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a b s t r a c t

It was found for the first time that citric acid was decomposed to formic acid, acetic acid and lactic acid
in the presence of coal ash particles at pH 3 at 20 ◦C, while it was not decomposed at more than pH
5. The yield of organic acid at stirring time of 60 min is in the order of formic acid > acetic acid > lactic
acid. Since citric acid dissociates to citric anion at more than pH 5, it was suggested that citric anion and
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negatively charged coal ash particles repelled electrically each other at more than pH 5, resulting in that
citric acid could not be adsorbed and not be decomposed on coal ash. Based on the obtained results, the
decomposition of citric acid at pH 3 was suggested to be due to catalytic effects of coal ash. Since formic
acid and acetic acid can be used as a material of hydrogen fermentation, coal ash could be used as a
catalyst to synthesize the important material for hydrogen fermentation from wastewater of citric acid.
rganic acid synthesis
astewater treatment

. Introduction

When thermal power plants are periodically maintained, large
mounts of organic acids such as citric acid are used to remove
etal oxide scales from the surface of water-wall tubes in boilers

1]. Such wastewater including organic acids, has a high value of
hemical oxygen demand (COD) [2], therefore, it is generally treated
ith oxidative agents or reverse osmosis (RO) membranes. In the

ase of using oxidative agents, the wastewater including organic
cids can be oxidatively decomposed, hardened, sedimented and
ewatered. In the case of using RO membranes, the wastewater
an be separated into dilute and concentrated wastewaters by the
embranes. In both treatments, a large amount of sludge or con-

entrated liquid is finally exhausted as an industrial waste, where
he treatment costs are expensive.

In addition, a total amount of coal ash, 7.5 million tons, is
roduced from thermal power stations in 2003, Japan [3]. It is com-
osed of inorganic oxides such as SiO2, Al2O3, Fe2O3, CaO, etc, and

s mainly used as cement or concrete materials. However, 650,000
ons of coal ash is still discarded into the reclaimed ground. Many

ttempts are made to use coal ash as a useful resource [4–10]. For
xample, it is reported that hydrazine (N2H4), which is used for the
emoval of dissolved oxygen from boiler feed-water in order to pre-
ent the oxygen corrosion at thermal power plants, was able to be
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decomposed by the addition of coal ash in the presence and absence
of ultrasound [6].

In this study, the effect of coal ash on the decomposition of citric
acid (a model compound of wastewater formed in a thermal power
plant) was investigated to find a new wastewater treatment system
and an effective usage of coal ash. As a result, we found for the first
time that citric acid would be catalytically decomposed by coal ash
at room temperature.

2. Experimental

All reagent grade chemicals were purchased from Wako Pure
Chemical Industries, Ltd. and used without further purification. The
water purified by an Organo Purelite PRB-002A was used (resistiv-
ity > 107 � cm).

Coal ash used here was a clinker ash produced from the thermal
power station where an australian coal was used as a fuel. The ash
was sieved to obtain small particles in a size range of 53–106 �m.
Coal ash was composed of SiO2: 62.0 wt%, Al2O3: 21.2 wt%, Fe2O3:
3.9 wt%, CaO: 2.0 wt% and the others such as MgO, K2O and Na2O
(less than 1.0 wt%). The average of specific surface area of coal ash
was 5.74 m2 g−1, which area was measured by a BEL Japan BELSORP-
mini.
A sample solution of citric acid (0.1 mM, 50 ml) in a 100 ml
beaker was used for experiments. The pH of solution was adjusted
by HCl or NaOH. The experiments were carried out using a mag-
netic stirrer (AS ONE DP-1S) with a stirring bar (40 mm) at 20 ◦C.
The stirring speed was 300 revolutions per minute (rpm).

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hiroyuki_nakui@jpower.co.jp
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ig. 1. Concentration of residual citric acid as a function of stirring time in the pres-
nce of various amounts of coal ash (0.0 to 10 wt%) at pH 3. (�) 0.0 wt%, (�) 0.5 wt%,
©) 1.0 wt%, (♦) 10 wt%.

The concentrations of citric acid and other organic acids were
easured by a capillary electrophoresis analytical method [11]

sing an Agilent G1600A equipped with a photodiode-array detec-
or. The total organic carbon (TOC) in the solution was determined
ith a TOC analyzer (Shimadzu TOC-5000) based on Japanese

ndustrial Standards (JIS).

