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Abstract 

Determination of total halogens in coal was investigated with oxygen bomb combustion followed 

by ion chromatography. Experimental parameters were optimized by fractional factorial design 
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and response surface methodology. Fractional factorial design was employed in screening 

experiments to evaluate the influence of the oxygen pressure, catalyst, absorption solution, 

reduction reagent, bomb cooling time, and a combustion aid on the combustion of coal in an 

oxygen bomb. Response surface methodology was conducted to further refine the results 

obtained by fractional factorial design and to define parameters for the procedure. The accuracy 

and precision of combustion with ion chromatography were evaluated by the use of two certified 

reference materials and by fortified in-house coal standards. The limits of detection and 

quantification for total halogens were 0.84 and 2.80 milligrams per kilogram, respectively, for 

500 milligrams samples. Ion chromatography provided relative standard deviations less than 4 

percent, recoveries exceeding 95 percent, and was convenient. This method is recommended for 

routine determination of total halogens in coal because of its reliability. 

Keywords 

combustion, fractional factorial design, ion chromatography, response surface methodology, total 

coal halogens 

Introduction 

Halogens are minor or trace elements in coal, but great attention has been paid to their 

environmental and health impacts during coal processes (Finkelman 2004; Chen et al. 2013). 

During coal combustion, fluorine generally is released as HF, SiF4, and CF4. Chlorine in coal is 

emitted mainly as HCl. In addition to environmental concerns, HCl gives rise to equipment 

corrosion problems in power plants (Domazetis et al. 2006; Guo, Yang, and Liu 2006). During 

coal combustion, bromine is volatilized and enters the atmosphere as HBr, a toxic pollutant 

(Ratafia-Brown 1994; Xu et al. 2003). Determination of halogens in coal is particularly important 
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to evaluate the environmental impact of coal-fired power plants (Wang et al. 2010). The halogen 

concentration in coal is important for environmental and health issues and for coal utilization. In 

order to estimate the efficiency of coal desulfurization systems, it is important to know halogen 

concentrations in coal (Warych and Szymanowski 2001). 

The determination of halogens in solid samples usually involves sample preparation to place the 

analytes into solution followed by analysis. Classical procedures for sample pretreatment involve 

the digestion of solid samples by dry ashing (Nadkarni 1980) or fusion (Wood, Dale, and Riley 

2003). Microwave-assisted wet digestion in closed vessels with acid(s) and hydrogen peroxide, 

and in presence of persulfate as oxidizing reagent, have been used for bromine and iodine (Gao 

et al. 2007; Sun et al. 2010). Coal combustion in the presence of oxygen, using microwave-

induced combustion with a reflux step for digestion, was reported for the simultaneous 

determination of halogens in coal (Flores et al. 2008). Pyrohydrolytic decomposition of solid 

samples may be performed using an in-house made apparatus consisting of a quartz tube in a 

stream of air/water vapor (Dressler et al. 2002) or oxygen/water vapor (Sredović and Rajaković 

2010). Pyrohydrolytic decomposition of coal in a tube furnace, using an oxygen/water steam and 

quartz for sample ventilation during combustion was used for the catalytic spectrophotometric 

determination of iodine in coal (Wu et al. 2007). Simultaneous determination of halogens in coal 

may be performed with pyrohydrolytic sample decomposition and carbonate buffer (pH = 10.3) 

as the absorption solution (Peng et al. 2012). 

Sulfur, N, F, and Cl in coal and oil shale were determined by oxygen bomb combustion, using 

water and dilute sodium carbonate as the absorbing media with hydrazine as the reducing reagent 

(Nadkarni and Pond 1983). For oil shale combustion, white oil was added as a combustion aid. 

