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Highlights

Adsorbent for H2S was synthesized from mixture of coal ash and blast furnace cement.
Mixing ratio of coal ash and blast furnace cement was investigated.

H>S removal rate increased significantly up to 87wt.% of coal ash.

The crushing strength was over 1.2 N mm? when the mixing ratio was less than
95wt.%.

The mixing ratio of coal ash was optimized at 87wt.%.



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Abstract

Reducing hydrogen sulfide concentration in eutrophic marine sediments is crucial to
maintaining healthy aquatic ecosystems. Managing fly ash, 750 million tons of which is
generated annually throughout the world, is another serious environmental problem. In
this study, we develop an approach that addresses both these issues by mixing coal fly
ash from coal-fired power plants with blast furnace cement to remediate eutrophic
sediments. The purpose of this study is to optimize the mixing ratio of coal fly ash and
blast furnace cement to improve the rate of hydrogen sulfide removal based on scientific
evidence obtained by removal experiments and XAFS, XRD, BET, and SEM images.
In the case of 10 mg-S L of hydrogen sulfide, the highest removal rate of hydrogen
sulfide was observed for 87wt.% of coal fly ash due to decreased competition of
adsorption between sulfide and hydroxyl ions. Whereas regarding 100 mg-S L7, the
hydrogen sulfide removal rate was the highest for 95wt.% of coal fly ash. However, for
both concentrations, the removal rate obtained by 87wt.% and 95wt.% were statistically
insignificant. The crushing strength of the mixture was over 1.2 N mm when the coal
fly ash mixing ratio was less than 95wt.%. Consequently, the mixing ratio of coal fly
ash was optimized at 87wt.% in terms of achieving both high hydrogen sulfide removal

rate and sufficient crushing strength.
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Introduction

The sediments settled in enclosed water bodies, ports, and harbors are affected by

significant terrigenous organic matter loads, and the oxidative decomposition of this

organic matter consumes dissolved oxygen in the water column. Under such anoxic

conditions, hydrogen sulfide is generated by sulfate-reducing bacteria. Investigations of

the toxicity of hydrogen sulfide for plants and aquatic organisms (Gray et al, 2002;

Lloyd, 2006; Dooley et al., 2013), have reported that it interferes with cytochrome c

oxidase, the last enzyme of the electron transport system (Raven and Scrimgeour, 1997;

Affonso et al., 2004). Most aquatic organisms are negatively affected by hydrogen

sulfide in the range of 2.93-59 uM (Marumo and Yokota, 2012). Generally, high levels

of hydrogen sulfide are observed in marine sediments accumulated in enclosed or

semi-enclosed water bodies located adjacent to large metropolitan areas and upwelling

systems (Azad et al., 2005; Reese et al., 2008; Yamamoto et al., 2012; Sakai et al., 2013,

Schunck et al., 2013; Asaoka et al., 2014). Hydrogen sulfide may also cause blue tide

and a bad odor when it is upwelling and oxidized through the water column. Therefore,

hydrogen sulfide is a significant contributor to the development of oxygen-deficient

water masses. One result of this is the reduced viability of benthic organisms and fish,

due to hypoxia and the toxicity of hydrogen sulfide. Hence, it is very important to
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reduce the hydrogen sulfide concentration of water in order to maintain healthy

ecosystems, aquaculture activities, and to protect aquatic environments.

Previous studies have demonstrated that a mixture of coal fly ash (CFA) and blast

furnace cement (BFC) called ‘granulated coal ash (GCA)’ adsorbs and oxidizes

hydrogen sulfide efficiently (Asaoka et al., 2012; Asaoka et al., 2014). Coal ash is

classified into two types: bottom ash generated in boilers and fly ash from a waste gas

treatment process, with the latter comprising 85-95% of total coal ash. Annual

worldwide generation of fly ash is estimated at approximately 750 million tons (Yao et

al., 2015). Even within Japan, 12.5 megatons of coal ash was generated from coal-fired

power plants and other industries in 2013 (JCOAL, 2016). In 2011, coal-fired generation

accounted for 29.9% of the world electricity supply, and it is estimated that this will

increase to 46% by 2030 (Yao et al., 2015). Meanwhile, utilization rates of this fly ash

are approximately 70% in China, 65% in India, and 50% in the United States (Yao et al.,

2015). Coal ash has been recycled for concrete, road base construction, soil amendment,

zeolite synthesis, as an adsorbent, etc (Xie et al., 2013; Xie et al., 2014; Yao et al., 2015).

