et.al to destroy-high a.rid low 

temperature coal ash for atomic absorption analysis.18 _ 

Parr bomb combustion techniques have also been used for the 

destruction of coal samples. Thomas and Gluskoter used benzoic 

5 



acid and sodium hydroxide in a combustion bomb in the determina- . 

tion of fluorine in coal.11 Pollock used a combustion bomb 

containing a dilute nitric acid solution under 24 atmospheres 

of oxygen to analyze coal samples for mercury, fluorine, boron, 

and selenium.14 

Fusion techniques using carbonates, hydroxides, and borates 

of sodium, potassium, and lithium are often used in the dissolu­

tion of raw coal, coal ash, and inorganic siliceous materials.19-23 

lbey require no elaborate equipment and are relatively quick and 

simple. This method of sample dissolution is most often used 

after a preconcentration step such as dry ashing. However, 

fusion techniques may suffer from incomplete attack .. of the sample· 

as wen .. as: limited solubility of some metal ions in the particular 

flux environment. Fusion techniques are most often used in the 

analysis of non-volatile elements, due in. part to the high· temper­

atures ini.rolved" in forming· the melt·.:-_ p Temperatures· required 

for the fusion technique are generally·900°c or greater� The 

fusion step is followed by acid dissolution of the melte 

Electronic low-temperature ashing in an oxygen atmosphere 

has been used to ash coal samples. Samples prepared by low� 

temperature ashing have several advantages over other methods. 

Few elements are volatilized at the temperatures required for 

ashing, and no reagents other than oxygen are used. In this 

technique oxygen is passed through a high energy electromagnetic 
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field produced by a radio-frequency oscillato� (13�56 Mhz). A 

discharge takes place, which produces an activated gas plasma 

consisting of a mixture of atomic and ionic species as well as 

electronically and vibrationally excited states.24 Oxidation 

occurs as the activated oxygen passes over the coal sample. The 
. 

0 temperature is usually less than 150 c. A study of the effect 

of low-temperature ashing on.potentially volatile trace elements 

by Ruch, Gluskoter, and Shimp showed only mercury (up to 90%), 

bromine (100%), and antimony (up to 50%) to be lost during low­

temperature ashing of coal.18 Fluorine was not tested and was 

assumed to be 100% volatilized. Pollock used atomic absorp�ion 

to analyze coal samples for arsenic and antimony afte_r low­

temperature ashi�g.14 

Destruction of an organic matrix can ·also be accomplished 

by wet chemical means. Temperatures are generally lower in wet 

ashing techniques, so volatilization is not a major probleme 

Mercury, osmium, and ruthenium can be lost under oxidizing con-

ditions, selenium under reducing conditions, and arsenic and 

germanium may be lost if chloride ion is present in a wet ash 

procedure.25 There is a greater possibility of sample conta�-

nation from reagents. and handling. Losses from spattering and 

bumping'. when using a wet ash digestion may also occur. 

Nitric acid is often used alone or in combination with 

sulfuric, hydrochloric, perchloric, or hydrofluoric acids. 
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When used in any combination nitric acid is the.primary oxidizing 

agent. When perchloric acid is used in combination with nitric 

acid care must be taken to ensure that the majority of the 

oxidation is completed before the nitric acid is depleted and 

the temperature approaches the boiling point of perchloric acid. 

Oxidation by perchloric acid is rapid and is accompanied by the 

liberation of chlorine and OXygen gas. Fires and/or explosions 

are probable under these conditions. Nitric acid must be used 

with sulfuric or perchloric acid if a temperature greater than 

120° is necessary. Smith discussed the use of different acid 

combinations for the wet oxidation of organic compositions.26, 27 

Spielhotz and Diehl studied the wet oxidation of coal with 

perchloric and periodic acids.28 They have reported that coal 

is smoothly oxidized if the starting acid is 68-69% perchloric. 

When the concentration of perchloric exceeds 70% then an explo­

sion is probable. Hydrofluoric acid is used in combination with 

other acids to dissolve any siliceous material present in coal. 

Hydrofluoric acid can be removed from solution by boiling off 

as an azeotrope with Water,29 or it can be reacted with boric 

acid (H3B03) to form fluoroboric acid (HBF4).16, 30 

Fenton's reagent, which is. 50% hydrogen peroxide and either 

co+2 or Fe+2, is also used in the oxidation of organic matter.31 

Fento�'s reagent acts through an induced chain mechanism involving 

hydroxyl radicals, and produces oxygen and water as by-products� 

8 



Murphy used hydrogen peroxide and sulfuric acid to oxidize coal 

samples for mercury analysis by atomic absorption.
32 

Murphy 

also attempted to use chromium trioxide and potassium permanganate 

as oxidizing agents in his study. 

High temperature dry ashing is mentioned many times in the 

literature as an ashing method prior to coal analysis.
4

'
9,l0,14

,
18 

Temperatures from 400°C to soo0c are used depending on the specie 

of interest. Dry ashing is recorrmended for its simplicity and 

freedom from blank contamination. However, dry ashing is troubled 

by the loss of element by volatilization and retention of the 

element of interest on the ashing crucible. Dry ashing is often 

used as a preconcentration step.
4 A ten fold concentration change 

can be effected for some elements. A large sample is ashed and 

the ash weight calculated. The coal ash is stored and subsamples 

are taken when needed for analysis. 

In general one of two approaches are taken with. the ash 

resulting from a high temperature ashing proceduree It can be 

directly analyzed by one of the techniques mentioned earlier in 

this section, suph as X-ray fluorescence or neutron activation 

analysis. The ash could be subjected to further dissolution and 

solublization by a fusion technique, a bomb technique, or a wet 

chemical treatment. 

A comparison of sample preparation methods has not been 

recorded in the literaturee Several ashing methods have 
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been discussed in this section. Representative techniques_ were 

studied to determine which technique would effect the greatest 

precision and reliability. 
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EXPERIMENTAL 

The experimental section will be discussed in three parts , 

Reagents, Optimization of Analysis, and Proof of  Analysi s .  

REAGENTS 

The reagents used for �his study are described in thi s 

section. 

Coal Sample 

The coal sample was obtained from the South Dakota State 
. 

University power plant. The coal wa s mined in Colorado at the 

Valley Camp Coal Mine . Approximately 2000 g of  sample was ground 

to 20 mesh and oven dried at 110°C to constant weight. The sample 

wa s weighed after 24 and 40 hours of drying. The sample wa s re­

ground and any portion not passing through a standard 60 mesh 

sieve wa s discarded . Later analyses were performed on a portion 

of the 60 mesh coal that was reground so that a l l  particles 

passed through a standard 80 mesh sieve and a t  least 90% pa ssed 

through a standard 100 mesh sieve . The coal sample wa s stored 

in a gla ss  bottle with an air tight screw cap . Each indivi9ual 

sample portion was redried for 1-2 hours at l l0°c prior to 

analysis .  

Zinc Calibration Standard 

Zinc meta l (30 mesh)," Baker Analyzed Reagent, was used to 

11 



prepare standard solutions for atomic absorption analysi s .  The 

zinc was used as provided. A stock solution of  1000 ppm was 

prepared by dissolving 1.0000 g of reagent in 25 ml of 6N 

hydrochloric acid . The solution was diluted to 1.00 1 with 

deionized water and transferred to a polypropylene container. 

Working standards were prepared by dilution from the stock solu­

tion. 

Sodium Calibration Standard 

Sodium nitrate (NaN03),/ Baker Analyzed Reagent, wa s used to 

prepare the standard solutions for atomic absorption analysi s .  

The sodium nitrate was oven dried at 1 10°c for 2 hours prior to .. 

weighing· . A stock solution of 1000 ppm was p��pared by dissolving 

3.6971 g of the reagent and diluting to 1.00 1 with deionized 

water. The solution wa s transferred to a polypropylene con­

tainer . Working standards were prepared by dilution from the 

stock solution.  

Arsenic Calibration Standard 

Arsenous Oxide (As2o3) ,.,. Thorn Smith Chemi st ( 99.98%) , wa s 

used to prepare the standard solutions for arsenic analysi s.. A 

stock solution o f  1000 ppm arsenic was prepared by the fol lowing 

procedure . To 7.4 g of potassium hydroxide dissolved in  90 ml 

of water was added 1.3202 g of arsenous oxide. After dissolution 

of  the arsenous oxide in the hydroxide solution , 260 ml of  water , 

12 
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28 ml of 6N hydrochloric acid , and 21 .96 g of potassium bi carbonate 

were added to the solution. The solution wa s then made to 1.00 1 

with deionized water. 

