Volume 24

Number 9

JOURNAL OF

ENVIRONMENTAL
SCIENCES




JOURNAL OF ENVIRONMENTAL SCIENCES

(http://www.jesc.ac.cn)
Aims and scope

Journal of Environmental Sciences is an international academic journal supervised by Research Center for Eco-Environ-
mental Sciences, Chinese Academy of Sciences. The journal publishes original, peer-reviewed innovative research and
valuable findings in environmental sciences. The types of articles published are research article, critical review, rapid
communications, and special issues.

The scope of the journal embraces the treatment processes for natural groundwater, municipal, agricultural and industrial
water and wastewaters; physical and chemical methods for limitation of pollutants emission into the atmospheric environ-
ment; chemical and biological and phytoremediation of contaminated soil; fate and transport of pollutants in environments;
toxicological effects of terrorist chemical release on the natural environment and human health; development of environ-

mental catalysts and materials.

For subscription to electronic edition

Elsevier is responsible for subscription of the journal. Please subscribe to the journal via http://www.elsevier.com/locate/jes.
For subscription to print edition

China: Please contact the customer service, Science Press, 16 Donghuangchenggen North Street, Beijing 100717, China.
Tel: +86-10-64017032; E-mail: journal @mail.sciencep.com, or the local post office throughout China (domestic postcode:
2-580).

Outside China: Please order the journal from the Elsevier Customer Service Department at the Regional Sales Office
nearest you.

Submission declaration

Submission of an article implies that the work described has not been published previously (except in the form of an
abstract or as part of a published lecture or academic thesis), that it is not under consideration for publication elsewhere.
The submission should be approved by all authors and tacitly or explicitly by the responsible authorities where the work
was carried out. If the manuscript accepted, it will not be published elsewhere in the same form, in English or in any other
language, including electronically without the written consent of the copyright-holder.

Submission declaration

Submission of the work described has not been published previously (except in the form of an abstract or as part of a
published lecture or academic thesis), that it is not under consideration for publication elsewhere. The publication should
be approved by all authors and tacitly or explicitly by the responsible authorities where the work was carried out. If the
manuscript accepted, it will not be published elsewhere in the same form, in English or in any other language, including

electronically without the written consent of the copyright-holder.
Editorial

Authors should submit manuscript online at http://www.jesc.ac.cn. In case of queries, please contact editorial office, Tel:

+86-10-62920553, E-mail: jesc@263.net, jesc@rcees.ac.cn. Instruction to authors is available at http://www.jesc.ac.cn.
Copyright

© Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. and
Science Press. All rights reserved.



ISSN 1001-0742 Journal of Environmental Sciences Vol. 24 No. 9 2012

CONTENTS

Aquatic environment

Initial identification of heavy metals contamination in Taihu Lake, a eutrophic lake in China

Xia Jiang, Wenwen Wang, Shuhang Wang, Bo Zhang, JIACREN HU «-««-««« e eeruummmt ettt 1539
Adsorptive removal of hydrophobic organic compounds by carbonaceous adsorbents: A comparative study of waste-polymer-based, coal-based activated carbon, and carbon nanotubes

Fei Lian, Chun Chang, Yang Du, Lingyan Zhu, Baoshan Xing, CRang LI - ++++«««««« s eeeeummmmne ettt 1549
Evaluation of carbon-based nanosorbents synthesised by ethylene decomposition on stainless steel substrates as potential sequestrating materials for nickel ions in aqueous solution

X.J.Lee, L. Y. Lee, L. P. Y. F0O, K. W. Tan, D. G. HASSEI] -+« v v enetmmntnettitte ittt et et ettt ettt 1559
Three-dimensional unstructured-mesh eutrophication model and its application to the Xiangxi River, China

Jian Li, Danxun Li, KIngKUL WAIE: -+ ccsreevmmn ettt ittt e bbb 1569
Ciprofloxacin adsorption from aqueous solution onto chemically prepared carbon from date palm leaflets

El-Said Ibrahim El-Shafey, Haider Al-Lawati, ASmaa SOIMan Al-SUIIT -« +«+«x+cvurettmmntiii i 1579
Ammonium removal pathways and microbial community in GAC-sand dual media filter in drinking water treatment

Shuo Feng, Shuguang Xie, Xiaojian Zhang, Zhiyu Yang, Wei Ding, Xiaobin Liao, Yuanyuan Liu, Chao Chemn « -« -« -ceoverimeniiiiiii 1587
Removal of sulfamethazine antibiotics by aerobic sludge and an isolated Achromobacter sp. S-3