However, these utilization strategies are insufficient for the complete recycling of the

increasing amount of coal ash. Therefore, new applications utilizing by-products from

coal-fired power plants are expected to contribute to waste reduction and promote
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recycling consciousness and within society.

We developed a GCA mix of CFA from coal-fired power plants and BFC in order to

remediate eutrophic sediments and found that the GCA successfully removed hydrogen

sulfide (Asaoka et al., 2012). When CFA is mixed with cement, the silicon oxide and

aluminum oxide contained within it in react with the calcium hydroxide in the BFC.

This reaction is called the Pozzolanic reaction (Shi and Day, 2000a; Shi and Day,

2000b); it increases the specific surface area and compression strength of the GCA.

Oxidation by manganese oxide on the GCA created a removal mechanism for the

hydrogen sulfide (Asaoka et al. 2012). Furthermore, GCA applied to the sediment in

enclosed water bodies at a field experiment site suppressed hydrogen sulfide effectively

(Asaoka et al., 2014; Asaoka et al., 2015). GCA can simply be scattered or mixed with

the organically enriched sediment accumulated in eutrophic areas, such as enclosed

water bodies, the innermost areas of bays, lakes, and tidal rivers using a dredging boat

to remove hydrogen sulfide (Asaoka et al., 2014; Yamamoto et al, 2015; Nakamoto et

al., 2015). Furthermore, the applied GCA in actual filed sites need not be collected

because, the adsorption site on the GCA for hydrogen sulfide regenerated through

manganese oxidation under oxic conditions such as the vertical mixing seasons (Asaoka

et al., 2014). However, mixing ratios of CFA and BFC have not yet been fully clarified
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because the present GCA was originally optimized to strengthen construction materials.

The purpose of this study was to optimize the mixing ratio of fly ash and BFC to create

an environmental remediation agent for the removal of hydrogen sulfide. In this study

we will offer solutions for two serious environmental problems—in effect, killing two

birds with one stone—namely, utilization of fly ash, and environmental remediation by

removing hydrogen sulfide.

Experimental

Preparing the GCA with different ratios of CFA and BFC

The GCAs were prepared by mixing with CFA and BFC. The CFA from coal-fired

power plants was provided by the Chugoku Electric Power Co., Inc., Japan. We

analyzed the chemical composition of the CFA used in this study by wavelength

dispersive X-ray spectrometry (ZSX-100e; Rigaku) with fundamental parameter mode.

The CFA was mainly composed of SiOz (73.4wt.%), Al.Oz (18.1wt.%), Fe203

(3.01Wt.%), CaO (1.40Wt.%), K20 (1.15wt.%), TiO2 (1.02wt.%), NazO (0.42wt.%), SOs

(0.41 wt.%), MgO (0.31 wt.%), P20s (0.29 wt.%), V203 (0.13 wt.%) and other

substances. The BFC was also analyzed by wavelength dispersive X-ray spectrometry

(Supermini; Rigaku) with fundamental parameter mode. The BFC was mainly
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composed of CaO (56.3wt.%), SiO, (25.0wt.%), Al203 (8.90wt.%), SOs3 (3.64wt.%),
MgO (2.63wt.%), Fe,Os (1.84wt.%), TiO» (0.473wt.%), KO (0.424), Na.O
(0.352wt.%), P20s (0.141wt.%) and other substances.

The CFA was mixed with BFC at a mixing ratio of 0, 40, 70, 87, 95 and 100wt.%.
Water was added so that the mixture amounted to 20wt.%. The mixture was then
granulated to approximately 5-mm diameter using a rotary pan type granulator. The
granulated mixture was then air-dried for at least 10 months in a laboratory to complete

the pozzolanic reaction between the CFA and BFC.