Copper Ca libration Standard 

Copper metal, A .D . Mackay, Inc .  (99.9%),  was used to prepare 

the standard solutions for atomic absorption a nalysis .  A stock 

solution of  1000 ppm was prepared by di ssolving 1.0000 g of the 

reagent in 25 ml of a 1:1 nitri c acid/water soluti on. The solution 

was diluted to 1.00 1 with deionized water and transferred to a 

polypropylene container. Working standards were prepared by 

dilution from the stock standard . 

Nitric Acid 

Nitric acid (HN03), �DuPont Reagent, wa s gla ss  di stil led for 

initial investigations and doubly distilled for the latter work . 

Hydrochloric Acid 

Hydrochloric acid (HCl ) ,  DuPont Reagent, wa s singly distilled 

for all  uses. 

Perchlori c Acid 

Perchloric acid (HC104-7o%), Allied Chemical ACS Reagent 

grade, was used a s  provided. 

327603 
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Sulfuric Acid 

Sulfuric a cid (H2so4-fuming 15-18% free so3),/Baker Analyzed 

Reagent, wa s used a s  provided. 

Hydrofluoric Acid 

Hydrofluoric acid (HF-49%), Fi sher Scientific Company ACS 

Reagent grade , was used a s  provided. 

Hydrogen Pe'.£.Q.,xide 

Hydrogen peroxide ( 8202-50%), Fi sher Scientific Company 

ACS Reagent grade , was used as  provided. 

Silver Diethyldithiocarbamate-Pyridine Solution 

Si.lver Diethyldi thiocarbamate (AgDOC) ,J Fi sher Scientific 

Company ACS Reagent grade ,  was used a s  provided . The solution 

wa s prepared by dissolving 1. 1600 g of  AgDOC in 250 ml of 

pyridine. The pyridine was J.T. Baker Chemi cal Company purified 

grade , and was dried over anhydrous barium oxide and used without 

further purification. 

Water 

Initial investi gations and arsenic analysi s by AgDrx:; used 

water treated by a Bantam mixed bed demineral izer. Later 

experiments used tap disti lled water that had been redi sti lled 

in  glass  vessel s .  After distillation the water was stored i n  a 

5 gallon polyethylene container . 

14 



Methods Used to Clean Glas� 

Volumetric flasks ,  caps ,  and pipettes were rinsed thoroughly 

at lea st one time with 3N hydrochloric acid a nd then three 

times with gla s s  di stilled water. The 100 ml Kjeldahl fla sk s ,  

100 ml teflon beakers , and 150 ml pyrex beakers were subjected 

to boiling hydrochloric acid for at least Q minutes and then 

rinsed three times vdth glass distilled water prior to use . 

I f  more vigorous cleaning with chromic acid was necessary then 

15 

it wa s always followed with a t  lea st one rinse with 3N hydrochloric 

acid and three rinses with distilled water. I n  addition to the 

a cid treatment the a shing crucibles were heated to 900°C for at 

lea st 1 hour prior to use . 



OPTIMIZATION OF ANALYSIS 

A series of a shing procedures were investigated to determine 

the method of  sample preparation which would yield the best 

accuracy and precision. 

Ashing of SaffiPles 

Sul furic ,  nitric ,  hydrochloric ,  perchloric, and phosphoric 

acids were tested a s  oxidizing agents. The efficiency o f  nitric 

a cid and sul furic acid a s  oxidizers was tested a lone and in 

selected combinations with the other acids, and the results com­

pared. The wet a shing was performed in either 150 ml beakers 

or 100 ml Kjeldahl fla sks. Nitric acid was the primary oxidizing 

agent in all  wet acid digestions. The digestions were carried 

out at minimum practical heating rates through the nitric acid 

phase. The heating rate was increased after the digestion 

reached the boiling point of  perchloric acid and the majority 

of the oxidation was completed . If perchlorlc a cid was the 

highest boiling a cid in the digestion then the. digestion was 

taken to within 0.5 ml of  dryness. I f  sul furic a cid wa s present 

then the heating rate was taken to the highest setting for at 

lea st 10 minutes after the appearance of white fumes . Hydro­

fluoric acid was used for the di ssolution of  any sil i ceous 

material. The hydrofluoric acid work wa s carried· out i n  either 

250 ml Nalgene fla sks  or 100 ml Teflon beakers .  

16 



Dry a shing was performed in muffle furnaces capable o f  

temperature control . Ashing temperatures were varied between 

300°c and 700°c. The samples were a shed for a t  lea st 16 hours , 

in uncovered porcelain crucibles from Coors Industries . Hydro­

chloric, nitric, perchloric, and hydrofluoric acids were used 

for further dis solution of the sample . The a sh wa s transferred 

17 

to either 150 ml beakers or to the teflon beakers i f  hydrofluoric 

acid was used i n  the acid dissolution step. The crucibles were 

rinsed with distilled water and the appropriate acid with mild 

heat. The rinse solutions were transferred to the beakers 

containing the coal a sh. The beakers were heated and the contents 

taken to .incipient dryness .  The residue wa s put back i nto solu­

tion with di stilled water and 1 ml of 6 N  hydrochloric acid a nd 

then transferred to volumetric fla sks.  Acid volumes were adjusted 

to provide the minimum practical volume. 

Ash Weights 

Ash weights were determined to test the effect of grinding 

and particle size on oxidation. Sixty and one hundred mesh 

samples were dry a shed at temperatures from 450°C to 700°C. The 

percentage of  a sh remaining was computed . Sixty mesh samples 

a shed at  525°c were transferred to 150 ml beakers. The crucibles 

were rinsed three times (5 ml each time ) with 6N hydrochloric 

acid and distilled water. The rinsings were transferred to the 

beakers containing the coal a sh.  The beakers were heated and 



the contents taken to incipient dryness .  Distilled water and 

1 ml 6 N  hydrochloric a cid were added to each beaker to put any 

soluble materia l  ba ck into solution. The residue was filtered , 

weighed, and additional  weight loss wa s calculated. Selected 

samples were rea shed overnight at 550°c and additional weight 

loss was calculated . A similar analysi s wa s performed on a set 

of wet a shed samples .  

Sample Blanks 

Sample blanks were used to measure the contamination from 

reagents and gla ssware. The sample blanks were treated exactly 

the same a s  the sample s .  To find the source of blank contamina­

tion , reagents were diluted and analyzed . The rea gents were 

analyzed at  all  steps of  the oxidatio n  process .  The efficiency 

of  the washing step was investigated . Volumetric glassware wa s 

· washed with either 3N hydrochloric acid , Alconox, or cleaning 

solution and rinsed three times with distilled water. The volu­

metric flasks were diluted to the mark with di stilled water and 

shaken. The contents were analyzed for contamination a nd the 

results compared . 

Temperature Gradient 

The possibility that a temperature gradient i n  the muffle 

furnace was great enough to cause significant error was i nves­

tigated . Samples were a shed at extreme ends of the furnace and 
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the percentage of  a sh remaining was calculated . The samples 

were then treated with hydrochloric, nitric, and hydrofluoric 

acids . The samples  were analyzed for zinc and arsenic , and the 

results compared . 

Hydrogen Peroxide Digestions 

Digestion of  coal sample� with 50% hydrogen peroxide and 

Fenton's reagent was investigated under varying conditions .  

First , 5 ml of  50% hydrogen peroxide was added to 1.00 g samples 

in 150 ml beakers . The beakers were placed in a water bath 

and the _temperature. wa s taken to 35°C .  Since hydrogen peroxide 

is more efficient as an oxidant in alkaline ·solution, additional 

1 .00 g samples were added to 5 ml of  hydrogen peroxide and 15 ml 

of pH 8 phospha te buffer. 'fl:le buffered samples were a l so temper­

ature controlled .  The use of Fenton's ieagent (cot2 ) wa s studied 

at pH 8-13 . One g of  sample wa s added to 150 ml beakers wi th 

10 ml of 50% hydrogen peroxide , 10 ml of the appropriate buffer, · 
+2 and 5 ml of o.2M Co • The effect of  the concentra tion of  Co+2 

on the digestion procedure wa s studied . The effect of  variation 

of the amount of 0.2M Cot2 added to 1 .00 g samples buffered a t  

pH 9 was determined . 
+2 . 