An oxygen combustion bomb method has been reported for elemental analysis of heteroatoms in 
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organic compounds, fuel, and waste (Fung and Dao 1995, 1996). Problems involving combustion 

followed by chromatographic detection were discussed and solutions were evaluated. Fluorine, 

Cl, and S determination in solid waste incinerator residues using oxidative high pressure 

digestion was carried out in a special bomb with the inner surface coated by an auto-regenerating 

catalysts (Belavi and Mönch 2000). For fluorine determination in coal, oxygen flask combustion 

with WO3/Sn as a catalyst was developed (Geng et al. 2007). Determination of halogens has 

been performed using ion-selective electrodes (ISE) by direct detection (Dressler et al. 2002; 

Geng et al. 2007) and standard addition (Wood, Dale, and Riley 2003; Sredović and Rajaković 

2010), non-suppressed ion chromatography (IC) (Fung and Dao 1995, 1996), IC with 

conductivity detection (Belavi and Mönch 2000; Cortes-Pena et al. 2002; Flores et al. 2008), and 

inductively coupled plasma mass spectrometry (ICP-MS) (Gao et al. 2007; Sun et al. 2010). 

Combustion in closed vessels has been used for coal digestion due to the low residual carbon 

content of the digests and suitability for determination by potentiometric or chromatographic 

techniques. The official methods proposed by American Society for Testing and Materials 

(ASTM) recommend combustion bombs as the digestion technique for subsequent determination 

of chloride and fluoride in coal (ASTM D2361-02 2002; ASTM D3761-96 2002). 

In general, combustion techniques allow efficient coal digestion with almost complete matrix 

destruction due to the high temperatures (Flores et al. 2008). Combustion may be performed in 

open or closed systems. In open systems, oxidation is performed by continuously supplying 

oxygen to the reaction. For closed systems, in general, the resulting pressure and temperatures 

are dependent upon the sample mass, oxygen pressure, vessel dimensions, and reaction rate 

between the sample and oxygen (Cortes-Pena et al. 2002). Closed combustion systems employ 

combustion bombs and oxygen flasks. 
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In general, the decomposition of organic matter is effective and may be performed in few 

minutes. The sample mass for decomposition in combustion bomb is relatively high, usually 

greater than 0.5 gram. The entire procedure, including combustion and cooling, may be 

completed in less than thirty minutes. Contamination risks may be associated with the absorbing 

solutions, although this problem is be more pronounced with trace metal determination in the 

digests due to probable contamination from metallic parts of the vessels. Although residual 

carbon concentrations are low, only one sample at a time may be processed, resulting in 

relatively low sample throughput (Flores et al. 2007). 

Although the combustion bomb may be considered as an old technique, it is still in use and 

recent applications (after 2000) have been described in the literature showing its suitability, 

especially as pretreatment for halogen and sulfur determination (Belavi and Mönch 2000; Cortes-

Pena et al. 2002; Souza et al. 2002). Organic halogen group parameters, such total organic 

halogens, absorbable organic halogens, volatile organic halogens, and extractable organic 

halogens, are well known and used for monitoring drinking water (Kristiana et al. 2009), surface 

water (Putschew, Mania, and Jekel 2003), wastewater (Vinder and Simonič 2012), soil (Pereira 

et al. 2011), and sediments (Niemirycz, Kaczwarzyk, and Blazejowski 2005). 

In this paper, a method for total coal halogen determination is reported. The group parameter, 

denoted as total halogens, was used to express halogen concentration in coal. The influence of 

method variables on halogen release from coal during combustion in an oxygen bomb and the 

absorption of gases were examined using an experimental design approach. Methodology in 

statistical experimental design involves the development a small number of experiments in which 

the relevant factors are simultaneously and systematically varied. Fractional factorial design was 

for screening to identify the factors influencing the total halogen determination. Optimal 
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conditions for total halogen determination were defined by the use of the surface methodology 

response. 

Experimental 

Samples and Reference Materials 

Fractional factorial and response surface experiments were performed with in-house prepared 

composite coal samples from Serbia’s largest coalfield, Kolubara. The samples were collected 

and ground in a mixer mill and in an agate mortar to obtain particle sizes less than or equal to 

220 mesh. Fluorine and chlorine concentrations in the sample denoted as Kolubara Field 1 were 

167 and 66 milligrams per kilogram; in the sample denoted as Kolubara Field 2, the 

concentrations were 150 and 145 milligrams per kilogram. The combustion-IC method was 

validated by halogen determination in coal certified reference materials BCR 460 (European 

Commission, Measurements and Testing Programme) and NIST 1632c (National Institute of 

Standards and Technology, USA). 