Hydrogen sulfide removal experiments

The hydrogen sulfide solution was prepared as follows: Tris-HCI buffer (Kanto
Kagaku) was added to 500 mL of pure water deaerated with N> gas to a final
concentration of 30 mmol L. An aliquot of Na;S*9H,O (Wako Pure Chemical
Industries) was dissolved into the solution. Concentrations of hydrogen sulfide were 10
and 100 mg L™, to represent the possible range in the pore water of organically enriched
sediments. The pH of the solution was adjusted to 8.2, which is the general pH of
seawater, by adding HCI or NaOH as necessary.

The batch experiments were conducted in triplicate. Fifty mL of the prepared
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hydrogen sulfide solution was slowly dispensed into a 100-mL vial bottle, and 0.2 g of

the prepared GCAs was added to the solution. Thereafter, the headspace of the bottle

was replaced with N2 gas. The bottle was plugged with a rubber cork and sealed with an

aluminum cap. It was agitated moderately at 100 rpm at 25 °C in a constant-temperature

oven, and the time courses of hydrogen sulfide concentration were measured using a

detection tube (200SA or 200SB: Komyo Rikagaku Kougyo). The hydrogen sulfide

solution was also prepared without the addition of GCAs as a control, and experiments

were conducted by the same protocol.

Sulfur K-edge XAFS spectra (ranges 2460-2490 eV) was measured using the BL11 at

the Hiroshima Synchrotron Research Center, HISOR. The synchrotron radiation from a

bending magnet was monochromatized with a Si(111) double-crystal monochromator.

The sample chamber was filled with He gas, and XAFS spectra were measured by

X-ray fluorescence yield mode using a SDD detector (XR-100SDD; AMPTEK). The

K-edge main peak of sulfate derived from CuSO4 + 5H,O was set to 2481.6 eV. The

pieces of relatively flat GCAs with adsorbed hydrogen sulfide were mounted on

double-stick tape (NW-K15; Nichiban) and placed in the central hole (15-mm diameter)

of a copper plate. The surface of the sample was attached to that of the copper plate. The

angle between the incident X-ray and the sample surface was adjusted at 20°, and the
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X-ray fluorescence was detected from the direction normal to the incident beam in the

plane of the electron orbit of the storage ring.

As references, CuSOs + 5H20 (Wako Pure Chemical Industry) represents sulfate and

sulfur (Wako Pure Chemical Industry) were also measured by the conversion electron

yield mode.

Physicochemical properties of the GCAs

The specific surface area of the GCA and fly ash used in this study was determined

by the Brunauer-Emmett-Teller method (nitrogen gas adsorption) using surface area and

pore size analyzers (ASAP2020; Micromeritics).

The SEM photo on the GCA was taken by a scanning electron microscope

(JXA-8200; JEOL). The GCA was mounted on a carbon tape and deposited by carbon

vapor. The secondary electron images of the flat surface of the GCAs were taken at an

accelerating voltage of 15.0 kV.

A compact water quality meter (LAQUA twin pH; HORIBA) was used to measure

the surface pH of the GCAs. A CMF filter sheet (Y100A13; Advantec) was installed on

the electrode, and a GCA particle was placed on the filter. A few drops of ultrapure

water were then dripped onto the GCA particle to measure the surface pH of the GCA.
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A compression tester (LD-01D; Shinohara) was used to measure the crushing strength
of the GCAs.

The powder X-ray diffraction pattern of the GCAs was measured by an X-ray
diffractometer (RAD-RU300; Rigaku). The CGAs were exposed to the X-ray beam
from Co-Ka radiation at 40 kV and 200 mA. The scanning range of the diffraction angle
20 was 5°-90° at 0.02-step intervals and a scan rate of 2° min™t. The crystalline materials
in the GCAs were semi-quantified by the reference intensity ratio method using a
crystallography database (PDXL;Rigaku).

The percentage of the pozzolanic reaction P (wt.%) was calculated by Eq. 1.

WL'—Wg

P(wt. %) = (“£22) - 100, )

4

where Wi, and Wy were the total weight of pozzolan in CFA and BFC, and the weight
of pozzolan in the GCAs, respectively.