. 

Fenton's reagent using Fe was compared 

to the reagent using Co-t2 
• .  _Samples buffered at pH 8 a nd 9 were 

. t2 +2 tested with 5 ml and 10 ml of  0.2M. Co · · and Fe • A single 

sample buffered a t  pH 12 was also studied� Fenton's rea gent 
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was al so used to treat coal a sh from a dry a sh procedure .  One gram 



samples were dry ashed overnight at 500°c. The ash was trans-

ferred to 150 ml beakers and 15 ml pH 9 buffer, 5 ml hydrogen 

peroxide, and 3 ml 0.2M; Fe+2 were added to the coal ash. The 

samples treated with Fenton's reagent were analyzed by atomic 

absorption. 

Arsenic Analysis by AgD:CC 

Arsenic can be determined colorimetrically by complexation 

with AgDrx:; in pyridine.33 Arsenic is reduced to the 3+ oxidation 

state by potassium iodide in an acidic solution. Stannous 

chloride is added to the reaction mixture to reduce iodine back 

to the iodide ion. Arsine (AsH3) is formed by reaction with 

hydrogen generated due to addition of zinc to the acidic solution. 

The heat of reaction causes the arsine gas to be volatilized 

from solution. Sulfides and other contaminants are removed from 

the arsine when the gas passes through a plug of glass wool im­

pregnated with lead acetate. The arsine then passes through a 

fritted glass disc and is complexed by the AgDIX; in the pyr·��ine: 

about the frit. The apparatus used for collection of the vola-

tilized arsine shown in Figure 1 is a Gutzeit generator. 1be 

arsenic complex absorbance can be measured at 535 nm in the 

visible spectrum. 

Initial experiments were performed to establish the standard 

curve. Standards were prepared by adding O, 1, 2, 5, and 10 ml 

of a 1 ppm arsenic solution to 10 ml of 6N hydrochloric acid in 
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Figure 1 

GU'IZEIT GE NE RATOR 
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250 ml erl enmeyer flask s .  Added to thi s solution  wa s 2 ml of  

15% pota ssium iodide solution. The contents of  the fla sk were 

mixed and a l lowed to stand for 15 minutes to a l low  reduction of 

a ny A s (V) to As ( III ) . After standi ng 9 drops o f  34% sta nnous  

chloride were added to  the solution wi th stirring. The gla ss 

wool-l ead  aceta te scrubber wa s  positioned in the Gutzeit tube 
· -

and 4 ml of the AgDix;-pyridine soluti on wa s pipetted into the 

tube. Three grams o f  zinc were quickly added to the erl enmeyer 

flask , a nd the generator was then immediately capped with the 

Gutzeit tube . 1be rea ction wa s a ll owed to run fo r a t  l ea st 30 

mi nutes � A portion of  the pyridi ne solution wa s then removed for 

mea surement . This procedure wa s repea ted several times to 

establi sh co nsta nt values for the sta ndard curve. 

The absorbance readings used to construct the sta ndard 

curves were taken from either a Bausch a nd Lomb Spectroni c  20 

Spectrophotometer or a Beckma n DB-G Spectrophotometer.  The 

results obtained from the two instruments were compared . 

The appropria te chemical conditions for trea tment o f  coal 

a sh from a dry a shi ng step were studied .  Hydrochl oric a c id was 

used a lone i n  combination with nitric acid a nd hydrofluoric a c id 

i n  thi s trea tment step .  To test for possibl e i nterference from 

the presence o f  nitric acid , a sampl e was trea ted with a mmonium 
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oxa late a nd a na lyzed for arsenic . To test the effect o f  solution 

volume on precis i m,  sta nG!ards were devel oped with vary'ing solution 



volume in  the generator . The standards were a na lyzed and the 

results compared. A compari son was a l so made of  the results 

from standards developed using mossy zinc and 20 mesh zinc . The 

amount of  1 5% potassium iodide solution added to the generator 

wa s varied from 5 to 1 5  ml and its effect on sta ndard curves 

evaluated. 

Ana l ysi s of .samples 

After a shing, the sa mples ·were·tra nsferre� to·appropriate 
- .t • � 

size volumetric fla sks and made to volume. Sample s  were diluted 

when necessary and standards were prepared to cover the appropri -

a te sample concentration range .� The standards were made a cidi c  

with 6 N  hydrochl ori c a cid . Excess  pota ssium wa s a dded to samples 

and standards for sodium a nalysi s .  The pota ssium wa s added a s  

an  ioniza tion suppressant. Potassium i s  ionized more ea sily than  

sodium i n  the flame . I onization of potassium provides an  excess 

of electrons whi ch i nhibit the ioniza tion of sodi um pre sent i n  

the flame . 34 Ni ckel ion wa s used to modi fy the sampl e matrix 

for selected arseni c analyses. Arsenic is known to form stable  

compounds wi th nicke1 . 35 Addition of ni ckel to the matri x allows 

a signi fi cantly hi gher charring temperature to be used wi thout 

loss of arseni c  prior to the a tomization step. The higher 

charring tempera ture aids in further ashing of the sample and 

reduces possibl e  interference effects by vola ti l i za tion. The 

flame analyses de scribed in  this section were performed on a 
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Jarrel l-Aslf model 82-516 Atomi c Absorption/Flame Emi ssi o n  Spec ­

trophotometer using a total consumption  burner and a n  a ir-H2 

flame. The readout was recorded on a Sargent-Wel ch model XKR 

strip chart recorder. The flamel ess a na lyses were performed.on  

a P erkin-Elmer model 503 Atomic Absorptio n  Spectropho tometer 

with a Perkin-Elmer HGA 2100 graphi te furnace  and d euterium a �c 

ba ckground corrector . 

The light source for sodium ana lysis wa s a Jarrel l -A sh 

Sodium-Pota ssium Hol l ow Ca thode Tube operated a t  a current o f  

25mA. The l i ne a t  �89 . 0  wa s sel ected a s  the analytical line. 

Standards run with the sodium a nalyses were made  to O, 0.2, 0.4, 

1 ,  2, and . ·4 ppm from the stock standard . The air-H2 flame wa s 

24 

a l ean ,  blu e, o xidizing flame. The temperature produced by this 

type of  flame i s  approximately 2000°c. The light source for zinc 

ana lysi s wa s a Jarrel l -Ash Zinc Hol low  Cathode Tube operated at  

l BmA . The line a t  21 3. 9nm wa s sel ect'ed a s  the a na lytical  l ine. 

The standard run vii.th zi nc a na lyses were made to O, O.l , 0.5, and 

1 ppm. The flame wa s a l so made slightly l ea n  and o xidi zing .  

Copper a nalysi s used a Perkin-Elmer I ntensitron Copper Hol l ow 

Cat11ode Lamp. The current wa s limited to approximately 8mA. · A 

higher current would exceed the capacity of  the d euterium arc 

background corrector . The l ine a t  324.7 nm wa s  s el ected a s  the 

a nalytical l i ne. The drying , charring, and a tomiz i ng temperatures 

were 100°c, 900°c, a nd 2100°c respectively. The drying cycl e 



wa s set a t  i5 s econds  per 1 0  ul of  i nj ection.  The sample wa s 

charred for 20 s econds  and ato mized for 7.5 second s .  Standard 

values of  o ,  0 . 3, 0 . 6 ,  and 1 ng were obtained by i nj ection  of  50 

ul of  0 ppm solution,  1 0  ul o f  0 . 03 ppm soluti on, 20 ul  o f  0 .03 

ppm solution,  a nd 10 ul of O. l ppm solution.  The light source 

for arseni c ana lysi s was a Perk1n-Elmer El ectrodel ess Di scharge 
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Lamp operated a t  8 watts.  The li ne at 193.7 nm wa s s el ect ed a s:the 

a nalytica l l ine. The i nstrumental conditions for arseni c were 

the same as tho se for copper with the exception of  the charring 

temperature whi ch wa s l OOo0c. Standard values for arsenic ana lysi s 

were the same a s  those used i n  the copper ana lysi s .  

Sampl e concentrations were determined fro m  s ta ndard curves 

made from the sta ndards run wi th ea ch a nalysi s .  Absorbance values 

were plotted a gainst ppm fo r fla me analysis a nd a ga i nst ng for 

flamel ess ana lysi s .  Typica l curves are shown in  F igures 2 and 3. 