Instrumentation 

A self-contained bomb calorimeter with a water-jacketed bucket chamber and automatic 

temperature controls (1108 Oxygen combustion bomb, Parr instrument company, USA) was 

used for sample preparation. Combustion was carried out in a high pressure stainless steel 

oxygen bomb with an internal volume of 340 milliliters. Ignition of the sample was carried out 

by heating and melting down the nickel alloy fuse wire (Ref. 45C10, Parr instrument) immersed 

in sample pellets placed in a stainless steel combustion capsule. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
O

ta
go

] 
at

 1
0:

25
 0

5 
Ju

ly
 2

01
5 



 

7 

The concentrations of halogen ions in the absorption solution were measured using a Metrohm 

761 compact IC system (Metrohm ion analysis, Herisau, Switzerland). An anion-exchange 

column (Metrosep A supp 1 (250  4.6 millimeters), with a capacity of 34 micromoles Cl was in 

series with a guard column (Metrosep A supp 1), followed by the Metrohm suppressor module 

with fully automatic regeneration, and a thermostated conductivity detector. The IC system was 

PC-controlled and equipped with high-pressure isocratic pump. Metrodata IC Net 2.3 software 

was used to control the instrument, as well as for recording and evaluating chromatograms. The 

eluent was 3.0 moles per liter Na2CO3 at a flow rate of 1.0 milliliter per minute. 

Chemicals and Reagents 

Reagent grade water, with a specific resistance of 18.2 megaohms centimeter, was obtained from 

a Milli-Q system (Millipore Corp., USA). All other chemicals (NaOH, H2O2, and Na2CO3), were 

of analytical reagent grade (Merck, Darmstat, Germany). All standard solutions, eluents, and 

reagents were prepared in deionized water, degassed under vacuum, and passed through 0.45 µm 

regenerated cellulose membrane filters (Phenomenex Inc., USA) prior to use. An anion 

multicomponent standard solution included fluoride, chloride, bromide, nitrate, phosphate, and 

sulfate (Multi-Component Anion Mix 2, IC-MAN-02-1, AccuStandard, USA). The working 

calibration solutions were prepared by serial dilutions of the multicomponent standard with 

deionized water. 

Analytical Procedure 

Combustion in oxygen bomb provides a simple procedure for extraction of halogens from solids. 

Several experimental parameters were found to be important for the success of this method. In 

this paper, the influence of six parameters was investigated. The tested parameters were oxygen 
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pressure, the catalyst, type of absorption solution, H2O2 as reducing reagent, bomb cooling time, 

and the use of a combustion aid. Two composite coal samples were used that were designated as 

Kolubara Field 1 and Kolubara Field 2. 

Dried samples (500 milligrams) were measured with a precision of 0.1 milligram before 

pelleting. A nickel alloy fuse wire was immersed in coal during the pelleting. When a catalyst 

was used, the coal and catalyst were mixed before pelleting. The coal pellet was placed in 

combustion capsule and the nickel alloy fuse wire was connected to two electrodes for 

subsequent ignition. 5 milliliters of H2O2 and 5 milliliters of absorbing solution (H2O or NaOH) 

were placed on the bottom of the combustion bomb to absorb the volatile elements. When H2O2 

or NaOH were not used, 5 milliliters of deionized water were added to the bomb to provide a 

total volume of 10 milliliters. In some experiments, a combustion aid was added to the sample 

pellet after connecting the fuse wire to electrodes and before closing the bomb. 

After the assembly, the bomb was purged with oxygen for two minutes before the pressure inside 

the bomb was set at the designated value. Ignition was performed by an electric current that 

heated the metal wire and initiated the combustion (Mester and Sturgeon 2003). Since the 

oxygen bomb is under pressure, safety provisions were taken into account. Because the 

combustion may heat the decomposition vessel (50–55 degree celsius) (Souza et al. 2002), the 

bomb was submersed in a water bath during combustion for rapid release of heat from the vessel. 