The weight of pozzolan was determined by following procedure (Kano et al., 2002).
One gram of the powdered GCA sample was added to 200 mL of ultrapure water kept at
pH 2 by adding 1 mol L™t HCI, and stirred for 20 min. The GCA was then entrapped by

a quantitative filter paper (Ashless Grades, No. 40; Whatman) and transferred to a
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ceramic crucible. The entrapped GCA in the ceramic crucible was heated in an electric

furnace at 1000 °C for 30 min. The weight of the residue was defined as the pozolan.

Results and discussion
Removal kinetics of hydrogen sulfide by the GCA
The removal kinetics of hydrogen sulfide is well-expressed as the first-order equation

described by Eq. 2 (Figs. 1a and 1b).

[Ce] = [Cole™ ()

where [Ci]: concentration of hydrogen sulfide at time t (mg-S L%), [Cq]: initial
concentration of hydrogen sulfide (mg-S L™), t: time (h), and k: first order rate constant
(h™).

The removal rate constants obtained by this study are shown in Table 1. In the controls
without the GCA, the concentration of hydrogen sulfide decreased slightly due to
oxidation and volatilization. On the other hand, the concentration of hydrogen sulfide
decreased significantly with addition of the GCAs. In the case of initial concentration at

10 mg-S L1, the removal rates of hydrogen sulfide of all the GCAs were higher
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compared to the control (ANOVA,; p:<0.01) (Table 1). The addition of CFA to the BFC
increased hydrogen sulfide removal rate significantly compared to no CFA (ANOVA,
p:<0.01). The removal rate of hydrogen sulfide obtained by the GCA contained in
87wt.% of CFA was significantly higher than that of other GCAs (0, 40 and 70wt.% of
CFA; ANOVA,; p:<0.01-0.05). The mixing ratio of CFA beyond 87wt.% did not show
significant increase in hydrogen sulfide removal rate (ANOVA,; p:0.222 between
87wt.% and 95wt.%). Hence, the highest hydrogen sulfide removal rate was found at
87wt.% of CFA.

In the case of initial concentration at 100 mg-S L, the hydrogen sulfide removal rate
for all GCAs were also higher compared to the control (ANOVA; p:<0.01) (Table 1).
When the mixing ratio of CFA exceeded 87wt.%, the removal rates of hydrogen sulfide
were significantly increased (ANOVA, p:<0.01). The hydrogen sulfide removal rate was
the highest for 95wt.% of coal fly ash. The hydrogen sulfide was removed completely
within 3 days by the GCA with 95wt% of CFA. Therefore, the GCA with 95wt% of
CFA could not be plotted after 72 h in Fig. 1b. However, the removal rate obtained by
87wt.% and 95wt.% were statistically insignificant (ANOVA; p:0.157).

The sulfur K-edge spectra of the GCAs after adsorption of hydrogen sulfide (initial

concentration: 100 mg-S L) are shown in Fig. 2. A peak at 2482 eV indicates that



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

sulfate was mainly derived from fly ash (Asaoka et al., 2012). The peak around 2472 eV
represents sulfur. The sulfur peak at 2472 eV was not identified on the BFC, i.e., GCA
with Owt.% of CFA. Meanwhile, the sulfur peaks on the GCAs were increased by the
increase of the mixing ratio of the CFA, corresponding to the increase in the hydrogen
sulfide removal rate. A previous study demonstrated that hydrogen sulfide was oxidized
to sulfur on the surface of the GCA (Asaoka et al., 2012); given that, we found that
oxidation rate to sulfur from hydrogen sulfide was increased by increasing the mixing
ratio of CFA. Oxidation rate was also increased by the raising the removal amount of
hydrogen sulfide corresponding to the increase of the CFA mixing ratio. The amount of
hydrogen sulfide removed at each the GCAs ratios after 72 h were 2.1, 5.0, 5.0, 9.8 and

15 mg g for 0, 40, 70, 87 and 95wt.% of CFA addition, respectively (Table 1).