These ca l cula tions were used to fi nd final sampl e concentratio n  

i n  ppm: 

for fla me: 

ppm (sa mpl e) = ppm (from gra ph)* x di lution factor x origi nal volu me 
sampl e weight 

for flamel ess:  

ppm ( sampl e) ::. l 
· �olume 

ng x 

�
* 

injecte 
di lution fa ctor x priginal volume 

sample wei ght 

* corrected for blank conta �ination by subtractio n� 
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P ROOF OF ANALYSIS 

A serie s  of sample s  were treated by several d ifferent 

a shing methods under optimum condi tions. The samples  were 

a na lyzed a nd the results used to prove whi ch method woul d  yield 

the best a ccura cy a nd preci s ion. 

Ashing of Sampl e s  

Sample s  were wet a shed by the fol lowing a cid combinations:  

1 )  30 ml nitri c a cid a nd 1 5  ml o f  a n  a cid mixture co nsi sting 

of nitric, perchlori c, a nd sulfuri c a cids in a ra tio o f  

5:2:1 . 

2) 30 ml ni tri c  a cid , 15  ml of  the same a cid mixture , a nd 5 ml 

hydrofluoric a cid . 

3) 45 ml ni tric a cid and 3 ml of  perchloric a cid . 
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All  d igestions were performed i n  1 00 ml Kj eldahl fla sk s .  After 

digestion  the sample s  not trea ted with hydrofluori c a cid  were 

fil tered through Schlei cher and Schue ll no. 589 a na lyti cal filter 

paper . The hydrofluoric a cid trea tment wa s carried out in 1 00 ml 

teflon beakers .  The contents of the beaker were taken to incipient 

dryness .  The residue was put ba ck into solutio n  with d istil led 

water a nd 1 ml 6N hydro chloric a cid . No fil tering wa s nece s sary. 

The wet a shed samples  were diluted to 50 ml in volumetric fla sks.  

Additiona l  samples were dry a shed , uncovered at 450°c for a t  

lea st 1 6  hours . The resul ting coal a sh wa s treated two ways .  



I n  the first case , the coal a sh was tra nsferred to 150 ml beakers. 

The crucibl e s  were rinsed three times (5 ml ea ch rinse ) with 6N 

hydrochloric a cid and with mild heating between ea ch ri nse . The 

coal a sh and rinsings were heated in  the 15 0 ml beakers a nd then 

fil tered through Schleicher and Schuell no . 589 a na lyti ca l  

fil tered paper . I n  the second ca se , the coa l a sh wa s a dded to 

100 ml teflon beakers . The crucibles  were ri nsed i n  a simi lar 

ma nner with 5 ml hydrochloric acid and 5 ml nitric a cid. The 

teflon beakers were heated until approximately 0.5 ml o f  solution 

remained . The residue wa s  diluted with di sti l l ed wa ter a nd 

transferred wi thout fil tering to 50 ml volumetric fla sk s .  Sample 

blank s  were carried through each analysi s. 

Anal ysi s of  Sampl es 

The sampl es were ana lyzed for zinc ,  copper , a nd sodium by 

flame a tomi c a bsorption,  and for copper by the furna ce technique. 

The zinc and copper analyses in the flame used undiluted sample s .  

Sodium analyzed usi ng flame a tomization and copper a na l yzed by 

the flameless  technique used samples  diluted appropria telyo The 

diluted samples  were made to approximately 2000 ppm pota ssium
. 

for sodium a nalys ese The flame analys es in  thi s section were 

performed on a Perkin-Elmer model 303 with a singl e slo t  premix 

burner a nd a n air-acetyl ene flameo The air-a cetylene flame 

opara tes a t  a temperature of  approximately 2300°C. The flame 

was  made sli ghtly oxidizing for all  three el ements .  The sodium 
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a nalyses used s tandard s  made at  o, 0 . 3, 1 ,  2, a nd 3 ppm di luted 

from a s tock solution.  The sodium standards were made to 2000 

ppm pota ssium. The zinc and copper analyses used standards made 

to O, 0.1 , 0. 5 ,  and 1 ppm from a sto ck solution. A Perkin-Elmer 

si gnal avera ging unit wa s used to readout the a bsorba nce . The 

deta i l s  for flameless  a nalyses ,  standard solutions ,  bla nk s ,  and 

calcula tions were di scussed i n  the previous section  on  a na lysi s 

o f  sample s . 

The resul ts from these analyses were subjected, to· sta ti stical  

a na lysi s .  Mean a nd standard deviations were computed for ea ch 

a shi ng procedure . The t-test a s  described by Lai ti ne n  and Harri s 

wa s u sed to test  any di fference between mean values  for copper 

d • 1 f . 1 t• 36 an  zinc ana yses rom varying samp e prepara ions. The t-test 

wa s a l so used to test  for any di fference between the a nalysi s of  
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copper using flame and furna ce techniques. The F-test  a s  de scribed 

by Barnett wa s used to show probable source of :· deviatiqn, i n  ·tl)� . � 

d . 1 • - 37 so i u m  a na ysi s .  

Seventy- five grams o f  National  Bureau o f  Standards ' Sta ndard 

Reference Ma teria l  no . 1632 wa s obtained for ana lysi s .  Portions 

o f  the sample were dried for at  least 1 hour, dry a shed a t  450°c 

for a t  l ea st 16 hours,  a nd treated wi th hydrochlori c ,  ni tri c ,  and 

hydro fluoric a cids . Sample size and diluti ons were adj usted to 

al low a na lysi s  in the optimum concentration range . The samples  

were a nalyzed a nd compared wi th the values certified by NBS � 



RESULTS AND DISCUSSION 

The re sul ts o f  experiments presented in the previous  

sections are discussed here . The a shing procedures i nve s ti ga ted 

i n  thi s study are a l so di scussed. The experiments used to 

optimi ze co ndi tions ,  and the re sul ta nt analyses o f  sample s  are 

pre sented . A sta ti stical a na lysi s of the experiment di s cu s sed 

in  the previous section, Proo f  of  Analysi s ,  i s  pre se nted here . 

Al so di scussed i s  the analysi s of  a Natio nal Burea u  o f Sta ndards'  

Sta ndard Re ference Materia l .  

Obs erva tio ns on the Ashin 

Sul furi c ,  nitri c ,  hydrochloric ,  perchl ori c ,  a nd pho sphori c · 
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a cids  were te sted alone and in selected combi na ti o n s  for o xidizi ng 

a bi l i ty .  The fol l owi ng acid combi na tions a nd a shi ng cond i ti o ns 

were found to be o f  l i ttl e pra cti ca l value for a we t oxida ti o n  

a nd were not used again.  Diluted a cids exhibi ted l i ttle oxidi zing 

a bi l i ty a nd bumped ex c e s sive l y e  Hydro chl ori c a cid  showed no 

particular adva ntage when used i n  combi na tio n  vrl. th ni tri c a cid . 

Sul furic a cid  used a lone produced some charri ng a nd bumpi ng a nd 

l e ft a tar-li.ke re si due . Phosphoric a cid reduced the amou nt o f  

tar-l ike re s idue when used with sulfuric acid ,  but d i d  no t 

elimi na te the charring a nd bumping problems. Tempera ture s below 

the boi l i ng poi nt o f  nitric a cid were found to be impra cti ca l .­

Nitri c a cid hea ted to i t ' s boi ling point wa s f ound to be 

/ 
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the most effe ctive oxidi zing agent. Perchlori c a cid  a nd sui furic 

a cid were found to be the most effective in  oxidatio n  o f  parti�les  

not a ffected by nitric acid . Approximately 45 ml  of  nitri c a cid 

wa s found to be adequate for the prelimi nary oxidation of one 

gram o f  coa l .  I f  the sample wa s heated too rapidly , then some 

of the nitri c a cid wa s di stilled off a nd wa s not reduced o Addi­

tional  ni tri c a cid would have to be added prior to the perchloric 

a cid pha se . I t  wa s found that 3 ml of  perchlori c a cid wa s 

suffi cient for completi ng the oxidation step. When perchloric 

a cid wa s  used i n  a mixture without sul furic a cid  the n  the pro­

cedure Wa s taken through the boiling poi nt of the perchlori c 

a cid . After the frothi ng a nd bubbli ng typical o f  a perchloric 

a cid digestion subsided the boiling rate wa s increa sed a nd the 

contents of the a shi ng vessel were taken to 0.5 ml o f  drynes s .  