After combustion, bomb was transferred to an ice water bath and cooled to allow condensation 

and absorption of the volatile compounds in the solution. After cooling, the residual gases were 

carefully released through a valve so that the pressure was reduced to atmospheric level. After 

opening, the absorption solution was removed. The bomb and all parts of its interior, including 

the combustion capsule, valve passages, and electrodes, were washed with deionized water. The 
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washings were collected, added to absorption solution, and diluted to 50 milliliters. The oxygen 

bomb and its parts were rinsed and dried for the next sample. A blank for coal samples consisted 

of catalyst, mineral oil, or catalyst/oil mixture. A blank was prepared prior to sample combustion 

in in the bomb for each experiment. 

The concentrations of halogen ions in the absorption solution were measured by IC. Prior to 

injection, the samples were passed through 0.45 micrometers regenerated cellulose syringe 

membrane filters. The injection volume was 20 microliters. At least three replicate injections of 

each sample were made and the results are the average of the replicates. 

Fractional Factorial Design 

Experimental design may identify the most influential factors (variables and parameters), the 

synergy between the factors, and the optimal conditions (Vera Candioti et al. 2014). The primary 

applications of the experimental design are screening, in which the factors that influence the 

experiment are identified, and optimization, in which the best conditions for an experiment are 

found (Hanrahan et al. 2005; Mutihac and Mutihac 2008). A full factorial design provides 

sufficient information to evaluate the whole set of primary effects as well as their interactions. 

As the number of factors in factorial design increases, the number of trials required for a full 

replicate of the design rapidly increases. Factorial designs are widely used in experiments 

involving many factors where it is necessary to study the impact of the factors or their 

combinations. Fractional factorial design is an alternative to full factorial design, especially in 

the initial stage of investigation, and is considered a representative subset of full factorial design 

(Hanrahan and Lu 2006). 
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10 

In this work, the influence of six factors (variables) on halogen release during coal combustion in 

an oxygen bomb was investigated. The oxygen bomb combustion parameters were evaluated by 

applying fractional factorial design to establish an accurate, precise, and reliable method for 

determination of total halogens in coal. 

The 262 fractional factorial design consisted of nineteen experimental runs including three 

replicates of the central point. The investigated factors were tested at two levels (low and high). 

The matrix for six analyzed factors was obtained according to the selected fractional factorial 

design using MINITAB (Release 15, Minitab Inc., State College, PA). In order to ensure that 

uncontrolled factors did not affect the results, the experiments were performed randomly. 

In combustion reactions, organic matrices decompose in a reaction with oxygen at high 

temperature or with oxygen radicals and excited oxygen plasmas (Flores et al. 2007). 

Combustion in an oxygen bomb is performed with an excess of oxygen as an oxidant; hence, 1.5 

and 2.5 megapascals were chosen for low and high level. As a demonstrated catalyst, V2O5 was 

added to the sample to investigate its influence on coal decomposition in the oxygen bomb and 

the halogen release. In order to evaluate the effect of the catalyst on total halogen analysis, the 

catalyst to coal mass ratio was varied from 0 (low level) to 0.5 (high level). During combustion, 

halogens are dominantly released as hydrogen halides. Instead of N2H4 (Nadkarni and Pond 

1983), H2O2 was added as a reducing agent to the absorption solution to convert halogen species 

into the corresponding halide. Hydrogen peroxide was selected since it exhibits oxidizing and 

reduction properties, depending on the conditions. The influence of H2O2 as the reducing agent 

was investigated from 0 to 1 wt percent. After combustion, analytes were present as gases or 

volatile compounds and the combustion products were dissolved in a suitable solution before 

determination. The gaseous products of coal combustion were absorbed in deionized H2O (low 
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level) or 1 mole per liter NaOH (high level). The time of bomb cooling after the combustion was 

measured because the solubility of gases increases with decreasing temperature. The oxygen 

bomb was cooled between 5 (low level) and 25 (high level) minutes in ice bath. The use of a 

combustion aid may be necessary for an efficient decomposition for some samples, depending 

upon the texture, the combustible portions, and calorific values (Souza et al. 2002). Lignite coals 

used in this research have high calorific values and moderate mineral concentrations. Therefore, 

coal combustion and halogens release were investigated with (high level) and without (low level) 

the combustion aid. Mineral oil (100 milliliters) (Fluka, Germany) was used as the combustion 

aid. 

