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The adsorption characteristics of coal fly ash have been enhanced by mechano-chemical activation with
a high energy mono-planetary ball mill. The best performing sample for the adsorption of phenol from
aqueous solution (i.e., fly ash with the higher carbon content and mechano-chemically activated for 4h
in N, atmosphere) was compared with powdered activated carbon, yielding quite encouraging results
such as favorable adsorption isotherms, improved specific adsorption capacity and very fast adsorption
rate. This provides new opportunities for utilizing fly ash in environmental protection applications like
the stabilization/solidification treatment of hazardous waste and contaminated soil.

© 2009 Published by Elsevier B.V.

1. Introduction

Coal fly ash (FA), a finely divided powder resulting from carbon
combustion (approximately 85 kg t=! of coal), is an industrial waste
expected to reach 800 Mt/year worldwide by the 2010, only a minor
part of which (20-30%) is reused at present [1-3].

FA is basically made up of organic and inorganic coal combus-
tion residues with trace hazardous contaminants such as polycyclic
aromatic hydrocarbons, dioxins, heavy metals and even radioiso-
topes, depending on the carbon origin and combustion conditions.
The organic fraction, consisting of unburned carbon and usually
expressed by the loss on ignition (LOI), widely ranging from 2% to
90%, can potentially exhibit adsorption capacity, although it is usu-
ally almost negligible for practical applications [4-9]. The inorganic
fraction, consisting of siliceous and/or aluminous material (artifi-
cial pozzolans), possesses some potential cementitious capacity.
Both properties, if duly enhanced, can open new possibilities for
using FA, thus turning a waste disposal problem into a cost-effective

Abbreviations: AC, activated carbon; FA, fly ash; FA,, fly ash with x LOI content;
GAC, granular activated carbon; HEM, high energy mill; LOI, loss on ignition (%); MA,
mechano-chemical activation; MAFA,, mechano-chemically activated fly ash with x
LOI content; PAC, powdered activated carbon; SEM, scanning electron microscopy;
S/S, stabilization and solidification treatment.
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opportunity for reducing an environmental burden and opening
new markets for FA.

Activated carbon, either in the powdered (PAC) or granular (GAC)
form, typically exhibits a strong adsorption capacity for remov-
ing trace hazardous organics (and sometimes also inorganics) from
civil and industrial effluents, but its cost often makes it unjusti-
fied for common pollution control applications [10-12]. Cheaper
and more easily available adsorbents like low-grade natural prod-
ucts (coconut shell, lignite, natural wood, pillared clays, etc.) and
even industrial by-products (blast furnace sludge, dust and slag
from steel plants, carbon slurry waste from fertilizer plants, etc.)
are accordingly being sought [13,14].

It has long been demonstrated that the mechano-chemical acti-
vation (MA) achieved with the so-called “high energy mills” (HEM)
may greatly enhance the reactivity of solid particles [15,16]. MA
has already found application in several fields, both at laboratory
and industrial scales [17-22], including environmental protection
[23-40].

A detailed investigation has been performed to evaluate the
potential of MA for enhancing the adsorptive and pozzolanic
properties of coal FA with the aim of using this latter as a
potential substitute for PAC and Portland cement in the stabiliza-
tion/solidification (S/S) treatment of contaminated soils [41]; the
results obtained are illustrated as Part I and Part II of this presen-
tation. Part I, in particular, describes how MA may enhance the
adsorption capacity and the kinetics of FA towards phenol, a typ-
ical organic pollutant of industrial sites. Part II [42] illustrates the
effective capacity of mechanically activated coal fly ash (MAFA) to
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Table 1
Average mineral analysis of the FA investigated and their eluate according to the EN
12457-2 leaching test

Mineral analysis Eluate (pH 12.1)
Compound Concentration Compound Concentration
(Wiw%) (mgl-1)
Silica (SiO) 43-81% Al 3.0
Ca 301
Alumina (Al,03) 20-35% Ccd <0.005
Cr 0.15
Ferric oxide (Fe;03) 5-15% Cu <0.005
Fe 0.037
Calcium oxide (CaO) 1-5% Mg 0.04
Mn <0.005
Potassium oxide (K;0) 1.6-2% Na 21
Ni <0.005
Titanium oxide (TiO;) 1-2% Pb <0.01
Zn <0.01

prevent the leaching of phenol and Pb, a typical inorganic pollutant
of industrial soils, if used during the S/S treatment of these.

