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The use of nitric-acid-activated fly ash (AFA), as heterogeneous Fenton-like catalyst for p-nitrophenol (p-
NP) removal from water, was investigated. The physicochemical characteristics of AFA were better than
those of raw fly ash (RFA). Under experimental conditions of pH 1.5-5.1, H,0; dosage 83.3-333 mgL"!,
AFAloaded5.0-20 gL, and temperature 298-348 K, the p-NP removal rate increased with the increase of
H,0; dosage, AFA loaded and temperature. The highest removal rate (98%) was observed at pH 2.0 when
H,0, dosage 166.5mgL~!, AFA loaded 10gL~! and temperature 298 K. However, good p-NP removal
efficiency (98.8%) could still be achieved under milder pH (5.1) conditions when enough reaction time
(14 h) was applied. The leached iron concentration increased with decrease in pH and with increase in
reaction time. The homogenous catalysis caused by leached iron was negligible. The less reaction time
and higher AFA load could be selected flexibly for catalytic stability and reusability in actual application.
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The probable heterogeneous catalytic mechanisms were proposed.
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1. Introduction

The treatment of huge amounts of toxic and refractory con-
taminants in industrial wastewaters has resulted in considerable
researches in advanced oxidation processes (AOPs). Especially,
Fenton’s reagent (i.e., Fe?* and H,0,) included in AOPs is more
attractive for the effective degradation of pollutants because of its
lower cost, lack of toxic reagents and less mass transfer limitation,
also its operating conditions are usually mild, hydrogen peroxide is
easily handled and the excess of hydrogen peroxide is safe to envi-
ronment; e«OH radicals generated in the Fenton’s reagent are well
known to be strong oxidants which can destruct many hazardous
organic pollutants easily and effectively in wastewater. However,
the catalysts (Fe ions) are supplied by adding ferrous salt which
make Fenton process have significant disadvantages: (i) in order to
achieve satisfied treatment outcome, more ferrous salt should be
added, but that will lead to an additional Fe ions pollution in the
effluent. (ii) The treatment of the sludge containing Fe ions at the
end of the wastewater treatment is expensive in labor, reagents
and time. (iii) Fe ions may be deactivated due to the complexation
with some iron complexing reagents, such as phosphate anions and
intermediate oxidation products [1,2].
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Improvement of the homogeneous Fenton or Fenton-like (the
use of ferricions rather than ferrous ions) processes can be achieved
by using heterogeneous Fenton-like catalysts. Some heterogeneous
catalysts prepared with iron-bearing minerals were used to induce
the so-called Fenton-like reaction, which have recently received
much attention due to its advantages, such as lower cost, abun-
dance, and environment-friendly nature [3]. Some industrial solid
wastes such as kaolin mining [4], pyrite cinder, fly ash [5-8], and
steel dust [9,10] were demonstrated to be useful for treatment of
various organic pollutants in wastewater when used as heteroge-
neous Fenton-like catalysts.

Fly ash is a solid waste which is produced from coal-burning
power plants or steel mills. It is estimated that over 300 billion tons
of fly ash are produced every year in the world [11]. Tradition-
ally, most of fly ash is disposed of through landfill which is causing
serious environmental concerns. Recently fly ash has been used as
low-cost adsorbent for the removal of pollutants in gaseous and lig-
uids residues [12-14]. Moreover, some studies have demonstrated
that fly ash is an interesting heterogeneous catalyst, which could
cause catalytic oxidation reactions of H,S, ethanethiol and methane
in exhaust gases [15-17], sodium sulfide in water [18] and ester-
ifiable reactions [11]. However, little information of utilization of
acid-activated fly ash (AFA) as catalyst to degrade organic pollu-
tants in water is available.

p-Nitrophenol (p-NP) is present in agricultural irrigation efflu-
ents [19,20] and industrial effluents discharged from chemical
plants producing pesticides, explosives, dyestuffs etc. Due to the
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presence of a nitro-group in the aromatic ring [19,20], p-NP is toxic,
non-biodegradable and highly persistent in the environment, so it
has been considered to be priority toxic pollutant by U.S. Environ-
mental Protection Agency (EPA).