Manhong Huang, Shixuan Tian, Dong hui Chen, Wei Zhang, Jun W, Liang CREn -« -« «««xxx e eeetmmmmin i 1594
Faecal sterols as sewage markers in the Langat River, Malaysia: Integration of biomarker and multivariate statistical approaches

Nur Hazirah Adnan, Mohamad Pauzi Zakaria, Hafizan Juahir, Masni MORA Ali-« -+« -+« +cxeeenemntmntin ittt et e e e et e 1600
Effects of Ca(OH), assisted aluminum sulfate coagulation on the removal of humic acid and the formation potentials of tri-halomethanes and haloacetic acids in chlorination

Jinming Duan, Xiaoting Cao, Cheng Chen, Dongrui Shi, Genmao Li, Dennis MUICaRy ««««««xvxxtrmmnmimnii i 1609

Atmospheric environment

Nitrous oxide emission by denitrifying phosphorus removal culture using polyhydroxyalkanoates as carbon source

Yan Zhou, Melvin Lim, Soekendro Harjono, Wun Jern Ng
Effect of unburned carbon content in fly ash on the retention of 12 elements out of coal-combustion flue gas

Lucie Bartoiiova, Bohumir Cech, Lucie Ruppenthalové, Vendula Majvelderova, Dagmar Juchelkova, Zdengk KIKa-«-««««+-«xxermeeeermmmmmii 1624

Terrestrial environment

pH-dependent leaching behaviour and other performance properties of cement-treated mixed contaminated soil

Reginald B. Kogbara, Abir Al-Tabbaa, Yaolin Yi, Julid A. SEEGEMANI <« ««-xxeeeeeerteettttttt ettt 1630
Enhanced oxidation of benzo[a]pyrene by crude enzyme extracts produced during interspecific fungal interaction of Trametes versicolor and Phanerochaete chrysosporium

Linbo QIan, BAOHANGZ CREM -+« x-xx ettt ettt e 1639
Influence of soil type and genotype on Cd bioavailability and uptake by rice and implications for food safety

XiNKIN Ye, YADING M2, BO SUI «+vvvvnrntettrmmuimntttiitiiit sttt et e e 1647
Topsoil dichlorodiphenyltrichloroethane and polychlorinated biphenyl concentrations and sources along an urban-rural gradient in the Yellow River Delta

Wenjun Xie, Aiping Chen, Jianyong Li, Qing Liu, Hongjun Yang, Tao W, ZRaohtua Lu «---«««« s ceermmmmmuetiiiiii e 1655

Environmental health and toxicology

Degradation of pyrene by immobilized microorganisms in saline-alkaline soil

Shanxian Wang, Xiaojun Li, Wan Liu, Peijun Li, Lingxue Kong, Wenjie Ren, Haiyan WL, YINg TU-«««««««++cxueetteesauttmmtttiaiiiiiiii i 1662

Environmental catalysis and materials

Characterizing the optimal operation of photocatalytic degradation of BDE-209 by nano-sized TiO»

Ka Lai Chow, Yu Bon Man, Jin Shu Zheng, Yan Liang, Nora Fung Yee Tam, Ming HUNZ WONE «+++++«++tvunstttumnttitnttiitttii ittt sttt 1670
Photocatalytic degradation of 4-tert-octylphenol in a spiral photoreactor system

Yanlin Wu, Haixia Yuan, Xiaoxuan Jiang, Guanran Wei, Chunlei Li, Wenbo DONE -« -« ««««xx s eetmmmmmmn ettt 1679
Efficiency and degradation products elucidation of the photodegradation of mefenpyrdiethyl in water interface using TiO, P-25 and Hombikat UV100

Amina Chnirheb, Mourad Harir, Basem Kanawati, Mohammed El Azzouzi, Istvan Gebefiigi, Philippe Schmitt-KOpplin -« -« «ccvveeeeeeeniii 1686
Response surface methodology analysis of the photocatalytic removal of Methylene Blue using bismuth vanadate prepared via polyol route

Abdul Halim Abdullah, Hui Jia Melanie Moey, NOT AZah YUSOF -« ««-««« et eetruuunn ettt et 1694
Poly[f3-(1—4)-2-amino-2-deoxy-D-glucopyranose] based zero valent nickel nanocomposite for efficient reduction of nitrate in water