Results and discussion 

Fractional Factorial Design 

Experimental design is the methodology of conducting and planning experiments in order to 

extract the maximum amount of information from the data in the fewest number of experiments. 

Since the main effects and the lower-order interactions are usually the most significant terms, 

fractional factorial design may be performed in these cases (Montgomery, Runger, and Hubele 

2007; Chen et al. 2009; Sánchez, Sarabia, and Ortiz 2012). The goal of fractional factorial design 

was to identify the most influential factors on halogen release during coal combustion in the 

oxygen bomb. Assuming that higher-order interactions may be neglected, nineteen experiments 

were performed and the concentrations of halides in the absorption solution were determined. 

Figure 1 shows a representative chromatogram of a composite coal. Subsequently, total halogen 

concentrations were evaluated by converting fluorine and bromine concentrations to 

corresponding chlorine concentrations using the ratio of molar masses. The results were 
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statistically analyzed. The confidence interval of each individual factor and their combinations at 

95 percent of the confidence level were evaluated. 

In order to establish the relationship between investigated factors and total halogen 

determination, the data were graphically displayed using Pareto charts (Figure 2). Estimated 

effects and regression coefficients, presented in Table 1, and ANOVA were used to determine 

the effects of factors upon the total halogen determination. The standard error for each estimated 

regression coefficient, listed in Table 1, was 7.66 percent. For the center point, the standard error 

for estimated regression coefficient was 19.29 percent. 

Changes in the level of a factor influence the system response, which represents the effect of the 

factor. The Pareto chart compares absolute values and the significance of effects. Figure 2 shows 

the Pareto chart resulting from the statistical analysis of total halogen concentration obtained by 

combustion-IC. The most significant factors were the catalyst and the type of absorption 

solution. All other investigated variables, as well as their two- and three-way interactions, were 

not statistically significant. 

The relative magnitudes of the process variables were determined on the basis of the factor effect 

and corresponding p-value. High negative effects for the catalyst and type of absorption solution 

indicated that these factors had negative influences on halogen release during coal combustion. 

V2O5 has been shown to be an active catalyst for the decomposition of solid samples (Dressler et 

al. 2002). These results confirm that this catalyst has high negative effects on extraction of 

halogens from coal (Sredović and Rajaković 2010). Standard ASTM methods recommend 

alkaline solutions for absorption (ASTM D2361-02 2002; ASTM D3761-96 2002). In this work, 

an increase in the solution alkalinity decreased the solubility of released gaseous compounds. 
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The extraction of halogens from coal during combustion in the oxygen bomb increased with 

oxygen pressure and the volume of mineral oil. Combustion of an organic substance is a complex 

and exothermic reaction that results largely in CO2 and H2O production. The ignition process 

occurs when the oxidation reaction is accelerated and reagents are quickly consumed and is 

commonly accompanied by light emission (Barnard and Bradley 1985). For closed vessels, if the 

rate of energy released by chemical reaction exceeds the rate at which it is lost to the vessel 

walls, the temperature increases, causing the reaction rate and the rate of energy release to 

increase rapidly (Razus et al. 2006; Razus, Movileanu, and Oancea 2007). Thus, the reaction rate 

is accelerated indefinitely, leading to a pressure increase with a rapid self-acceleration of the 

reaction. After ignition occurs, the reaction continues until the supply of reactants is exhausted. 

As an oxidant, it was expected that oxygen pressure had a higher influence on halogen release 

during coal combustion than the combustion aid. Contrarily, according to the obtained regression 

coefficients and p-values (Table 1), it was concluded that the mineral oil was more significant 

than the oxygen pressure. Mineral oil was used because lignite coal with a moderate ash content 

was employed. The ash content corresponds to the mineral content, and this combustion aid 

enhances complete decomposition. The estimated regression coefficient and corresponding p-

value of 0.659 indicated that after fifteen minutes, cooling had no effect on solubility of the 

released gases. The addition of H2O2 as a reducing reagent also had no significant influence. 