I f  the temperature wa s raised too qui ckly a nd the contents taken 

to drynes s  then a fire would usually result.  The resultant  

re sidue wa s di ffi cult to  put i nto solution a nd was disca rded i f 

a fire o.ccurred. Gorsuch cautioned aga ins•t · the
. 
use of sulfurit 

a cid with sample s  containing a high l evel of  cal cium .2 Low re­

coveries due to adsorption on or co-precipitation  with a precipita te 

of cal cium sul fate may occur. However,  the presence o f  sul furic 

a cid i n  the a cid mixture simplifies the wet a shing procedure .  

With the higher boi ling sul furi c a cid present the perchlori c 

a cid ca n be completely distilled away at  low heat.  This grea tly 



reduces th� probability of  a fire . After the appeara nce o f  

white fumes the solution can be boiled a t  high hea t for a t  l ea st 

10 minute s to e ffect some reduction in volume . After cooling , . 

approxima tely 25 ml of di stilled water should be added to the 

residue a nd the mixture reheated . Thi s helps to solublize  a ny 

included or adsorbed species .  
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Vessel s used for wet oxidation were 1 50 ml beakers a nd 100 ml 

Kj eldahl fla sks.  I nitial investigations used the beakers , whi ch 

were found to be una cceptable for quanti tative work a nd were 

repla ced by the Kj eldahl fla sks .  The beakers were subj ect  to 

loss  of - sample by bumping a nd spattering. Foaming o f  the sample  

wa s harder ,to control in  a beaker . Consequently,  if  wa tch glass · 

covers were used there wa s a possibility of  sample loss when the 

foaming rea ched the watch gla ss cover. Foami ng duri ng the first 

20-25 minutes of a shing required some control.  Whe n  the foaming 

bega n to ri se up the neck of the fla sk then the fla sk wa s removed 

from the Kj eldahl ra ck and cooled i n  a beaker o f  wa ter . This 

wa s repeated until the foaming subsided a nd the sample could be 

held at the boiling point of nitri c a cid. 

Bumping wa s a problem when the majority o f  the coal particles 

were reduced in size  by oxidation. Bumping o ccurred more fre­

quently when  the a shing process  wa s interrupted a nd restarted 

a fter cooling to room temperature . Bumping was minimized with 

the addition of 3-4 boiling chips . 
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Hydrofluoric a cid wa s  used to di ssolve any si l iceous 

materia l  present in the coal samples . Neutralization  of remaining 

hydrofluori c acid with base wa s ·  attempted and found to be ineffi-

cient.  I n  subsequent experiments excessive hydrofluoric a cid wa s 

removed from solution by volatili zation at 113°C a s  an  azeotrope 

with wa ter ( 38 . 26% HF ) . The volume of  hydrofluori c a cid added 

was varied from 0 . 5  ml to 7 ml . Studies on the wei ght of  re sidue 

remaining from hydrofluori c acid digestions showed 2 ml to be the 

minimum volume needed for the hydrofluori c aci d  treatment. However, 

some i solated digestions left a fine whi te precipita te when 2 ml 

o f  hydrofluori c a cid wa s used . Some workers report the use  o f  

boric a cid t o  di ssolve any i nsoluble meta l fluorides resu l ting 

f h d fl · ac1" d  d .  t•  29 , 30 Th p e c · p · t t rom a y ro uor1 c 1ges -1 onu e r 1 1 a e wa s 

not identi fied , but was not a probl em when 5 ml o f  hydrofluoric 

a cid wa s  added indi cating tha t the precipitate was not a fluoride· 

sal t. 

Hydro chlori c ,  ni tri c ,  hydro fl uori c ,  a nd perchl ori c a ci d s  

were used to trea t the residue from a dry a sh pro cedure . Hydro-

chloric a cid wa s compared to perchloric acid for treatment of  

coa l a sh .  Dupli ca te samples treated with each a ci d  were a nalyzed 

for zinc ,  copper , sodium, and arseni c .  The results  are shown in 

Table 1 .  The concentration va lues are reported i n  ppm. The resul ts 

did not show one a cid to have an  adva nta ge over the other . There 

were no blank problems with either a cid. In  subsequent a shings 
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Table 1 

ACID TREATMENT OF HIGH;..TEMPERATURE COAL. ASH 

1 5  ml 6N HCl (PPM) 1 ml HC104 (PPM ) 

Sodium 1140 1230 
1120 1160 

Copper 15 19  
14 1 5  

Zinc 14 14 
12 11 

Arsenic 14 6 
12 6 



hydrochloric a cid was used due to safety considera tio ns and the 

l ower temperature needed for the e ffective use of  hydrochlori c 

a cid.  

A combination of  nitri c ,  hydrochlori c ,  and hydrofluoric 

a cids wa s found to be an  effective combi nation for complete dis-

solution of  high temperature coal a sh.  Nitric a cid  wa s present 

to provide  a specie with a higher boi l i ng poi nt tha n  the water� 

hydro fluori c a cid a zeotrope. Hydrochlori c acid contributed l ess 

blank contamina tion than nitric acid , so 5 ml of ea ch a cid  was 

used rather tha n 1 0  ml of  ni tri c a cid. 

Temperatures in the muffle furnace were vari ed from 30o0c 
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to 100°c .  Samples  were a shed for at  l ea st 16 hours .  Cal culations 

were made on the percentage of  ash remai ning a fter overni ght 

0 0 
a shing o f  samples  a t  temper� ture s o f  300 C and 400 C. The va lues 

from dry a shings at  temperatures less  tha n 450°C were inconsi stent 

a nd showed only partial oxidation of the coal  sample .  I t  wa s re­

ported i n  the l i tera ture tha t a tempera ture o f  450°C wa s u sed for 

high temperature dry · a shing of coal with minimum problems o f  

volatili zation.18 On the basis o f  thi s informatio n  dry a shings 

were carried out a t  450°c throughout the remainder o f  thi s study. 

Ash Weights 

Ash wei ghts were determined to test the effect o f  grinding 

a nd parti cle si ze on a shi ng . Samples  ground to 60  mesh were dry 

a shed at  525°c and 100
°c in  the muffle furna ce. The weight l oss 

-.... . . • -_/ 



wa s c ompu ted a nd the percenta ge of sample a s  a sh wa s ca l cula ted . 

The sample s  a shed a t  525°C ha d a n  avera ge a sh wei ght o f  7.24% with 

a ra nge i n  va lue s  of 6.30% to 9.25%. The sample s  a shed a t  100°c 

had a n  avera ge a sh wei ght o f  7.98% with a ra nge i n  va lue s o f  7.58% 

to 8.34%. The samples a shed a t  525°C were trea ted wi th hydro ­

chl ori c a cid . The re s idue wa s fi ltered , dried , a nd wei ghed . The 

residue had a n  avera ge va lue o f  4.16% with a ra nge i n  va l ue s  o f  

3.42% to 5.12%. The re sidue from a wet a sh procedure wa s a l so 

fi l tered , dried , and wei ghed . The wet a sh re sidue had a n  avera ge 

va lue o f  4.58% wi th a range i n  va lues o f  4.06% to 5.32%. Selected 

sample s  from the we t and dry a shings were rea shed overni gh t  a t  

550°c. N o  addi ti ona l wei ght l o s s  wa s found . The l arge vari a ti on 

i n  a sh wei ghts suggested tha t the sample wa s not ground to a smal l  

enough me sh . I f  the re sidue consi sted i n  part o f  o ne or more o f  

the species o f  intere st then i nconsi sta nt parti cle size would 

l ead to a si gni fi cant source o f  error . A portion of the 60 me sh 

coal sample was regro und in a n  attempt to improve the homogene i ty 

o f  parti cle size . The sample wa s ground so tha t a l l  pie c e s  would 

pa s s through a s ta ndard 80 me sh sieve a nd a t  lea s t  90% through 

a sta ndard 1 00 me sh sieve .  A de termination o f  the percenta ge o f  

a sh i n  the 1 00 me sh coa l wa s ma de 5 Samples were a shed overni ght 

at 450°c. The a sh had an avera ge va lue of 1 0�19% wi th a range 

o f  va l ue s  from 1 0.1 5% to 1 0.24%. Thi s data i ndi ca ted tha t the · 

addi tio na l gri ndi ng ha d been su ffi cient. 
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Sampl e Blanks  

Sample bla nks  were run with ea ch a na lysi s to  determine the 

amount of  contaminati o n  from reagents , gla ssware, and handling . 