Sheriff Adewuyi, Nurudeen O. Sanyaolu, Saliu A. Amolegbe, Abdulahi O. Sobola, Olujinmi M. FOlarin « -« «ceeeereeieeeii 1702
Environmental analytical methods
A flow cytometer based protocol for quantitative analysis of bloom-forming cyanobacteria (Microcystis) in lake sediments

Quan Zhou, Wei Chen, Huiyong Zhang, Liang Peng, Liming Liu, Zhiguo Han, Neng Wan, Lin Li, Lirong Song -« -« «««««covceeeierui 1709

A simple and sensitive method for the determination of 4-n-octylphenol based on multi-walled carbon nanotubes modified glassy carbon electrode

Qiaoli Zheng, Ping Yang, He Xu, Jianshe Litt, LIONE Ji ««««« - ceereumnnnmtmiiii 1717

Serial parameter: CN 11-2629/X*1989*m*184*en*P*23%2012-9



Available online at www.sciencedirect.com

ScienceDirect

JOURNAL OF
ENVIRONMENTAL
SCIENCES

ISSN 1001-0742

Journal of Environmental Sciences 2012, 24(9) 1624-1629 CN 11-2629/X

www.jesc.ac.cn

Effect of unburned carbon content in fly ash on the retention of 12 elements out
of coal-combustion flue gas

Lucie Bartoiova*, Bohumir Cech, Lucie Ruppenthalovd, Vendula Majvelderovi,
Dagmar Juchelkova, Zdenék Klika

Faculty of Metallurgy and Material Engineering, VSB-Technical University of Ostrava, TF.17. listopadu 15, 708 33
Ostrava — Poruba, Czech Republic

Received 18 November 2011; revised 02 January 2012; accepted 03 January 2012

Abstract

The aim of this study was to evaluate whether unburned carbon particles present in fly ash can help in the retention of S, Cl, Br, As, Se,
Cu, Ni, Zn, Ga, Ge, Rb, and Pb out of flue gas during the coal combustion at fluidised-bed power station where the coal was combusted
along with limestone. The competitive influence of 10%—25% CaO in fly ashes on the distribution of studied elements was studied as
well to be clear which factor governs behaviour of studied elements. Except of S (with significant association with CaO) and Rb and Pb
(with major affinity to Al,O3) the statistically significant and positive correlation coefficients were calculated for the relations between
unburned carbon content and Br (0.959), Cl1 (0.957), Cu (0.916), Se (0.898), Ni (0.866), As (0.861), Zn (0.742), Ge (0.717), and Ga
(0.588) content. The results suggest that the unburned carbon is promising material in terms of flue gas cleaning even if contained in

highly calcareous fly ashes.
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DOI: 10.1016/S1001-0742(11)60981-9

Introduction

Total worldwide quantity of coal combustion wastes pro-
duced in large power stations (estimated in the early 1990s)
exceeds undoubtedly 550 Mt per year (Adams et al.,
2005; Manz, 1997). Fraction of unburned carbon (UC) in
coal ashes varies considerably according to ash character
(bottom ash, fly ash etc.) and mainly depending on coal
rank and the type of combustion unit. Estimating average
unburned carbon content in ash as 3% — there is 16.5
Mt of unburned carbon that is being produced annually.
Unburned carbon properties depend mainly upon coal rank
and operational conditions. Nevertheless, it is generally
accepted that unburned carbon is a material with promising
porous structure which leads to an effort to use this waste
material as a low-cost adsorbent (Baltrus et al., 2001;
Bartoniova et al., 2009, 2010; Batra et al., 2008; Bunt et
al, 2009; Hurt et al., 1995; Izquierdo and Rubio, 2008;
Maroto-Valer et al., 2001, 2002; Xu et al., 2009).

Another important problem when fossil fuels are used
for electricity generation is the emissions of toxic pol-
lutants. During the combustion, heavy metals and other
toxic trace elements originally present in coal are redis-
tributed among bottom ash, fly ash and emissions. The
most problematic is the distribution of vaporized elements
between the flue gas particles and gaseous phase because

* Corresponding author. E-mail: lucie.bartonova@vsb.cz

the elements bound in solid particles are efficiently cap-
tured in electrostatic precipitator (ESP) or fabric filter
whereas the gaseous fraction of toxic elements easily
penetrates through the particulate control device directly
into atmosphere.