ANOVA provided information on two- and three-way interactions between investigated factors: 

by comparing the estimated p-values and established criterion (p = 0.05), there were no 

interactions that significantly influence the determination of total halogens. The only two-way 

interaction was observed between oxygen pressure and combustion aid: at low oxygen pressure 

(1.5 megapascals), the concentration of halogens increased with the volume of mineral oil. 
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Optimization and Validation of the Combustion-ion Chromatography Method 

In order to further investigate the influence of oxygen pressure and the addition of combustion 

aid on the determination of total halogens using combustion, these two factors were additionally 

investigated using response surface methodology. Response surface design methodology is often 

used to refine models, after important factors have been determined using factorial design. The 

main objective of response surface methodology is to determine the optimal operational 

conditions or to determine the area that meets the operating specification (Mutihac and Mutihac 

2008). The difference between a response surface equation and the equation for a factorial design 

is the addition of quadratic terms that allow model curvature in the response, making them useful 

for understanding how changes of input factors influence the response of interest, finding the 

levels of input factors that optimize the response, and selecting the operating conditions to meet 

the specifications (Hanrahan et al. 2005). Central composite design is a response surface 

methodology that is often used when the design calls for sequential experimentation because this 

approach may incorporate information from a properly planned factorial experiment (Sahu, 

Acharya, and Meikap 2009; Ghasemi, Raofie, and Najati 2011). In order to optimize the total 

halogens extracted from coal, the experiment was conducted with total halogen recovery as the 

response variable in the central composite design. Total halogen recovery was calculated as the 

ratio of the measured and certified values. The oxygen pressure and combustion aid were chosen 

as independent factors for additional experiments. The low, middle, and high levels of each 

factor were employed with five central points resulting in a matrix of thirteen experiments 

obtained by statistical software. The influence of oxygen as a fuel for coal combustion was 

investigated at 2.0, 2.5, and 3.0 megapascals. Since the combustion aid affected halogen release 
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from coal during combustion according to screening experiments, this parameter was 

investigated by the addition of 50, 100, or 150 microliters. 

According to the results obtained from the fractional factorial design, it was concluded that 

catalyst and alkaline solution negatively influenced the total halogen determination. Therefore, 

the catalyst was not used in subsequent experiments and deionized water was used as the 

absorption solution. Since the change of the concentration of H2O2 as reducing agent from low to 

medium level had no effect, its concentration was employed at 0.5 wt percent. Sufficient 

dissolution of gases was achieved after fifteen minutes of cooling the oxygen bomb. 

Response surface methodology consists of a group of mathematical and statistical techniques that 

are based on the fitting of empirical models to the experimental data obtained in relation to the 

experimental design (Bezerra et al. 2008). Table 2 summarizes the estimated regression 

coefficients from linear, square, and interaction models. The combustion aid, as well as oxygen 

pressure  oxygen pressure, and oxygen pressure  combustion aid interactions, according to p-

values, were statistically significant on the total halogen determination. The coefficient of 

variation was R2 = 93.72 percent, indicating a high degree of correlation between the response 

variable and independent factors and a high degree of fitting. The results shown in Table 3 

(analysis of variance) and response surface plot shown on Figure 3 confirmed that the 

combustion aid improved the recovery and the accuracy of halogen determination in coal. The 

volume of the combustion aid was set at 150 microliters and the oxygen pressure at 2.5 

megapascals. 

Parameters for entire procedure are listed in Table 4. The accuracy of the combustion-IC method 

for total halogen determination was evaluated by using in-house prepared coal samples from 
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Kolubara, Tamnava-West field, one of the largest lignite coal depositions in Serbia. Total 

halogen recovery was also investigated by fortified in-house coal samples. The total halogen 

concentrations in coal were increased by 50 percent (spike 1) and by 100 percent (spike 2) by 

adding a standard containing sodium salts of fluoride, chloride, and bromide. A small volume of 

the concentrated standard was added to coal pellets in the sample capsule. The sample was 

carefully dried, assembled in the oxygen bomb, and combusted. 