To find the source o f  blank contaminati o n  reagents were analyzed 

a t  a l l  stages o f  the a shi ng· process. Particular a ttention was 

paid to the way i n  which glassware wa s ha ndl ed .  I ni tia l bla nk 

investiga tions showed nitric a cid to be contami nated with zi nc 
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a nd copper. The hydrochlori c a cid wa s co ntami nated with signifi ­

cant level s  o f  zinc a nd sodium. Sul furic acid wa s found to co ntain  

high l evel s  o f  sodium a nd zinc. The hydrofluoric a cid  wa s con­

tamina ted with arseni c  and copper. Sig ni ficant l evel s  of sodium 

were found i n  the dei onized water. Nitric acid , hydrochloric acid , 

a nd tap di sti l l ed water were di stilled i n  a gla ss a pparatus . Thi s 

reduced contaminati on i n  these reagents to a co nsta nt l evel . The 

nitri c a cid wa s later redi stilled for use i n  some experiments. 

The sul furic a cid  wa s replaced with reagent grade sul furi c a cid. 

Nothi ng wa s d o ne to puri fy the perchl ori c a nd hydrofl uori c a c id s . 

Their contributio n  to the blank conta minatio n  wa s constant and 

not excessive. Additio nal  experiments were performed to test 

for the possibi li ty of contami nation  from the a shi ng crucibl es 

a nd beak ers . The reagents were isolated and a na lyzed for zinc 

a t  a l l  points o f  a dry ashing procedure. The results showed no 

signi fi ca nt co ntamination from the a shing crucibles  or Teflon 

beakers .  There wa s  a consistent l evel of zi nc in  the nitri c acid . 

�. . . . : . 



There wa s no detectable  zinc contamination in the hydrochl ori c  

a cid . The most probable source of  ra ndom error wa s attributed · 

to handling of  the a shing crucibles . 

An experiment wa s carried out to test the possibi l i ty tha t 

a parti cular wa shi ng might be contri buting to random bla nk con­

tami nation s Vol umetric fla sk.s  were washed with either 6N hydro­

chloric a cid , A l conox, or cleaning solution. · After wa shi ng, each 

volumetri c fla sk wa s rinsed three times with di sti lled water, 

diluted to the mark , and shaken.  The contents were a na lyzed for 

copper , zinc , and sodium. The resul ts showed e fficiency of the 

two a cid wa shes to be compara ble .  The A lconox wa sh showed con­

sistently higher l evel s  for a l l  three meta l s .  The a na lyses  were 

a l so less  consi stent than for the acid wa shes . The hydrochloric 

a cid wa sh wa s picked over the chromic acid wa sh for subsequent 

experiments . Hydrochloric a cid i s  less  subject  to contaminati on 

a nd does not require the cauti on necessary for ha ndl i ng chromi c 

a cid . 

The possi bi l i ty of contamination from boiling chips wa s a l so 

studi ed .  Boil i ng chips were subjected to boil ing 6N hydrochlori c 

a cid for 5 minutes and then wa shed three times with disti l led 

water . 1be contents of  volumetric fla sks exposed to varying 

numbers o f  boiling chips were ana lyzed for copper, zinc ,  a nd 

sodium.  The resul ts showed no contamination from the use of  

boiling chips . 
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Tempera ture · Gradi ent 

An experiment wa s arried out to determi ne whether or not 

a temperature gradi ent exi sted in  the muffle furna ce grea t enough 

to cause signi fi cant error. Two sets of  samples  were dry a shed 

on di fferent days at 450°C for 16 hours . Sample s  i n  ea ch set 

were a shed at extreme ends of  the furna ce . Ash wei ghts were 

determined for one set o f  samples and the percenta ge o f  sampl e 

a s  a sh wa s cal culated . The four sample s  a shed a t  the rear of  

the furna ce had a n  average a sh content of  10 . 17% wi th a ra nge in 

va lues of 10. 1 1% to 10.24%. The four samples a shed a t  the front 

of the furna ce had an avera ge content of 10.21% wi th a range i n  

va lues of  10 . la� to 10.26%. The a sh from both sets o f  sampl es 

were trea ted wi th ni tri c ,  hydrochl ori c and hydrofluori c a cids .  

The sampl e s  were a nalyzed for zinc and arseni c .  Sodium and copper 

a na lyses were not i ncluded due to their l ow volati l i ty . The 

resul ts o f  the a na lyse s are shown in Table 2 . Concentra tion 

va lue s are g i v e n  i n  ppm. Ba sed on the ana lyse s o f  these  samp l e s  

the preci sion o f  a dry a shing procedure i s  not a ffected by a ny 

tempera ture gra dient present in the muffl e furna ce . 

Observations on the Use of  Hydrogen Peroxide and Fenton ' s  Reagent 

Hydrogen peroxide and Fenton ' s  rea gent were i nve sti gated for 

use a s  oxidi zing a gents . Coa l samples  were treated ·wi th 50% 

hydrogen peroxide in  buffered and unbuffered solutions . Attempts 

at ra i si ng the solution tempera ture a bove 35°C caused the solution 

40 
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Table 2 

TEMPERATIJRE GRADIENT 

Zi,nc (PPM) Ars�i,ci (PPM) -: 

Set no . 1 
front 1 5 , 16 , 17 , 16 . 12, 1 0, 11 , 9 
rear 16 ,  16 , 17  11 , 11 , 1 1  

Set no . 2 
front 16, 1 5, 1 5, 16 8,  B ,  12 
rear 17, 16 ,  17 , 16 11 , 9 , 9 , 9 

Average 
front 16 1 0  
rear 16 1 0  

-- ·  . .  ' -.; 



to bubble excessively.  The l ow tempera ture required to keep the 

solution in the beaker prevented the use of thi s oxidation method 

for raw coal samples.  

The use o f  Fenton' s reagent using cot2 a s  a n  oxidizing agent 

wa s i nvestiga ted at  pH 8-13. None of  the procedure s using c0+2 

were successful i n  oxidizing raw coal sample s .  The temp ·ara ture 

o f  the rea ction  solution would gradually ri se until a certa in 

poi nt and then i t  would ri se qui ckly a nd suddenly. The rea ction 

soluti on could not be contained in the rea ction fla sk at this 

poi nt .  Th e  time required for thi s sudden ri se in  temperature 

decrea sed with decrea si ng pH. The buffers were not a bl e  to keep 

the solutions bu ffered at the correct pH. 

The use o f  Fenton' s reagent usi ng Fe+2 wa s  i nve sti gated .  

Solutions uti l i zing Fe+2 were found to be contro l l a bl e  a t  pH 9 .  

Al though soluti ons using Fe+2 appeared to be a ctively oxidizing 

the sample very l i ttle reduction in sample wei ght ( 10%) wa s found 

a fter 1 hour o f  di gesti o n .  A sh from a hi gh tempera ture dry a shi ng 

procedure wa s treated wi th Fenton ' s  reagent using Fe+2
• The re -

sultant solutions were analyzed for zinc , copper , a nd arsenic. 

The re sul ts were compared to those from a conventio nal  wet and 

dry a sh procedure . The peroxide values were l ow by a factor o f  

two .  The use o f  Fenton ' s  reagent and 5�6 hydroge n peroxide were 

found to have no advantage over a conventiona l  acid  dige s ti on . · 

Further studi es on these two oxidizing agents were not pursued . 
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Observa ti ons on the Ana lysi s of Arseni c by AgDr.c 

Arseni c ca n be determi ned colormetri cally by compl exa ti on 

with AgDCC in pyridine .  The qua ntity o f  arseni c i n  the unknown 

solution i s  compared to a tandard curve constructed from known 

�mounts o f  arseni c .  A typical sta ndard curve i s  shown i n  Figure 4. 