This concerns above all the most volatile elements,
such as Hg, As, Cl, Br, or Se. Depending on the coal
characteristics and the operational conditions during the
combustion, the fractions of these elements released into
atmosphere in gaseous form can reach in some cases as
much as 80%-90% or even more (Germani and Zoller,
1998; Huang et al., 2004; Klein et al., 1975; Klika et al.,
2001; Meij et al., 1986, 1994; Xu et al., 2004; Yi et al.,
2008).

This is the reason why many researchers directed their
effort toward the retention of these vaporized elements on
some fly ash constituents or using another adsorbent added
during the combustion. Polluting gas can be cleaned by fly
ash (Harja et al., 2008), promising results were obtained
by unburned carbon particles in fly ash (Bartoriova et al.,
2007; Hassett and Eylands, 1999; Hower et al., 1999, 2000,
2010; Lopez-Antén et al., 2007; Sakulpitakphon et al.

2000) or by means of Ca-bearing additives,Jaluminosilicate
adsorbents etc. (Furimsky, 2000; Chen et gl., 1999; Senior
et al., 2000; Sterling and Helble, 2003; Zhjo et al., 2008).

Serre and Silcox (2000), Hower et aJ. (1999, 2000,
2010), Hassett and Eylands (1999), and [Sakulpitakphon
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(2000) tested fly ashes from large-scale power stations for
the retention of Hg from flue gas concluding that higher
unburned carbon content in fly ash is advantageous for
the retention of Hg. Unfortunately, works dealing with the
possible retention of other elements on unburned carbon
particles are rather rare (Bartoniova et al., 2007; Lépez-
Antén et al., 2007; Vassilev et al., 2000).

While the effect of unburned carbon is usually studied
using real power-station fly ashes, the effect of other
adsorbents is usually tested using bench-scale or pilot-
scale furnaces due to the possibility of changing more
parameters and conditions than it is possible in large power
stations. Based on the bench-scale results the positive
influence of some adsorbents (Ca-based adsorbents, kaoli-
nite, alumina etc.) on the retention of trace elements were
reported (Sterling and Helble, 2003; Furimsky, 2000; Chen
et al., 1999; Zhao et al., 2008).

This work was focused on the evaluation of the effect
of unburned carbon content on distribution of 12 selected
elements (S, Cl, Br, As, Se, Cu, Ni, Zn, Ga, Ge, Rb, and Pb)
in particle-size fractions of fly ashes collected at three ESP
hoppers at fluidised-bed coal combustion power station.

There are at least three reasons why we decided to carry
out this study: (1) this work is based on the real power-
station samples (where all real operational conditions in
power station are involved in the fly ash characteristics);
(2) all these samples contain naturally also rather high CaO
content (10%-25%), which enables us to take also this
(maybe competitive) factor into account; (3) to the best
of our knowledge — the effect of unburned carbon (in real
and at the same time rather calcareous fly ashes) on the
redistribution of as much as 12 elements have not been
studied yet.

Thus, the main aim of this work was to evaluate whether
unburned carbon in fly ashes can (or can not) help with
the retention of many toxic elements out of the coal —
combustion flue gas even in highly calcareous ashes.

1 Materials and methods

The samples were collected at Energetika Trinec —
fluidised-bed power station where lignite and lime-
stone was combusted at 850°C (the desulphurization of
emissions was achieved by means of dry desulphuriza-
tion method). The four-sectioned electrostatic precipitator
(working at 142-145°C) is installed in this power station
for the retention of solid particles out of the flue gas.

During the whole combustion test, at regular time inter-
vals the partial samples of the fly ashes from the first three
hoppers of electrostatic precipitator (ESP) were collected.
Since majority of solid particles is captured in the first
three rows of the precipitator, the fly ash from the fourth
row was not studied due to insufficient amount. Fly ash
was collected under the three hoppers separately, which
enables us to study three separate fly ash samples within 1
combustion test. Each ash sample was then mixed properly
and using quartering method about 5-kg samples of all the
ashes were set apart for the analysis in the laboratory.

The three fly ash samples (collected under the three

ESP hoppers) were further separated into particle-size
fractions using dry separation method on the following
sieves: 0.032, 0.036, 0.040, 0.050, 0.053, 0.056, 0.063,
0.071, 0.080, 0.090, 0.100, and 0.125 mm and the yields
of all the fractions were recorded.