. Results and discussion

Fig. 1 shows the residual concentration of citric acid as a function
f stirring time at pH 3, where the changes in the concentration of
itric acid are investigated in the presence of various amounts of
oal ash (0–10 wt%). It was found that the concentration of citric
cid did not change in the absence of coal ash. On the other hand,
he concentration of citric acid decreased with increasing stirring
ime for all amounts of coal ash. Although the degree of the decrease
ncreased with increasing amount of coal ash up to 1.0 wt%, it was
little difference between coal ash amounts of 1.0 and 10 wt%.

Next, TOC of the solution was investigated. The measured TOC
alues are shown in Fig. 2, where the result of the concentration
f citric acid is also shown for comparison. It was found that TOC
id not change during stirring, although the concentration of citric

cid gradually decreased with stirring time; the ratio of decrease
as 32% at 60 min. If citric acid were decomposed to CO2 and H2O,

OC should decrease. From the result of Fig. 2, it was suggested that
itric acid was decomposed to other organic compounds, but not to
norganic compounds as CO2 or H2O.

ig. 2. TOC (�) and concentration of residual citric acid (�) as a function of stirring
ime in the presence of coal ash (0.5 wt%) at pH 3.
Fig. 3. Concentration of residual citric acid (�) and products as a function of stirring
time in the presence of coal ash (10 wt%) at pH 3. Products are formic acid (♦), acetic
acid (©) and lactic acid (�).

It is reported that the decomposition of hydrazine by coal ash
depended on pH [6]. Therefore, the effects of pHs (3, 5 and 10) on the
degradation of citric acid was investigated under the same stirring
condition. It was confirmed that citric acid is not decomposed at
pH 5 and 10, although it is decomposed at pH 3.

From the above results, it was suggested that citric acid was
decomposed to the other compounds in the presence of coal ash at
pH 3. To determine the formed compounds, the solution was ana-
lyzed by the capillary electrophoresis method. It was found that
formic acid, acetic acid and lactic acid are predominantly formed,
where any other compounds were not able to be identified. Fig. 3
shows the concentration of products as a function of stirring time
in the presence of coal ash (10 wt%) at pH 3. The concentration of
products increased as the concentration of citric acid decreased.
The main product was found to be formic acid.

Based on the obtained results, it was found that the decomposi-
tion of citric acid in the presence of coal ash depends upon pH. This
result could be explained in terms of the surface electric charge of
coal ash particles and the dissociation of citric acid as described
below.

Alumina and silica particles in water usually have an electric
charge on their surfaces, where the charge is electropositive less
than an isoelectric point pH and electronegative more than that. The
isoelectric point pH of alumina particles is reported to be in a pH
range of 7 to 8 [12], and that of silica particles to be in a pH range of
1 to 1.5 [13]. Furthermore, it is reported that the isoelectric point pH
of mullite particles, which are composed of alumina and silica, lies
in a pH range between alumina (isoelectric point pH 7–8) and silica
(isoelectric point pH 1–1.5) [14], depending upon a composition
ratio of alumina to silica. As coal ash used in this study includes SiO2
of 62% and Al2O3 of 21%, it can be estimated that the isoelectric point
pH of coal ash is ca. pH 2 to pH 3 on the basis of the composition
ratio. Consequently, the electric charge of coal ash was estimated to
show an electronegative one at pH 5 or 10 and somewhat a neutral
one at pH 3.

On the other hand, citric acid has three dissociation constants
(Ka), and the values of pKa are reported to be 2.9, 4.4 and 5.7 [15],
respectively. Therefore, citric acid dissociates to anions more than
pH 2.9 and is also negatively charged at pH 5 and 10. Coal ash is
also negatively charged at a pH of more than isoelectric point (ca.
pH 2–3), therefore, they repel electrically each other and citric acid
is little adsorbed on coal ash. In addition, as citric acid partly dis-
sociates and coal ash has a neutral charge at pH 3, it is considered

that citric acid is able to be adsorbed on coal ash and then would
be decomposed to the products.

Coal ash is mainly comprised of silica and alumina as described
in experimental section. It is reported that silica-alumina catalysts
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ig. 4. Schematic representation of transformation of citric acid, acetic acid and l
osition.

an be used as a cracking catalyst for petroleum refinement [16].
herefore, the mechanism of citric acid decomposition by coal ash
s discussed in terms of catalytic effects. Silica-alumina catalysts
uch as acid catalysts accelerate the cracking reaction of paraffin
ith tertiary carbons. Fig. 4 shows the schematic representation of

racking of citric acid to formic acid, acetic acid and lactic acid in
he presence of coal ash as a silica-alumina catalyst, where citric
cid includes a tertiary carbon and is shown as C*. Citric acid would
e abstracted hydroxy anion from tertiary carbon so that it would
e dissociated to carbonium ion and then cleaved at beta position
o transform to formic acid.