The results shown in Table 5 indicated that halogen recovery ranged from 96 to 104 percent, and 

the relative standard deviations were less than 3.5 percent. All determined concentrations of total 

halogens presented in Table 5 are given with the confidence intervals, calculated from the 

standard deviation for five measurements and Student’s distribution. Student’s t was adopted for 

four degrees of freedom at a 95 percent confidence interval. The limits of detection and 

quantification were determined as 3sk1 ratio and 10sk1, respectively, where s is standard 

deviation for blank and k is the slope of calibration curve (Harris 2007). The limits of detection 

were 0.84 milligram per kilogram for chlorine and 0.4 milligram per kilogram for fluorine, while 

corresponding limits of quantification were 2.8 and 1.3 milligrams per kilogram. The higher 

values were employed for analytical purposes. 

The accuracy of the method was also investigated on coal certified reference materials (BCR 

460, NIST 1632c). The results for these samples are listed in Table 6 with the confidence 

intervals. The relative standard deviations were less than 4 percent, indicating that the precision 

was satisfactory. Table 6 shows that the total halogen recovery was 95 percent for the NIST and 

109 percent for the BCR coal. A low recovery of 87 percent (not included in Table 6) was 

obtained for NIST coal sample during the early measurements probably due to the high total 

halogen and sulfur content in the NIST coal and in absorption solution, i.e. which was greater 
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than the IC column capacity. This problem was eliminated by five-fold dilution of the absorption 

solution prior to injection, and acceptable recovery (95 percent) for the NIST sample was 

achieved. 

Conclusions 

Fractional factorial design was used in screening experiments to determine the most influential 

factors upon the determination of total halogens in coal using an oxygen bomb. The 262 

fractional factorial design, with nineteen experimental runs, was successfully applied. The results 

of fractional factorial design showed that the catalyst and the absorption solution strongly 

influenced the total halogen determination. Response surface methodology was employed to 

optimize the results obtained from fractional factorial design. The oxygen pressure and 

combustion aid were chosen as independent factors for additional experiments and central 

composite design methodology was applied. 

The optimal combustion parameters for determination of total halogens were 500 milligrams of 

coal, an oxygen pressure of 2.5 megapascals, 5 milliliters of H2O as the absorption solution, 5 

milliliters of 0.5 wt percent H2O2 as the reducing reagent, 150 microliters of mineral oil as the 

combustion aid, and a cooling interval of fifteen minutes after combustion. Halide concentrations 

in the absorption solution were measured by IC. The limits of detection and quantification for 

total halogens were 0.84 and 2.8 milligrams per kilograms, respectively, for 500 milligrams of 

coal. 

The satisfactory recoveries and relative standard deviations indicate that the method is suitable 

for total halogen determination. The method was sensitive, with good reproducibility and 

accuracy, as confirmed through validation using certified reference materials. The method has 
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advantages that include simple and available instrumentation, since oxygen bomb combustion is 

a conventional method for determining halogens in coal. Compared to pyrohydrolytic methods 

and to microwave-induced combustion techniques followed by inductively coupled plasma - 

mass spectrometry, the oxygen bomb is easy to operate and the analysis is more economical and 

environmentally friendly. 
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Table 1. Estimated effects and regression coefficients for fractional factorial design 

Term Effect Coefficient T-value p-value 

Constant  333.06 43.45 0.001 

Oxygen pressure 26.13 13.06 1.70 0.231 

Catalyst/coal ratio 113.63 56.81 7.41 0.018 

Absorption solution 95.37 47.69 6.22 0.025 

H2O2 18.13 9.06 1.18 0.359 

Cooling time 7.88 3.94 0.51 0.659 

Combustion aid 38.63 19.31 2.52 0.128 

Oxygen pressure  Catalyst/coal 

ratio 

8.13 4.06 0.53 0.649 

Oxygen pressure  Absorption 

solution 

2.38 1.19 0.15 0.891 

Oxygen pressure  Hydrogen 

peroxide 

18.88 9.44 1.23 0.343 

Oxygen pressure  Cooling time 26.37 13.19 1.72 0.228 

Oxygen pressure  Combustion aid 42.87 21.44 2.80 0.108 

Catalyst/coal ratio  Hydrogen 20.62 10.31 1.35 0.311 
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peroxide 