In all fly ash samples (three bulks and all the particle-
size fractions) the unburned carbon content was deter-
mined on Leco CS-244 (the determination in based on
infrared absorption measurement). Prior to the measure-
ment of carbon content, the samples were leached with
dilute HCI (1:1, V:V) to dissolve carbonates, which could
otherwise have misrepresented the results. In all ash
samples the contents of major, minor and trace elements
were determined by polarized-beam X-ray fluorescence
spectrometry on SPECTRO XEPOS. Ash content in all
the studied samples was determined gravimetrically in
muffle furnace at 815°C. Calculations of pair correlation
coefficients (including the evaluation whether they are sta-
tistically significant or not) was performed using Trilobyte
statistical software QC Expert (v. 2.7).

2 Results and discussion

2.1 Analysis of fly ash samples

Fly ash samples collected under the three hoppers of elec-
trostatic precipitator were dry-sieved providing altogether
26 particle-size fractions. All these fractions are listed in
Table 1. All the results for the three bulk fly ashes (3
hoppers of ESP) and 26 particle-size fractions (prepared
from them) are also summarized in Table 1.

Above all, this study was focused to the evaluation of
the possible effect of UC content on the retention of 12
elements out of the flue gas: S, Cl, Br, As, Se, Cu, Ni,
Ga, Ge, Pb, Zn, and Rb. Considering the results of other
researchers (Furimsky, 2000; Chen et al., 1999; Senior et
al., 2000; Sterling and Helble, 2003; Zhao et al., 2008), we
can conclude an effect of Ca-bearing additives or alumi-
nosilicate adsorbents on the retention of studied elements
during bench-scale combustion tests, the effect of CaO and
Al,O5 content in the studied samples was evaluated as well
to be clear that the distribution of elements is given by the
very unburned carbon and not by CaO or Al,O3 content.

Distribution of unburned carbon within the particle-size
fraction of all the three fly ash samples is demonstrated
in Fig. 1a, while the same for CaO and Al,Os3 is given in
Fig. 1b.

Columns plotted in Fig. 1a suggest significantly higher
UC content in fly ash samples collected under the 2nd and
3rd hopper of ESP, average UC content in fly ash from
the Ist section is about 1%, the remaining two sections
produced fly ash with 4%-5% UC. Distribution of CaO
and Al,O3; within the three sections (and particle-size
fractions) varies not so significantly as in case of UC.

2.2 Correlations between the contents|of 12 studied
elements and unburned carbon, C30, and Al,O;
content

Pair correlation coefficients R between thg contents of
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Table 1 Chemical analysis of bulk and particle-size fractions (mm) of fly ash collected at the 1st, the 2nd and the 3rd hoppers (including the yield of
the fraction, ash content and unburned carbon (UC) content)

Particle-size fraction (mm)

BULK 1 <0.032 0.032— 0.036— 0.040- 0.050- 0.053— 0.056— 0.063— 0.071- 0.080- 0.090- 0.100- > 0.125

0.036 0.040 0.050 0.053 0.056 0.063 0.071 0.080 0.090 0.100 0.125
Fraction (%) 100.00 6.55 8.84 4.73 9.3 13.57 5.49 12,5 8.53 3.81 9.91 5.03 6.4 5.34
Ash (%) 97.78 95.86 95.94 96.63 96.32 96.44 96.9 97.08 97.26 97.42 98.15 98.12 98.61 98.38
UC (%) 1.29 2.31 2.03 1.78 1.70 1.83 1.35 1.14 0.99 0.70 0.68 0.36 0.17 0.20
MgO (%) 0.42 0.50 0.51 0.36 0.42 0.44 0.48 0.34 0.35 0.32 0.45 0.32 0.37 0.33
Al O3 (%) 19.85 18.11 18.61 17.83 17.78 18.20 19.05 19.17 21.76 19.92 22.60 23.52 25.57 28.00
SiOy (%) 41.89 37.52 38.65 36.28 37.97 37.49 39.12 39.36 46.40 42.93 47.22 50.05 53.11 47.28
P05 (%) 0.39 0.47 0.49 043 0.46 0.46 0.43 0.34 0.35 0.29 0.40 0.36 0.35 0.38
K>0 (%) 1.53 1.28 1.32 1.32 1.31 1.34 1.42 1.51 1.85 1.69 1.99 1.97 2.19 1.81
CaO (%) 20.25 24.02 22.52 24.74 23.99 23.27 21.59 22.75 15.83 21.12 15.22 12.90 9.63 12.04
MnO (%) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.04 0.04
Fey 03 (%) 7.00 6.96 722 793 7.62 8.51 8.84 8.11 6.26 3.71 5.36 4.32 3.70 4.22
S (%) 2.45 2.69 245 2.88 2.65 2.50 2.58 242 2.04 2.90 2.17 2.18 1.48 1.73
Cl (ppm) 182 291 261 270 251 254 236 199 107 123 103 108 61 121
Ni (ppm) 78 86 89 65 81 73 66 61 65 46 69 73 73 99
Cu (ppm) 84 107 111 95 99 92 87 68 76 63 68 70 63 71
Zn (ppm) 99 106 98 90 102 107 89 100 88 69 96 107 116 151
Ga (ppm) 32 28 30 28 28 31 24 23 28 28 32 37 38 39
Ge (ppm) 10.4 11.4 10.4 7.1 10.3 10.6 49 7.9 6.4 8.3 8.0 10.4 10.5 20.2
As (ppm) 314 440 489 331 406 371 309 245 212 215 228 214 162 213
Se (ppm) 5.5 13.5 9.9 7.8 9.7 8.3 7.0 3.7 32 1.1 3.1 1.1 1.7 0.6
Br (ppm) 9.7 16.9 16.1 13.9 123 12.5 10.4 9.5 49 4.1 4.7 2.8 1.1 2.8
Rb (ppm) 98 72 71 74 78 76 84 85 105 104 117 136 146 142
Pb (ppm) 62.8 48.4 55.9 50.8 524 51.8 547 514 67.4 67.9 67.5 785 67.1 66.3