Physicochemical properties of the GCAs

The physicochemical properties of the GCAs are shown in Table 2. The major
parameters controlling the removal rate of hydrogen sulfide are considered to be
specific surface area, surface pH, and manganese content originated from the CFA. The
specific surface area reached a maximum at GCAs of 70wt.% of CFA; correspondingly,

the pozzolanic reaction percentage also reached its maximum at this mixing ratio. The
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specific surface area of the CFA was initially 2 m? g. Therefore, the pozzolanic
reaction made the structure of the GCAs porous. There is a positive relation between
CFA content in the GCAs and the removal rate of hydrogen sulfide (r=0.9574 and
0.8431 for initial concentrations of hydrogen sulfide of 10 and 100 mg-S L7,
respectively; Fig. S1); this is supported by the hydrogen sulfide oxidizing to sulfur by
the manganese oxide from CFA (Asaoka et al., 2012). In contrast, the removal rate of
hydrogen sulfide is negatively correlated with the surface pH of the GCAs (r=0.9232
and 0.9143 for initial concentrations of hydrogen sulfide 10 and 100 mg-S L7,
respectively; Fig. 3). This was attributed to competitive adsorption between HS™ or S*
and OH". For example, dissociation of 10 mg L of hydrogen sulfide at each pH was
calculated using a chemical equilibrium model software, Visual MINTEQ ver.3.0 (Fig.
4). The concentration of S?" is much lower than that of OH" in the range of pH 1-14.
However, when the pH is above 10.4, the concentration of OH™ becomes higher than
that of HS". Therefore, the competitive adsorption between HS™ and OH" decreases the
removal rate of hydrogen sulfide. The competitive adsorption on the GCAs with 87 and
95wt.% of CFA might be less than that of other GCAs because the surface pH of those
GCAs was lower than that of other GCAs. Hence the removal rate of hydrogen sulfide

obtained by the GCAs with 87 and 95wt.% of CFA was much higher than that of other
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One of the factors in controlling surface pH is the mineral composition of the GCAs.
The mineral composition of the GCAs is shown in Fig. 5. The GCAs was mainly
composed of quartz (ICDD46-1045; SiOz), mullite (ICDD15-0776; AleSi2013),
tricalcium silicate (ICDD86-0402; CasSiOs), dicalcium silicate (ICDD83-0461 and
ICDD24-0034; CaSiO4) and calcite (ICDDO05-0586; CaCOs). Mullite and quartz
originate mainly from fly ash (Criado et al, 2007). On the other hand, CasSiOs and
CazSi0g4, corresponding to tricalcium silicate and dicalcium silicate, come from BFC
(Wang and Vipulanadan, 2000; Marques et al., 2006). The composition ratio of
tricalcium silicate and dicalcium silicate in the GCA with 70wt.% of CFA was highest in
the GCAs with 40-90wt.% of CFA, which corresponds to the pozzolanic reaction
percentage of the GCA that was also the highest (70wt.% of CFA).

The dissolution reactions for CasSiOs and Ca>SiOs were assumed to be Egs. 3 and 4,

respectively (Garrault and Nonat, 2001; Bullard and Flatt, 2010).

CasSi0s + 3H,0 © 3Ca?* + H,Si02™ + 40H™ ©)

Ca,Si0, + 2H,0 o 2Ca** + H,Si0? + 20H" (4)
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According to Egs. 3 and 4, the OH" that contributes to the increase of the surface pH
on the GCAs is generated by the dissolution of CasSiOs and Ca;SiOs. These calcium
silicates account for a large percentage of the GCAs with 0-70wt.% of CFA, compared
to those with 87 and 95wt.% of CFA. Therefore, the surface pH of the GCAs with 0-
70wt.% fly ash was higher than those with 87 and 95wt.% of CFA.

In short, the results suggest that GCAs with 87 and 95wt.% of CFA are good
candidates for hydrogen sulfide removal. Another important factor is the crushing
strength of the GCAs. The GCAs require over 1.2 N mm2 crushing strength to
withstand the weight and strain of the heavy machinery used for environmental
remediation. The crushing strength of the GCAs is shown in Table 2. The crushing
strength increased with decreasing mixing ratio of coal ash. Thus, a negative correlation
was observed between the crushing strength and the mixing ratio of coal ash (r=0.9953;
Fig. 6). In contrast, a positive correlation was observed between the percentage of
amorphous in the GCAs and the mixing ratio of coal ash (r=0.9902; Fig. S2). From
these two correlations, the crushing strength of the GCAs could be controlled by
crystallinity. The crushing strength of the GCAs reached over 1.2 N mm when the fly
ash mixing ratio was less than 95wt.%. SEM images of the GCAs with 87wt.% and

95wt.% of CFA are shown in Figs. S3a and S3b, respectively. In the case of the GCA
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with 95wt.% of CFA, CFA sphere particles were observed (Fig. S3b). Meanwhile, the
new crystal phase formed by the pozzolanic reaction filled in the space between the fly

ash particles in GCA with 87wt.% of GCA (Fig. S3a).