It wa s neces sary to obtain a reproducible  sta ndard curve . Different 

combina tions of 30 me sh , granular, and mossy zinc were u sed i n  the 

generator .  I t  wa s necessary for the zinc to rea ct rapidly for 

at least 40 mi nute s ,  but not so rapidly that some o f  the pyridine 

solution wa s bubbled out of the Gutzeit tube . The 30 mesh zi nc 

rea cted too qui ckly causing loss of solution.  The granular zinc 

did not produce enough pressure to keep the pyridine sol ution 

a bove the frit for 40 mi nute s .  Combinations  of  the two types of 

zinc were unpredi ctabl e due to varying parti cle si z e  found in  each 

type of  zinc .  Combinations were a l so tri ed with mos sy zi nc . How­

ever, i t  wa s found tha t six grams of mossy zi nc met the nece ssary 

requirements a nd wa s  u sed i n  subsequent experiments . The quanti ­

tie s  o f  rea gents used to develop the standards were i ncrea sed 

from those suggested in the li terature . 33 The i ncrea se wa s made 

in a n  a ttempt to improve the reproducibility of the sta ndard curve . 

Stra i ghter l i nes  were obtained, but their slopes vari ed from one 

tria l to the next. Reproducible curve s were obtai ned whe n  the 

volume of  solution  in the rea ction genera tor wa s held constant .  

Absorba nce readi ngs for a sta ndard curve were taken o n  a 

. . ... ... 
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Bausch and Lomb Spectroni c 20 Spectrophotometer a nd a Be ckman DB-G 

Spectrophotometer . The resul tant curves were compared a nd i t  wa s 

found tha t the Beckma n instrument offered no adva ntage over the 

Spectroni c 20 for thi s work . The Spectroni c 20 wa s more conveni ent 

to use a nd wa s used o n  subsequent ana lyses .  

A serie s  o f  dry a shed samples were ana lyzed for arseni c .  

The coal a sh wa s treated with ei ther hydrochlori c a cid a lone or 

in combination with ni tri c a cid and hydrofluoric a cid  pri or to 

ana lysi s .  More than twenty sampl es were ana lyzed a nd only one 

sample  showed signi fi cant color devel opment.  The sample showi ng 

color devel opment wa s a dry a shed sample trea ted wi th hydrochlori c 

a cid . The a nalysi s showed an  arseni c concentrati o n  o f  1 0  ppm. 

The same sample showed a concentrati on of  15 ppm when a na lyzed 

by flameless  a tomi c absorption. However , a dupli ca te a na lysi s 

of  the same sample by AgDrx:; did not show si gni fi ca nt col or devel­

opment . A po ssibl e  cause of  the failure to detect arseni c  wa s 

tha t the a r s e ni c  wa s no t bei ng reduced i n  the genera tor . A dry 

a shed sample trea ted with hydrochloric a cid wa s spiked wi th 2 ug 

of arseni c .  A dupli cate analysi s wa s run with 5 m l  o f  a 15% 

pota ssium i odide in one genera tor and 15 ml of the pota s sium 

i odide soluti on in  the other. A 2 ug standard wa s a l so d eveloped 

for compari son purpose s .  The two sample s  showed no signi fi cant 

col or development, whi l e  the 2 ug sta ndard fit the establ i shed 

ca li bra tion curve . A compari son wa s a l so made on standards using 
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di fferent type s  of  zinc . Mossy zinc a nd 20 mesh zi nc were used 

to develop 10 ug sta ndards .  The resul ts were signi fica ntly di f­

ferent, whi ch showed tha t the type o f  zinc used would a ffect the 

standard curve . No further work wa s  done to solve thes e  questions . 

Analysi s of  Sample s  

Studies  were carri ed out to te st the reported effect of  Ni+2 

on arseni c ana lysi s by flamel ess  atomi c absorpti on.35 I n  an  

a ttempt to  a chieve grea ter preci sion a 20  fold exce s s  o f  ni ckel 

sul fa te wa s added to a series of  dry a shed sample s .  The coal 

a sh wa s trea ted wi th ei ther hydrochlori c acid a lone or i n  combina ­

tion with ni tri c a cid  and hydrofluori c a cid . The ni ckel wa s added 

to the volumetri c fla sk prior to diluti on to the mark . Ni ckel 

i on wa s a l so added to the standard solutions . The a bsorbance of 

the sta ndard solutions changed considerably from pri or ana lysi s .  

Thi s caused the results of the ana lysi s t o  di ffer by a fa ctor o f  

6 t o  7 from pri or a nalyses.  The cause wa s not pursued and no 

addi tiona l ana lyses  of arseni c were performed . 

A series  of  samples  were treated by di fferent a shing methods 

using optimi zed conditi ons . The samples were a na lyzed for cppper ,  

zinc , a nd sodium. Included in the di fferent a shi ng methods were 

wet a cid dige sti ons using three di fferent acid combinations ,  and 

a dry a sh fol lowed by two di fferent a cid  treatments . The re sults 

o f  the a nalyses  are shown in Tabl es 3-12.  The l evel s o f  si gni fi­

cance are de fi ned a s  95% being si gni fi cant and 99% bei ng very 

si gni fcant. 
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Tabl e 3 

ZINC ANALYSIS 

Method of no . of Average Standard 
Dige sti o;.� Sampl e s  (PPM} . Devi a ti on 

Wet Ash ).3 17 2 . 50 
HN03/HC10¥H2so4 

Wet Ash 1 1  16 1 .05 
HNOJ/Hc10¥H2so4HF 

Wet Ash 15 17 1 . 36 
mI03/HCl04 

Dry Ash 12 16 1 . 21 
HCl 

Dry Ash · 12 17 1 . 04 
HC1/HN03/HF 

Tabl e 4 

ZINC ANALYSIS - COMPARISON OF MEANS BY T-TEST 

HN03fHc10¥82S04 vs HN03/Hc10/H2so/HF 

HNO�HC10482S04 vs HN03/HC104 

HNOJ/HC104'H2so4 vs Dry Ash/HCl 

Dry Ash/HCl vs Dry Ash/HC1/HN03/HF 

t-Va l u e  

1.23 

0 

1 . 26 

2.17 

L eve l o f  
Signi f i ca n c e  

nbt �i �ni fi cant · 

ho t si gni fi ca nt 

not si gni ficant 

si gni fi cant 

signi fi cant 
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Table 5 

COPPER ANALYSIS BY FLAME ATOMIZATION 

Method o f  no . o f  Average Sta ndard 
Digestion Samples . (PPM) Deviation 

Wet Ash 12 18 2.24 
HNO�Hc10¥�so4 

Wet Ash il 18 1 . 14 
HN03/HC10¥H2SO/HF 

Wet Ash 9 18 1 .50 
HNO�HC104 

Dry Ash 12 13 1 .68 
HCl 

Dry Ash 12 17 1 .86 
HCl/HNO�HF 

Table 6 

COPPER ANALYSIS - FLAME - GOMPARISON OF ·MEANS BY T-TEST 

Level of 
t-Value Signi ficance 

HNO�Hc10¥H2S04 vs HNO�HC10/H2so¥HF 0 not significant 

HNO�HC10¥82so4 vs HNO/HC104 0 not signi ficant 
....... : "' 

HNO�Hc10¥H2S04 vs Dry Ash/HCl 6 .05 very si  gni fi cant 

HNO�Hc10¥H2SO¥HF vs Dry Ash/HCl/HNO�HF 1 . 54· not signi ficant 

Dry Ash/HCl vs Dry Ash/HCl/HNO�HF 3. 12 very · si gni fi cant 
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Table 7 

COPPER ANALYSIS  'Fl FLAMELESS ATOMIZATION 

Method of no. of Average Standard 
Digestion §.?mples (PPM) Deviation 

Wet Ash 12 22 1.13 HNOJ/'HC104J'82S04 

Wet Ash 11 22 2.00 
HNOJ/'HC104J'82S041'HF 

Wet Ash 9 18 1.62 
HNO=foc104 

Dry Ash 12 15 1.04 
HCl 

Dry Ash . 12 21 1.65 
HCl/HNO:/HF 

Table 8 

COPPER ANALYSIS · - FLAMELESS - COMPARISON OF MEANS .BY ·T;..TEST 

t-Value 

HNOJ/'HC104J'H2S04 vs HNO:/HC1041'H2so41'HF 0 

HNOJ/HC10�H2so4 vs HNOJ/'HC104 6.68 

HN03fHc104fH2S04 vs Dry Ash/HCl 15.45 

HNO=fHC1041'H2so41'HF vs Dry Ash/HCl/HNO=/HF 1.32 

Dry Ash/HCl vs Dry Ash/HCl/HNOJ/'HF 10.50 

Level of 
Significance 

not significant 

very significant 

very significant 

not significant 

very significant 



Table 9 

COPPER ANALYSIS - COMPARISON OF ATOMIZATION TECHNIQUES 
BY T-TEST 

Method o f  t-Value Signi ficance at  
Dige sti on Flame vs Flameless 95% Level 

Wet Ash 5 . 78 very si gnificant 
HNOJ/HClO�H2S04 

Wet Ash 5 . 69 very signi fi cant 
HNOJ/HClO�H2SOLJJ'HF 

Wet Ash 0 not si gni fi cant 
HNO�HC104 

. 