BULK 2 <0.032 0.032— 0.036— 0.040— 0.050— 0.063— > 0.080 BULK 3 < 0.040 0.040— 0.050— 0.056— 0.063— > 0.080

0.036 0.040 0.050 0.063 0.080 0.050 0.053 0.063 0.080
Fraction (%) 100.00 7.82 8.77 24.41 14.45 27.49 7.58 9.48 100.00 12.10 13.17 32.74 16.37 9.25 16.37
Ash (%) 94.53 93.04 94.42 94.93 94.85 93.94 93.68 94.28 93.63 90.66 93.89 93.89 92.67 92.87 92.89
UC (%) 3.98 5.39 3.99 3.65 3.32 4.20 5.14 3.94 4.78 7.15 4.19 443 5.53 5.82 5.22
MgO (%) 0.64 0.66 0.69 0.64 0.64 0.61 0.55 0.67 0.72 0.68 0.70 0.70 0.65 0.71 0.77
Al O3 (%) 20.14 18.99 19.33 19.65 19.60 19.56 19.73 19.15 19.55 19.70 20.32 20.45 20.47 20.11 20.25
SiOy (%) 39.60 38.98 39.02 39.84 40.15 39.77 40.94 41.89 40.97 39.13 40.55 40.57 40.72 42.03 41.35
P05 (%) 0.73 0.67 0.73 0.71 0.73 0.70 0.66 0.65 0.74 0.75 0.78 0.78 0.78 0.76 0.77
K70 (%) 1.65 1.57 1.62 1.61 1.63 1.61 1.65 1.65 1.57 1.60 1.67 1.67 1.64 1.61 1.60
CaO (%) 18.71 19.69 19.65 19.43 19.01 18.82 17.42 17.99 16.31 16.10 16.36 15.87 15.70 15.80 16.23
MnO (%) 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.06 0.05 0.06 0.06 0.06 0.05 0.05
Fey 03 (%) 6.60 6.16 6.78 6.48 6.72 6.65 597 5.88 6.80 6.20 6.50 6.67 6.42 6.32 6.79
S (%) 2.32 2.18 2.33 2.29 2.29 2.18 2.06 2.19 247 2.39 2.51 2.48 2.40 2.37 2.40
Cl (ppm) 546 592 507 516 517 541 540 607 834 851 715 722 911 863 772
Ni (ppm) 123 122 127 122 120 116 125 101 187 176 178 183 186 176 180
Cu (ppm) 132 136 132 127 137 121 117 137 158 153 160 165 161 156 170
Zn (ppm) 132 137 127 141 143 137 125 132 162 149 161 165 151 155 165
Ga (ppm) 36 35 34 36 39 31 31 34 41 43 45 42 40 44 44
Ge (ppm) 15.1 12.2 18.4 13.8 16.0 14.0 15.0 12.2 34.0 30.8 335 34.9 309 303 34.7
As (ppm) 470 402 503 481 481 440 461 383 641 602 665 685 651 690 672
Se (ppm) 10.2 12.8 11.7 11 11.8 9.5 11.8 8.6 15.1 18.8 153 16 15.7 14.2 134
Br (ppm) 30.0 36.4 29.9 294 29.6 28.9 323 277 455 43.1 44.1 40.5 46.0 47.0 41.8
Rb (ppm) 86 83 82 84 84 87 89 92 80 78 82 81 80 81 79
Pb (ppm) 61.8 59.0 59.7 63.3 63.5 58.9 61.4 61.6 67.1 69.3 68.1 71.6 68.7 68.4 72.1