2. Materials and methods

Coal fly ash samples with 27% and 80% LOI (i.e., FAy7 and FAgg)
and <300 pm maximum diameter were collected from the electro-
static precipitator of a large power plant (ENEL, Brindisi, S. Italy).
Table 1 reports the average mineral analysis of such FA as well as of
their eluate obtained after extraction in distilled water for 24 h at a
101kg~! liquid/solid ratio, according to the European Standard EN
12457-2 leaching test [43].

The Darco G-60 commercial PAC (J.T. Baker, Phillipsburg, N]J,
USA), with a 100-325 U.S. mesh size (150-45 pwm), was used for
comparison purposes throughout the investigation.

The LOI and iodine number of both adsorbents were deter-
mined by the ASTM C311-00 [44] and D 4607-94 [45] methods,
respectively. A Tristar 3000 porosimetry analyzer (Micromerit-
ics, Norcross, GA, USA) was used to determine their surface areas
according to the Brunauer, Emmett and Teller (BET) method as well
as their porosity by N, adsorption at 77 K after 2 h purge at 150°C
using a Flow Prep 060 degassing unit (Micromeritics).

The surface morphology and the inorganic matter distribution of
FA were investigated with a JEOL 850 Scanning Electron Microscope
(Jeol Ltd., Tokyo, Japan) in conjunction with an Energy Dispersive
Spectrometer (Tracor Northern, Middleton, WI, USA). X-ray diffrac-
tometers (XRD) spectra were obtained with a Philips X'Pert Pro
PANanalytical (Almelo, The Netherlands) using mono-chromatized
Cu Ko radiation at 40 kV and 50 mA at A 1.54051 A, a scanning speed
of 4° 20 min~! and a step size of 0.1° in the range of 10-50° 26.

The mechano-chemically activated fly ash (MAFA) was obtained
using a laboratory Pulverisette 6 mono-planetary high energy mill
(Frisch, Idar-Oberstein, Germany); Figs. 1 and 2 show typical pho-
tography and a schematic representation, while Table 2 reports
the technical characteristics for the operating conditions investi-
gated. The HEM chamber was filled with 75g of FA and 750g of
5-mm diameter AISI 420C hardened-steel balls (12.5-14.5% Cr+ 1%

Table 2

Technical characteristics of Fritsch Pulverisette 6 mono-planetary high energy mill
Parameter Value

Vial radius (mm) 50

Vial depth (mm) 70

Vial net volume (ml) 550

Plate radius (mm) 60.8

Speed ratio (r=wy/wp) -1.82

Fig. 1. Pulverisette 6 mono-planetary ball mill operating under N, atmosphere.

Ni), thus yielding a 10:1 ball to powder mass ratio, under inert
N,. Milling then started at a grinding speed of 400 revmin~! and
lasted up to 8 h, with 5min stops every 15 min for heat dissipa-
tion.

Size measurements with a Mod. 3600 Laser Particle Analyzer
(Malvern Instruments, Worcestershire, UK) ensured that MAFA par-
ticles reached a diameter (<63 pwm) comparable with PAC.

XRD, BET and iodine number were checked after 1, 3, 4, 5 and
8h in order to assess the structural modifications achieved with
milling.

Fig. 2. Clockwise (1 — 2, vial) and anticlockwise (1 — 2, plate) rotation in planetary
HE ball mill.
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Table 3
Basic physical properties of the adsorbent materials investigated

Adsorbent lodine no. (mgg') Specific surface area (m? g1) Volume of micropores (mlg-') U.S. mesh size Particle size (pm)
PAC 881 938 0.344 100-325 150-45

FA,7 0 18 0.018

FAgo 0 16 0.035 >50 <300

MAFA,; 54 0.125

MAFAg 238 69 0.180 >230 <63

PAC, Darco G-60 commercial powdered activated carbon; FAy7, fly ash with 27% LOI; FAgo, fly ash with 80% LOI; MAFA,7, fly ash with 27% LOI mechanically activated for 4 h;

MAFAg, fly ash with 80% LOI mechanically activated for 4 h.