Catalyst/coal ratio  Combustion aid 18.38 9.19 1.20 0.353 

Oxygen pressure  Catalyst/coal 

ratio  Hydrogen peroxide 

14.13 7.06 0.92 0.454 

Oxygen pressure  Catalyst/coal 

ratio  Combustion aid 

17.38 8.69 1.13 0.375 

Center Point  4.60 0.24 0.834 
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Table 2. Estimated regression coefficients for response surface design 

Term Coefficient Standard error of the 

coefficient 

p-value 

Constant 87.231 1.520 0.000 

Oxygen pressure 1.433 1.494 0.369 

Combustion aid 9.433 1.494 0.000 

Oxygen pressure  Oxygen 

pressure 

14.859 2.202 0.000 

Combustion aid  Combustion 

aid 

1.341 2.202 0.562 

Oxygen pressure  Combustion 

aid 

6.775 1.830 0.008 
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Table 3. Analysis of variance (ANOVA) for response surface model (coded units) 

Source of 

variation 

Degrees of 

freedom 

Sequential 

sum of 

squares 

Adjusted 

sum of 

squares 

Adjusted 

mean of 

squares 

F-value p-value 

Regression 5 1399.89 1399.89 279.979 20.90 0.000 

Linear 2 546.25 546.25 273.127 20.39 0.001 

Square 2 670.04 670.04 335.018 25.01 0.001 

Interaction 1 183.60 183.60 183.603 13.71 0.008 

Residual error 7 93.78 93.78 13.397   

Lack-of-fit 3 58.98 58.98 19.659 2.26 0.224 

Pure error 4 34.80 34.80 8.700   

Total 12 1493.67     
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Table 4. Optimized parameters for the combustion ion chromatography method 

Parameters Values 

Oxygen pressure (megapascals) 2.5 

Catalyst/Coal mass ratio 0 

Absorption solution H2O 

Hydrogen peroxide (wt percent) 0.5 

Cooling time (minutes) 15 

Combustion aid (microliters) 150 
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Table 5. Determination of total halogens in composite coal by combustion ion chromatography 

Sample Total halogens (milligrams per kilogram) Relative 

standard 

deviation 

(percent) 

Recovery 

(percent) 

Certified/Expected 

value 

Determined value 

Kolubara Field 1 457 443  10.5 1.90 97 

Kolubara Field 1 

Spike 1 

670 673  25.6 3.10 104 

Kolubara Field 1 

Spike 2 

934 893  24.0 2.16 96 

Kolubara Field 2 346 334  5.80 1.40 97 

Kolubara Field 2 

Spike 1 

529 544  12.3 1.82 103 

Kolubara Field 2 

Spike 2 

711 689  14.8 1.73 97 
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Table 6. Recoveries of total halogens in coal certified reference materials by combustion ion 

chromatography 

Sample Total halogens (milligrams per kilograms) Relative 

standard 

deviation 

(percent) 

Recovery 

(percent) 

Expected value Determined value 

BCR 460 479  19.7 523  24.9 3.83 109 

NIST 1632c 1283  41.6 1219  23.8 2.05 95 
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Figure 1.  Chromatogram of coal. Conditions: oxygen pressure 2.5 megapascals; no catalyst; 

H2O as absorption medium; 1 wt percent H2O2, 100 microliters of combustion aid, and twenty-

five minute cooling. Peaks: (1) fluoride, (2) unidentified, (3) chloride, (4) nitrate, (5) bromide, 

(6) unidentified, and (7) sulfate. 
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Figure 2. Pareto chart of the standardized effects for determination of total halogens by 

combustion ion chromatography. The vertical line defines the 95 percent confidence interval. 

Factor abbreviations: (A) oxygen pressure, (B) catalyst/coal mass ratio, (C) absorption solution, 

(D) hydrogen peroxide, (E) bomb cooling time, and (F) combustion aid. 
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Figure 3. Response surface plot of the total halogen recovery as a function of oxygen pressure 

and combustion aid. 
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