12 studied elements and UC, CaO, and Al,O3 contents
are given in Table 2. All these calculated correlation
coefficients were also subjected to evaluation whether they
are statistically significant or not (significance level used
was o = 0.05). For total number of evaluated data of 29
(3 bulk samples and 26 particle-size fractions) the critical
value of correlation coefficient is 0.368 (with increasing
number of measured data this value somewhat decreases).

For easier visualization of studied interrelations, the
strength of mutual correlations of the 12 elements and
UC and CaO content is demonstrated in Fig. 2, where
the elements were divided into groups according to the
strength of their relation to UC and CaO.

Statistically significant and positive values of correlation
coefficient concerning relations with UC were calculated
for Cl, Ni, Cu, Zn, Ga, Ge, As, Se, and Br, i.e., for
9 elements of 12 elements studied (they are all situated
in the right third of the diagram). The strongest positive
relation with unburned carbon was obtained for the most
volatile elements: Br, Cl, Cu, Se, Ni, and As (all R values

Table 2 Mutual (pair) correlation coefficients R for the relations
between the studied elements and unburned carbon (UC), CaO, and
Al, O3 contents

ucC CaO Al O3
S 0.107 0.755 -0.761
Cl 0.957% -0.153 -0.313
Ni 0.866 —-0.358 -0.070
Cu 0.916 —-0.085 —-0.358
Zn 0.742 —0.475 0.144
Ga 0.588 —0.655 0.321
Ge 0.717 —0.424 0.065
As 0.861 -0.012 -0.397
Se 0.898 0.116 -0.523
Br 0.959 -0.113 -0.348
Rb -0.600 —0.693 0.908
Pb 0.195 —0.834 0.578

2

* Bold-typed values were statistically evaluated as “spgntfreant:

are higher than 0.85). Correlation coefficignts obtained for
Ge, Zn, and Ga are somewhat lower (but ptill statistically
significant).

Sulphur showed the only positive sighificant relation



http://www.jesc.ac.cn

No. 9 Effect of unburned carbon content in fly ash on the retention of 12 elements out of coal-combustion flue gas 1627
8
7L a _
/-\6-
s
=
EN
s 3F
3 2t
TR NN R
0IIIIIIIII|_|I|—II,_|I|—|II—|IIIIIIIIIIIIIII
- A 0 O O cn v ;N = O O O \n Vv a adada v o © M o o M o O on o0 o o
Mmmvmmmcl\w@ouf\lMmmvmcooooxvmmooooo
X2 S S S S S S 2 3 35 = = = S 2 S S S 38 3 S S S S 8 3
DOoooooooooooOSooooodogooooo’o
m v 1o 1 1 1T I 1 1T I 1 I A v 1 1 1 1 71 R v 1 1 1 T A
N O O O ¢ v O - © o 9 m AN O O O = M S o © o
n N B O n o\ O >~ ® &N O L D A =) T v v o
S © 2 S S S S S & 35 = S S 2 2 3 S o S 3
S O O o o o o o o o ©o S o o o <o S o o o
Particle-size fraction (mm)
@30
3/25b 0O caO OALO,
= 25k
=]
220
g
Q
o 15
s
< 10
8
%5
OO““““"""““““‘ L
.—NooomomggooWQNN\Ooomoomoom@gO
¥ g 823858888 g=5 =883 g88x3T g8 e
Sdo’o’ddd??????i’DO??'o'o'o'o'So'o’o'CI’Cfo
17 17 1 V T 1 1 [ A
\Y e A v ©
) Qﬁg%@ﬁ\opggg M 8 8 3 8 ¢ @ g 2 & &
S S S 38 S 2 2 2 <2 2 = e T L S 2 2 2
S O S S o © ° o o o o S o oS o o S o @ <

Particle-size fraction (mm)

Fig. 1 Distribution of unburned carbon UC (a), CaO and Al,O3 contents (b) within the particle-size fractions of fly ash collected at the 1st, 2nd and the
3rd hoppers of electrostatic precipitator.