The batch adsorption equilibrium experiments were carried out
following the ASTM D 3860-98 bottle-point technique [46] using an
aqueous solution of phenol, a typical highly soluble polar aromatic
environmental contaminant. To that aim, a stock solution (20g1-1)
of high-grade phenol (Sigma-Aldrich, 99.99%) was prepared and
diluted with triply distilled deionized water to a concentration of
200mgl-'. 100 ml aliquots of this solution were placed in jacketed
250 ml Erlenmeyer flasks, thermostated at 25 or 40°C to investi-
gate the influence of temperature, and an increasing amount of the
adsorbent material (0.03-0.3 g of PAC and 0.24-2.4 g of MAFA) was
added to each flask. The solution was then stirred at 350 rpm with
a Mod. AG.66 rotary agitator (Inlabo, Padua, I) for 2 h, a period ade-
quate to reach almost complete equilibrium under the conditions
investigated (see the adsorption rate tests). The pH of the solution
at equilibrium had shifted to slightly acidic (>6.0) and basic (<9.0)
in the flask containing added PAC or MAFA, respectively. This was
presumably due to the leaching of acidic impurities from PAC, usu-
ally washed with acid before steam activation, and to solubilization
of CaO present in FA (see Table 1). As phenol is a weak acid (pK, 9.89
at 20°C), it may be concluded that under these conditions undisso-
ciated phenol was the predominating species, with <10% phenate
present at pH <9.0. It could be argued, however, that this latter
poorly adsorbable anion should prevail during the S/S treatment
due to the much higher pH (>11) provided by the Portland cement
[42].

After filtration through a 0.45-pm Iso-Disk filter (Supelco, San
Francisco, CA, USA), residual phenol concentrations in solution
were determined by measuring solution absorbance at 270 nm
wavelength with a Lambda 25 UV/visible spectrophotometer
(PerkinElmer, Wiesbaden, Germany), and the amount adsorbed was
calculated by simple mass balance. Previous blank tests indicated a
negligible release of organics adsorbing at that wavelength, which
however was automatically accounted for by the data-handling
software of the spectrophotometer.

Adsorption rate tests were carried out under similar conditions,
with small samples of the suspension (5ml) intermittently with-
drawn for analysis during the 2 h duration of each test.

The experimental results were matched with model equations
by a computerised non-linear optimization technique using the
least-squares method.

All the experiments were carried out in duplicate, and the aver-
age values were used in further calculations.

3. Results and discussion

Table 3 shows the variation of the physical properties of the
adsorbents investigated. From these data it appears that after MA,
in agreement with the reduction of the maximum particle diam-
eter, the specific surface of the FA with the larger carbon content
(i.e., MAFAgg) almost quadrupled (from 16 to 69m? g-1, although
still remaining much lower than the 938 m2 g—! of PAC while, not
surprisingly, a still larger increase occurred in its micropore vol-
ume. This should reasonably yield a proportional enhancement of
FA adsorption capacity.

Fig. 3. SEM image of the coal fly ash investigated.

Fig. 3 shows a SEM image of the unburned carbonaceous por-
tion of FA. Within the instrumental resolution range, the porous
structure of the particle is clearly seen, with 1-10 wm macropores
and embedded micro-sized glassy spheres (cenospheres), indicat-
ing that the unburned coal is a good candidate adsorbent.

The XRD patterns, shown in Fig. 4, indicate that the FA inves-
tigated had a negligible crystalline structure, with a major peak
around 26° and minor peaks around 16°,32° and 34°, corresponding
to quartz (SiO;) and mullite (3Al,05-2Si0,), respectively, and with
the peak height obviously decreasing with its carbon content. As
shown by the corresponding XRD in Fig. 5, such patterns disappear
after 1 h milling, indicating the transformation of the crystalline
phase into an amorphous one.

The specific surface of the FA varied in a non-linear fashion dur-
ing the milling, as shown in Fig. 6, which indicates an optimum
milling time for MAFAgg around 4 h, when the increase of the exter-

FA,;
FAgo
10 15 20 25 30 35 40 45 50

2 Theta

Fig. 4. X-ray diffraction patterns of the coal fly ash investigated.
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Fig. 5. X-ray diffraction patterns of MAFAgg as a function of milling time.
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Fig. 6. Variation of the specific surface of FA as a function of milling time.

nal surface due to the further crushing of bigger crystals equals its
decrease due to the secondary agglomeration of the powder already
formed.

As most FA surfaces generally come from the regular pore
networking, a change in its pore volume should parallel surface
changes, as confirmed by Fig. 7.

Similar variations of the smaller pores, as indicated by the iodine
number in Fig. 8, confirms that 4 h is the optimum milling time.

Accordingly, MAFAgy, i.e., coal fly ash with 80% LOI mechano-
chemically activated for 4 h under N, atmosphere, was considered
the best performing specimen for the conditions investigated and
hence was employed in further experiments.