In summary, the effects of coal ash particles on the degradation
f citric acid were studied to find out a new application of coal
sh for wastewater treatment of citric acid. It was found for the
rst time that citric acid was decomposed to lactic acid, acetic acid
nd formic acid in the presence of coal ash at room temperature.
ormic acid and acetic acid could be used as a material of hydrogen
ermentation [17]. As hydrogen can be used as an important fuel
as for fuel cell, coal ash could be used as a catalyst to synthesize a
aw material for hydrogen fermentation from wastewater of citric
cid in thermal power plants. The technique presented here is one
f the most eco-friendly techniques for water treatment, because
eactions can be induced at room temperature and the used coal
sh is abundant resources from industrial wastes.
eferences

[1] Y. Yamaguchi, T. Sato, H. Tsuchida, K. Kikuchi, Development of corrosion pre-
vention for water wall tubes in chemical cleaning process of boiler, Therm. Nucl.
Power 45 (1994) 1506–1514.

[
[

[

cid to formic acids on coal ash, where C* is the tertiary carbon and � is the beta

[2] T. Kawasaki, Development of waste liquid treatment by hydrogen peroxide after
boiler chemical cleaning, Therm. Nucl. Power 54 (2003) 45–50.

[3] Japan Environmental Technology Association, 2005. Coal Ash Handbook, 4th
ed., Tokyo.

[4] H. Nakui, K. Okitsu, Y. Maeda, R. Nishimura, Effect of coal ash on sonochemical
degradation of phenol in water, Ultrason. Sonochem. 14 (2007) 191–196.

[5] E. Alavarez-Ayuso, X. Querol, Study of the use of coal fly ash as an additive to
minimize fluoride leaching from FGD gypsum for its disposal, Chemosphere 71
(2008) 140–146.

[6] H. Nakui, K. Okitsu, Y. Maeda, R. Nishimura, Effect of coal ash on hydrazine degra-
dation under stirring and ultrasonic irradiation conditions, Ultrason. Sonochem.
15 (2008) 472–477.

[7] J. Wang, T. Wang, J.G. Burken, C.C. Chusuei, H. Ban, K. Ladwig, C.P. Huang, Adsorp-
tion of arsenic(V) onto fly ash: a speciation-based approach, Chemosphere 72
(2008) 381–388.

[8] J.S. Park, S. Taniguchi, Y.J. Park, Alkali borosilicate glass by fly ash from a coal-
fired power plant, Chemosphere 74 (2009) 320–324.

[9] Y.C. Sharma, Uma, S.N. Singh, Paras, F. Gode, Fly ash for the removal of
Mn(II) from aqueous solutions and wastewaters, Chem. Eng. J. 132 (2007)
319–323.

10] L. Tofan, C. Paduraru, D. Bilba, M. Rotariu, Thermal power plants ash as sorbent
for the removal of Cu(II) and Zn(II) ions from wastewaters, J. Hazard. Mater. 156
(2008) 1–8.

11] J. Karovicova, J. Polonsky, M. Drdak, P. Simko, V. Vollek, Capillary isotachphore-
sis of organic acids produced by selected microorganisms during lactic acid
fermentation, J. Chromatogr. 638 (1993) 241–246.

12] J. Tusbaki, M. Naito, K. Nakahira, K. Suzuki, K. Hashimoto, Round robin research
on sample preparation conditions for zeta-potential measurement, in: Abstracts
of 9th Fall Meeting of Ceram. Soc. Jpn., 1996, p. 397.

13] G.A. Parks, The isoelectric points of solid oxides, solid hydroxides, and aqueous
hydroxocomplex systems, Chem. Rev. 65 (1965) 177–198.

14] Otsuka Electronics Co. Ltd. http://www.photal.co.jp/book/els 02 02.html.

15] Denkikagaku-kyoukai, 1985, Denkikagaku-Binran, Maruzen, Tokyo.
16] R.C. Hansford, P.G. Waldo, L.C. Drake, R.E. Honig, Hydrogen exchange between

deuterium oxide and hydrocarbons on silica-alumina catalyst, Ind. Eng. Chem.
44 (1952) 1108–1113.

17] Y. Matsumura, Status quo and prospects of technologies to produce hydrogen
from biomass, J. Hydrogen Energ. Syst. Soc. Jpn. 29 (2004) 7–12.

http://www.photal.co.jp/book/els_02_02.html

	Formation of formic acid, acetic acid and lactic acid from decomposition of citric acid by coal ash particles at room temperature
	Introduction
	Experimental
	Results and discussion
	References