Correlation coefficient R related to CaO

with CaO (R = 0.755), it is the only element situated in the
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and UC was not of greater significance.

In the case of Rb and Pb it was the only Al,O3;
content, for which positive and significant correlation
coefficient was calculated. Some caution is needed in the
interpretation of this result, it should be reminded that
it is the retention of vaporized element out of flue gas
that is studied in this work. On the assumption that the
elements are vaporized and then condensation/adsorption
follows, their increasing contents with increasing content
of UC indicates some retention. However, not all of the
elements studied in this work are typically volatile. The
typical example of non-volatile element in this work is
Rb, a lithophile element bound in coal usually in alu-
minosilicates (which is the very reason of its rather low
volatility). Therefore its strong relation with Al O3 content
in fly ash may be a consequence of its occurrence in
aluminosilicates in the coal combusted. Moreover, if very
high correlation coefficient between Rb and Al,Os; had
been brought about by its condensation/adsorption out of
the flue gas, absolutely no interaction with UC under such
conditions would have been rather unlikely.

On the other hand, rather complicated is the situation
of Pb, because the volatility of this element varies a
lot depending on its association in coal, including sul-
phides, carbonates, but also aluminosilicates (Finkelman,
1994; Raask, 1985; Spears and Booth, 2002; Swaine and
Goodarzi, 1995). Therefore, in case of Pb both explana-
tions are possible, either adsorption of vaporized form onto
aluminosilicates or its occurrence in aluminosilicate matrix
of coal taking Pb into aluminosilicate matrix of ash.

Except for S, Rb, and Pb the remaining 9 elements (CI,
Ni, Cu, Zn, Ga, Ge, As, Se, and Br) showed dominant
association with UC in ash (despite rather high CaO
content in these samples); this observation was obtained
even in case of acid-forming elements, such as Cl, Br, As
or Se.

In this context it should be mentioned that the re-
sults supporting the efficient retention of As (or other
volatile elements) presented in the literature (Furimsky,
2000; Chen et al., 1999; Sterling and Helble, 2003; Zhao
et al.,, 2008) were usually obtained on bench-scale of
pilot-scale combustion units where Ca-bearing adsorbents
were tested without the occurrence of unburned carbon
grains. Moreover, the combustion/adsorption conditions
during these tests may have been somewhat different as
in our fluidised-bed power station. The most common and
the most significant differences can be the combustion
temperature, flue gas composition and the temperature
profile during flue gas cooling because the time interval
available for the interaction of vaporized elements and the
adsorbent may be the critical factor determining whether
(even thermodynamically favored) reaction will actually be
realized or not.

In other words, even if the reactions of some acid-
forming elements (Cl, Br, As, or Se) with Ca-bearing
adsorbent are thermodynamically favoured (which was
also verified by bench-scale of pilot-scale combustion
tests (Furimsky, 2000; Chen et al., 1999; Sterling and
Helble, 2003; Zhao et al., 2008), under the conditions

of this fluidised-bed power station where also 1%—5% of
unburned carbon was present in fly ash the dominant factor
governing the distribution of Cl, Ni, Cu, Zn, Ga, Ge, As,
Se, and Br was the unburned carbon content (while the
effect of CaO content was not of greater significance).
The results obtained in this work undoubtedly suggest that
in this power station the condensation/adsorption of Cl,
Ni, Cu, Zn, Ga, Ge, As, Se, and Br on unburned carbon
particles was preferred to the interaction of these elements
with Ca-bearing minerals.

3 Conclusions

The main aim of this study was to evaluate whether the
unburned carbon particles present in fly ash can help with
the retention of Cl, Br, As, Se, Cu, Ni, Zn, Pb, Rb, S,
Ga, and Ge out of flue gas during the coal combustion at
fluidised-bed power station where the coal was combusted
with limestone. The main advantage of this work is that
the effect of unburned carbon was evaluated in real fly ash
samples containing also quite high CaO content.

It was found out that except of S (with significant
association with CaO), Rb and Pb (with major affinity to
Al,O5), the statistically significant and positive correlation
coeflicients were calculated for the relations between un-
burned carbon content and CI, Ni, Cu, Zn, Ga, Ge, As, Se,
and Br content. The effect of unburned carbon in fly ash
was significant and dominated even over the influence of
CaO content. This observation could be brought about by
unfavourable time and temperature profile in the power sta-
tion for the interaction of these elements with CaO; under
such conditions it was the very adsorption/condensation of
elements onto UC, which was preferred behaviour.
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