Figs. 9 and 10 show the phenol adsorption isotherms at
different temperatures for PAC and MAFAgy. Although PAC per-

MAFAg,

Pore Volume [cm® g

0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9

Milling Time [h]

Fig. 7. Variation of the pore volume of FA as a function of milling time.
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Fig. 8. Variation of the I, number of FA as a function of milling time (MAFAgy).
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Fig.9. Phenol adsorptionisotherms by PAC (solid lines according to Langmuir model
by Eq. (1); initial phenol concentration 200 mg1~'; adsorbent mass 0.3-3 gl 1).

formed remarkably better, phenol adsorption by MAFAg, cannot
be disregarded. In fact, accounting for their specific surfaces,
this latter yields a much greater specific adsorption capacity
(203 g phenol m—2 vs.129 p.g phenol m~2), in agreement with the
multi- (Freundlich) and mono- (Langmuir) layer adsorption mech-
anisms postulated for MAFAgg and PAC, respectively (see later).
Phenol adsorption by MAFA can be attributed to its morphol-
ogy, where a smaller interstitial free surface area is available for
aggregation of the adsorbate molecules due to the high tempera-
ture of coal combustion and fly ash formation. As previously seen,
the MAFA particles have lower percentages of micro- or macrop-

0 T T T
0 20 40 60

80 100 120 140 160 180
Cmg "]

Fig. 10. Phenol adsorption isotherms by MAFAg, (solid lines according to Fre-
undlich model by Eq. (5); initial phenol concentration 200 mgI-!; adsorbent mass
2.4-24g11).
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Table 4
Experimental isotherm parameters for Phenol adsorption
Adsorbent T(°C) Langmuir Freundlich
Xm (mgg™) Ki R? K¢ (molg~" (Imol)!/) 1/n R?
PAC 25 121.28 1,49,408.16 0.9811 54.15 0.1593 0.9288
40 118.04 1,10,627.89 0.9815 48.59 0.1710 0.9249
MAFAgo 25 24.36 10,598.38 0.9590 1.1093 0.5221 0.9850
40 23.39 15,501.80 0.9389 1.6699 0.4602 0.9833

ores than PAC (238 vs. 881 I, Number, see Table 3), so their smaller
surface results in a lower absolute, but a larger specific, adsorption
capacity.

From a practical point of view, the higher amount of MAFAgq
required to achieve adsorption results comparable with PAC may
still be cost-effective in large scale applications; this needs to be
evaluated on a case by case basis.

From a theoretical point of view, the different performances of
the two adsorbents towards phenol deserve comment.

3.1. Equilibrium modeling

3.1.1. PAC(Fig. 9)

(a) The temperature had an unfavorable effect on the adsorption
capacity, as expected due to the usually exothermic nature of
the adsorption process.

(b) The shape of the isotherms, typically corresponding to a type I
[47] and L-shaped [48] isotherm, is peculiar to the Langmuir
model. This latter reportedly occurs when the adsorption is
restricted to a mono-layer on the surface, where a finite num-
ber of identical sites are homogeneously distributed [49], as
described by the equation:

q  Ky(c/C?)

Xm  1+K(C/CP) (1)

where q is the amount of phenol adsorbed per unit mass of
carbon at equilibrium (mgg1!); Xn, is the maximum amount
of phenol adsorbed per unit mass of carbon at equilibrium
(mgg~1); Ky is the equilibrium constant (dimensionless), C is
the equilibrium concentration of phenol in solution (mgl-1);
C? is the equilibrium concentration of water in solution
(106 mg1-1).

K and X, values can be easily obtained by the intercept 1/Xm
and the slope 1/(XmKy) by plotting Eq. (1), indicating an unfavor-
able, linear, favorable or irreversible isotherm for K; <0, =0, >0 or
=+00, respectively.

Variation of the equilibrium constant K; with the tempera-
ture allows one to calculate the Gibbs free energy (AG?), enthalpy
(AH?) and entropy (AS?) variation according to the known equa-
tions

AGY = AHY —~TASY = —RT InK; (Jmol™ 1) (2)
TyT. K
v _ 1142 L2 -1
AHY = T, In K, (Jmol™") (3)

9 AH” — AGY

T (gmol~ 'K 1) (4)

AS

3.1.2. MAFAg, (Fig. 10)

(a) The adsorption of phenol was shown to be endothermic,
increasing with temperature. This typically occurs when the
solute is less strongly adsorbed than the accompanying solvent,

and adsorption results from the competing mechanisms of des-
orption of solvent (water) and adsorption of solute [50]. Phenol
has to displace more than one water molecule and this causes
endothermicity.