Conclusions

This study investigated the optimum mixing ratio of coal fly ash (CFA) and blast
furnace cement (BFC) to produce the granulated coal ash (GCA). When the mixing ratio
of CFA up to 87wt.%, the rate of hydrogen sulfide removal increased significantly due
to decreased competition of adsorption between sulfide and hydroxyl ions. The OH"
attributed to dissolution of calcium silicate on the surface of the GCAs containing 87
and 95wt.% of CFA was considered to be low compared to the other GCAs. Moreover,
the crushing strength of the GCA containing 95wt.% CFA was lower than 1.2 N mm™
because the most of crystal phase of the GCA was amorphous. Consequently, the
optimum mixing ratio of CFA and BFC to produce the GCA was 87 wt.% and 13 wt.%
in terms of achieving both a high hydrogen sulfide removal rate and sufficient crushing

strength.
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Figure captions

Fig. 1 Removal kinetics of hydrogen sulfide by GCAs

(@) and (b) are initial concentrations of 10 and 100 mg-S L%, respectively

Fig. 2 The Sulfur K edge spectra of the GCAs after adsorption of hydrogen sulfide

Fig. 3 The relationship between the surface pH of GCAs and removal rate of hydrogen sulfide

Fig. 4 The concentration of sulfide species as a function of pH

Fig. 5 The mineral composition of GCAs determined by XRD

Fig. 6 The relationship between the coal fly ash mixing ratio of GCAs and crushing strength of the
GCAs
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Table 1 Removal rate and amount of hydrogen sulfide by the GCAs

Initial H,S concentration (10 mg-S L?) Initial H,S concentration (100 mg-S L)
Rate constant; Removal Rate constant; Removal
k (h1)£SD ' (mg gt) +SD k (h1)£SD ' (mg gt) +SD
Control 0.010+0.003 0.992 - 0.0071+0.0009 0.973 -
CFA  95wt.% 0.027+0.003 0.941 0.58+0.13 0.022+0.004 0.990 150
CFA 87wt.% 0.030+0.003 0.969 0.99+0.07 0.020+0.003 0.992 9.8+0.6
CFA 70wt.% 0.025+0.003 0.993 0.43+0.13 0.011+0.0007 0.994 5.0+1.3
CFA  40wt.% 0.023+0.004 0.993 0.43+0.17 0.011+0.0007 0.998 5.0+0
CFA O0wt.% 0.016+0.001 1.000 0.23+0.07 0.0085+0.0006 0.998 2.1+0.7

SD is standard deviation in triplicate and r is correlation coefficient of the fitting by the first order kinetics. Removal stands for removal amount of hydrogen

sulfide after 24 h or 72 h for initial concentrations of 10 or 100 mg-S L™, respectively.



Table 2 Physicochemical properties of the GCAs

CFA Specific surface area  Surface Crushing strength Pozzolanic reaction Amorphous MnO from CFA
(Wt.%) (m*g™) pH (N mm?) (%) (%) (mg kg™)
95 8.53 10.8 0.102 2.8 61.8 360
87 11.4 10.2 1.32 8.1 61.2 330
70 20.8 11.7 2.77 15 54.5 260
40 7.44 11.6 6.04 10 48.8 150
0 7.70 12.2 8.93 n.d. 41.6 0

n.d.: not determined. MnO concentration was calculated from CFA mixing ratio.
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Highlights

Adsorbent for H,S was synthesized from mixture of coal ash and blast furnace cement.

Mixing ratio of coal ash and blast furnace cement was investigated.

H.S removal rate increased significantly up to 87wt.% of coal ash.

The crushing strength was over 1.2 N mm-2 when the mixing ratio was less than 95wt.%.

The mixing ratio of coal ash was optimized at 87wt.%.