Dry Ash 3.50 very signi ficant 
HCl 

Dry Ash 5 .57 very signifi cant 
HCl/HNO:/HF 

50 
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Table 10 

SODIUM ANALYSIS 

Method of no . of Average Standard 
Digesti on Samples (PPM} Deviation 

Wet Ash 11 1370 159 
HNO�HC104/82S04 
Wet Ash 12 1860 141 
HNO�HC104J'H2SOefHF 

Wet Ash 9 1390 102 
HN031"HCl04 

Dry A sh 12 1330 45 
HCl 

Dry Ash 12 1890 77 
HCl/HNO�HF 

Table 11 

SODIUM ANALYSIS - COiv'lPARISON OF MEANS BY T-TEST 

t-Value 

HNO:y'Hc104fH2S04 VS HN03fHc104fH2so4fHF 8 . 03 

HNO:y'HC!04J'H2S04 vs HNO�HC104 0 . 33 

0 .87 HNO�HC1oefH2S04 vs Dry Ash/HCl 

HNO�HC10�H2so�HF vs Dry Ash/HCl/HNO�HF 0.65 

Dry Ash/HCl vs Dry Ash/HC1/HN03f"HF 21 .76 

Level of 
Significance 

very significant 

not significant 

not significant 

not significant 

very significant 



Ca teqorv 

Tota l 

Day 

Method o f  A sh 

Remai nder 

Tabl e 12 

SODIUM ANALYSI S  - SOURCE OF DEVIATION FN F-TEST 

·-

Degree s of Di ffere nce in Vari a nc e  
Fre edom Surn _O_f �S_gu_a_�e_s_ 

.
.

.

. (di ff/df} 

1 1  945 , 625 85 , 966 

2 79 , 850 39 , 925 

3 819 , 492 273 , 164 

6 46 , 283 7 , 714 

F-Te st 

5 . 18 

35 . 41 

(]I 
rv 



In  the zinc ana lysi s ,  a compari son of means from digestion 

with the triple acid mixture with a nd without hydrofluori c acid 

shows no significant di fference when hydrofluoric a cid is used 

in the acid mixture . Zinc is not significantly volatilized at  

450°C in  the muffle furnace . Thi s i s  proven by a compari son of  

the means for a conventiona� wet and dry a shing . The ana lysis 

does not i ndi ca te physi cal trapping to be a problem when sulfuric 

a cid i s  used i n  the acid combination. Compari sons of  wet a nd 

dry a shings using hydrofluori c acid and dry a shings using di f­

ferent a cid treatments show no definite trends .  There is  more 

than one variable in each case , so no conc-lusion can be offered 

to explain the level of signifi cance . 

Analysi s of the copper data ( flameless ) shows the need for 

either sulfuri c a cid or hydrofluori c acid in  the a shing_ procedure . 

A compari son of the means from a wet and dry a shing prove that 

copper i s  not signi ficantly volatilized i n  the furna ce e The data 

shows tha t i t  i s  no t ne ces sary for hydro fluori c a cid to be in  the 

a cid mixture i f  sul furic acid i s  present. These observations 
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are supported by the data from the analysis using flame atomization. 

The only anomaly is the compari son of means from wet digestions 

using the triple and double acid mixtures .  This compari son shows 

no signi fica nt di fference. There i s  no evidence o f  physi cal 

trapping when  sul furi c acid i s  used in  either set o f  data o The 

mean va lues from the analysis using flame atomiza tion  are 



si gni fi cantly l ower in  a l l  ca ses ,  wi th the excepti on  of  the wet 

digesti on wi th the doubl e a cid mixture ,  than tho se using flameless 

a tomi za tion.  I n  both ana lyses the mean values from the dry a sh­

ing fol1l owed by a cid trea tment wi th hydrochl ori c a cid  are much 

l ower tha n the other mea ns. These . two observations have not been 

explai ned a t . thi s  time . 

The a na lysi s of sodium shows higher value s  whe n  hydro fluoric 

a cid · i s used . Thi s wa s  expected since sodium i s  often a minor 

constituent of the silica matrix 1 There i s  no signi ficant di f­

ference between wet and dry a shings �1th no hydrofluori c a cid 

included i n  the trea tment and no signi fi cant difference betwe en 

· wet a nd dry a shings with hydrofl uoric acid included i n  the proce� 

dure . There i s  no evidence of physi ca l trapping due to sul furi c 

a cid and no evidence of voliti. lization  of  sodium i n  the furnace . 

The a na lysi s of  varia nce showed the maj or source o f  deviation to 

be the method of  a shing. The ana lysi s of  variance a l so showed 

the day o! a shi ng to be si gni fica nt . An F-value of 5. 14 would 

show the day o f  a shing to be not signi fi cant.  

A Sta ndard Re ference Ma terial coal sample wa s obtained from 

the Na tio na l  Bureau of  Standards for a na lysi s .  The sample wa s 

ana lyzed for zi nc,  copper, and sodiumo Dry a shing fol l owed by 

a cid trea tment with hydrochloric nitri c ,  and hydrofl uori c a cids 

wa s chosen as the a shing method that would e ffect the greate st 

a ccuracy a nd preci sion on the ana lysi s .  The leve l s  o f  copper and 
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zi nc in the� sampl e are certi fi ed by the NBS . The results  o f  the 

a na lysi s for copper and zinc are shown in Table 13.  The va lues 

are wi thi n the limi ts certi fied by NBS . The standard deviations 

are l ower tha n those reported by NBS . The concentra tion of 

sodium i n  the sample i s  not certi fied by NBS .  A va lue o f  412±20 

ppm wa s reported i n  the literature i n  an inter-labora tory com-

5 
pari son of the NBS standard . Thi s va lue wa s  used for compari son 

purposes.  The samples  were a shed in four di fferent sets.  The 

values from the first three sets were high a nd erra tic .  Thi s  t�pe 

of problem had not been a problem with previous sodium a nalyses ,  

so the rea son for thi s deviation wa s not pursued . The fourth set 

conta ined five samples  and had an avera ge of  401 ppm. The 

standard devia tion wa s 15 ppm• 
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Table 13 

ANALYSIS OF NBS SRM 1632 

No . o f  Average 
Element Samples - {UJ.PM.) :· 

Zinc 14 37 

Copper 13 19 

Sta ndard 
Devi a ti on 

1 . 3  

1 .4 
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NBS Value 
(PPM) 

37±4 
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CONCLUSION 

I n  the preceding sections severa l di fferent a shing methods 

have been examined and their e ffect on  the ana lysi s of coal for 

meta l s  ha s been  shown. The dry a shing methods most genera l ly 

yielded the l owest standard deviations . They were a l so les s  

subj ect to  bla nk contamination probl ems . The u se  o f  hydrofluori c 

a cid elimina ted the presence o f  any precipita tes a nd hence the 

need for a fil tering step , but hydrofluoric a cid wa s shown to be 

unnecessary for the ana lysi s of copper and zinc . It wa s  shown 

that sul furic a cid can be used in a wet a cid digestio n  without 

the problems of  physi ca l trappi ng by cal cium sul fa te if the proper 

procedure i s  followed . The effect of pa�ti cle si ze on oxidation 

wa s studi ed . Samples  ground to 1 00 mesh were found to contain a 

consi stent a sh wei ght.  

A Nationa l  Burea u o f  Sta ndards ' coal sample wa s a na lyzed . 

The sample wa s dry a shed and then treated with hydrofluori c a cid . 

The results of  the analyses performed on the sample were i n  close 

a greement wi th the values certi fi ed by NBS . 

The purpo se of  thi s study wa s to determine whe ther or not · 
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the sample preparation step wa s  responsible for s ome of  the 

varia tion in the analysi s of coa l sample s .  Signi fi cant di ffere nces 

were found for some of the methods.  Therefore , if the proper di­

gestion method is not used for the el ement bei ng a na lyzed then 

signi fi cant error may result • . 
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