(b) The shape of the isotherms, typically corresponding to a type
Il [47] and the H-shaped [48] isotherm, is peculiar to the Fre-
undlich empirical model, valid for multilayer adsorption, as
represented by the equation:

q=KeCV/m (5)

K (first equilibrium constant [mol g~ (Imol)!/"])and n (second
equilibrium constant [dimensionless]) may be easily obtained
by linear regression of the experimental data through a log-log
plot of Eq. (5). The 1/n exponent dictates the shape of the
isotherm, indicating an unfavorable, linear, favorable or irre-
versible isotherm if >1,=1,0<1/n<1 or =0, respectively.

The experimental values of the adsorption parameters for
both models and adsorbents at the temperatures investigated are
reported in Table 4. As confirmed by the standard non-linear regres-
sion analysis, the Langmuir and Freundlich equations represented
the best-fit model for phenol adsorption onto PAC and MAFAgy,
respectively. The predicted maximum uptake Xy, value for PAC falls
within the expected range [51].

According to the Langmuir and Freundlich model, the values
of K. >0 and 0<1/n<1, respectively, indicate that, for the condi-
tions investigated, phenol adsorption occurs favorably with both
adsorbents.

As shown in Table 5, the negative values of AG” confirm the
spontaneous nature of phenol adsorption onto both adsorbents.

The negative and positive values of AH? confirm the exother-
mic and endothermic nature of phenol adsorption onto PAC and
MAFAg, respectively, whereas the low absolute AH? values tend
to rule out chemisorption, as discussed later.

The positive entropy change ASY for both adsorbents, finally,
indicates an increasing mobility at the carbon-solution interface
during the adsorption process.

3.2. Kinetics modeling

Figs. 11 and 12 show the kinetics of phenol adsorption in
different operating conditions. From these results the following
considerations may be drawn:

(@) The average uptake rate of PAC (~10mg phe-
nolmin~'g-! in Fig. 11) is ~10-fold higher than MAFAgg
(~1 mgphenolmin~! g~! in Fig. 12). However, if one considers

Table 5
Experimental thermodynamic parameters for phenol adsorption between 25 and
40°C

Adsorbent AG? (k] mol~1) AH? (kjmol-1) AS? (kjmol-1 K1)
PAC —29.519 —15.536 0.047
MAFAgq —22.963 19.659 0.143
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Fig. 11. Phenol adsorption rate by PAC at 25°C (initial phenol concentration
200 mglil; W = Zadsorbent g;,llu‘e )

that PAC has a ~14-fold larger specific surface, then MAFAgg
exhibits a faster surface uptake rate (14 g phenol min—! m—2
vs. 10 pgphenolmin~! m~2), in agreement with the multi-
(Freundlich) vs. mono- (Langmuir) layer adsorption mechanism
assumed for the two adsorbents, respectively.

(b) Both adsorbents show very fast adsorption rates, with satura-
tion reached in <5 min.

(c) If one compares the above kinetics in terms of fractional attain-
ment of equilibrium U

u=-"2 100 (6)

o0
where g and ., are the amounts of phenol (mg g~!) adsorbed at
time t (min) and at equilibrium, respectively, as shown in Fig. 13,
both adsorbents exhibit substantially similar adsorption rates,
irrespective of their nature and the adsorbent to solute ratio
(w).

The explanation of these results is not straightforward. It has
long been stated [10,52] that the adsorption of chemicals from
solution by activated carbon occurs essentially through three
consecutive steps, the slowest of which (if any) represents the rate-
limiting step: film diffusion (transport of the adsorbate through a
stagnant liquid film surrounding the adsorbent exterior surface),
particle diffusion (transport of the adsorbate within the pores of
the adsorbent) and chemi- or physi-sorption (the adsorption pro-
cess itself, wherein the adsorbate is bound to the active site along
the adsorbent interior surface by chemical reaction or by physical
interaction).

0 ——— —————— T

;
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time [min]

Fig. 12. Phenol adsorption rate by MAFAg, at 25°C (initial phenol concentration
200 mg 11 3 W = Zadsorbent g;ollme )
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Fig. 13. Kinetics of phenol adsorption expressed as fractional attainment of equi-

librium (initial phenol concentration 200 mg1~!; W = Zaqsorbent gS’O}ute ).

The diffusion-controlled processes (either film or particle) are
usually slow. They are described by various mathematical develop-
ments of the well-known Fick’ and Nernst-Planck’ equations, which
depend on the diffusion coefficient of the adsorbate (for phenol as
low as <102 and <10~7 cm2s~! in the liquid and in the particle
phases, respectively [53]).

For a given adsorbent-adsorbate system, the predominance of
the diffusion (either film or particle) or the chemi/physi-sorption
control may vary with the operating conditions: good solution stir-
ring and/or extremely small particle diameters, as achieved in the
present “completely mixed batch reactor” experiments with finely
powdered adsorbents, tend to minimize film and particle diffusion
control, respectively.

The very fast phenol adsorption rate, together with the value of
the thermodynamic functions exhibited by both adsorbents in the
present investigation, indicates that:

1. diffusion control may be ruled out, due to the thin thickness of
the liquid film that surrounds each adsorbent particle and to the
extremely small diameter of this latter;

2. chemisorption control may also be excluded, due to the low
absolute value of AH?:

3. the process can then be classified as physi-sorption, occurring
essentially at the external surface of each adsorbent particle.

Accordingly, the present experimental data have been matched
by regression analysis with the well-known rate equations for
physi-sorption [54]:

In ( - i) = —kit (pseudo-first-order kinetics) (7)
where k1, the pseudo-first-order equilibrium rate constant (min—1),
may be obtained from the slope of the plot, and/or

t 1

t
_ —

7 = HE g (second-order kinetics) (8)
fe) o]

where ¢, and k;, the pseudo-second-order equilibrium rate con-
stant (gmg~! min~1), may be obtained from the slope and intercept
of the plot, respectively.

As shown by Figs. 14 and 15 as well as by the kinetic parameters
obtained by regression analysis reported in Table 6, the second-
order physi-sorption kinetics appear to better fit the present
experimental data for both adsorbents, as indicated by the higher
correlation coefficients and by the calculated q., values, closer to
the experimental ones.

This finding agrees with the results achieved in similar rate stud-
ies [19,55-57].
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Table 6
Experimental kinetic parameters for phenol adsorption at 25°C

Adsorbent w q;, (mgg™") First-order rate Second-order rate
o (mgg™") ki (min~") R? o (mgg™") k2 (gmg~' min~") R?
PAC 5 114.12 111.25 2.0424 0.7520 114.94 0.0176 0.9999
10 88.68 87.25 2.5572 0.6824 89.29 0.0448 1.0000
MAFAgo 40 11.39 10.78 1.8495 0.4412 11.56 0.0777 0.9994
80 8.68 8.35 2.2721 0.4649 8.74 0.1715 0.9999

q;, = experimental value; g = calculated value.

0.0 T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
Time [min]

100 110 120 130

Fig. 14. Kinetics of phenol removal by PAC at 25 °C (solid lines according to second-
order model by Eq. (7); initial phenol concentration 200 mg1-1).
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Fig. 15. Kinetics of phenol removal by MAFAg, at 25°C (solid lines according to
second-order model by Eq. (7); initial phenol concentration 200 mg1-1).

4. Conclusions

The results of the experimental investigation on the potential of
mechano-chemical activation to enhance the adsorption capacity
of coal fly ash offered the following indications:

(a) under the operating conditions investigated, the mechano-
chemically activation of coal fly ash with the largest LOI
(MAFAg() induced a remarkable increase of its surface area and
microporosity (although still remaining much lower than PAC);

(b) accordingly, MAFAg, developed an appreciable potential for the
adsorption of phenol, a typical organic pollutant of industrial
emissions and contaminated soils;

(c) both PAC and MAFAg, adsorbents showed favorable adsorption
equilibrium towards phenol (AG? <0 and AS? >0, particularly
for MAFAg));

(d) contrary to the exothermic Langmuir-type mono-layer adsorp-
tion mechanism exhibited by PAC, MAFAgy showed an

endothermic Freundlich-type multi-layer adsorption mech-
anism yielding a higher surface adsorption capacity (mg
adsorbate/m? adsorbent);

(e) thanks to the micron-size achieved through mechano-chemical
activation, MAFAgq also exhibited an unexpectedly fast phenol
adsorption rate, following a physi-sorption-controlled second-
order Kkinetics.

Accounting for its very low cost and wide availability, it
may be concluded that coal fly ash properly activated by
mechano-chemical treatment could offer a valid alternative to acti-
vated carbon for environmental applications. To this aim, MAFA
behaviour as a potential substitute for PAC and Portland cement
during S/S treatment of contaminated soil has been evaluated and
described in Part II of this study [42].
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