In this study, AFA was used as heterogeneous Fenton-like cat-
alyst for the treatment of p-NP wastewater. The physicochemical
characteristics of AFA, the kinetic performance of p-NP removal,
the effect of leached iron species and the activity loss were inves-
tigated. The probable heterogeneous catalytic mechanisms were
suggested by comparing with homogenous catalysis.

2. Materials and methods
2.1. Reagents and fly ash

p-NP (analytical grade) was purchased from Tianjin Kermel
Chemical Reagent Co., Ltd., China, and was used as received without
further purification. Hydrogen peroxide (30%, w/w) and all other
chemicals were of analytical grade if not noted otherwise.

Fly ash was obtained from Donghai Thermal Power Plant in
Dalian, China. It was generated from circulating fluidized bed boil-
ers and collected by electrostatic dust catcher. The fly ash was
sieved through standard test sieve, then fractions less than 150 um
were used as raw fly ash (RFA) and were further treated by nitric
acid. The treatment processes are as follows: 1 g of RFA was mixed
with 40 mL of 1 M nitric acid; the mixture was agitated at 25 °C for
4 h and then filtrated. The separated solid was dried at 105°C and
then used as AFA for heterogeneous Fenton-like process.

2.2. Characterization of fly ash samples

1 g of RFA or AFA sample was mixed completely with distilled-
deionized water (100 mL) for 10 h. Then the mixture was settled.
After that, pH of the supernatant liquor was measured. The chemi-
cal compositions of the AFA and RFA samples were determined by
X-ray fluorescence spectroscopy (XRF-1800, SHIMADZU). The spe-
cific surface area, pore volume and pore size of the samples were
measured by BET (Brunauer-Emmett-Teller) automated analyzer
(QUADRASORB).

2.3. Wastewater treatment

Firstly, fixed amount of AFA was added in a batch reactor and
then unless otherwise specified, 100 mg L~ synthetic p-NP solution
(100 mL) with predetermined pH value was added. The mixture was
homogenized by mechanical agitation. Except for sorption exper-
iments, the reaction started after the addition of a predetermined
dosage of H,0,. All experiments were carried out in a temperature-
controlled water bath and kept constant temperature (+1°C). At
intervals, the mixture was sampled. Before filtration, NaOH solu-
tion and MnO, were added into the sampled mixture immediately
in order to decompose remnant H, O, which can interfere with the
measurement of COD. Then the sample was filtrated with vacuum
pumping and the filtrate was analyzed to determine p-NP con-
centration, leached amount of irons and chemical oxygen demand
(COD). The lifetime of AFA was studied, in this experiment sec-
tion, the separated solid was dried at 105°C to constant weight
and reused with the same ratio of every reaction ingredient at first
run experiment.

2.4. Analytical methods of parameters

The p-NP removal efficiency was monitored by measuring the
absorbance at 400 nm under pH>11 (adjusted by adding proper
quantities of NaOH) by means of a UV-vis spectrophotometer

(JASCO, V-560). The catalyst activity was evaluated by p-NP abate-
ment. Oxidation efficiency of H,O, was assessed by the ratio of
actual values to theoretical values of COD removal efficiency. COD
was determined by using microwave assisted potassium dichro-
mate method [21]. The leached iron was analyzed by flame atomic
absorption spectrophotometer (Analyst 700, PerkinElmer Corpora-
tion).
The p-NP or COD removal efficiency was calculated as:

-G
o 100 (1)

where Cy and C; are initial and instantaneous concentrations of
p-NP or COD (mgL—1).

Removal efficiency (%) = 1

3. Results and discussion
3.1. Physicochemical characteristics of AFA and RFA

The physicochemical properties of both RFA and AFA samples
are shown in Table 1. The major chemical components were SiO5,
Ca0, Al,03, Fe;03, LOI and CO,. The sum of SiO,, Al;03 and Fe,03
fractions in RFA was greater than 70% indicating that RFA is clas-
sified as Type F fly ash according to ASTM C 618. The SiO, and
Fe, 03 contents in AFA were higher than those in RFA, whereas the
Ca0 and Al,03 contents in AFA were smaller. It is well known that
low pH value and the exist of Fe ions are important for determin-
ing a good efficiency of Fenton reagent [1,5], thus higher Fe;03
contents and lower CaO contents in AFA may be preferred for het-
erogeneous Fenton-like process. Because of the leaching of alkali
metal and metal oxides such as Ca0O, Al,03 and Fe;03, new smaller
pores can be formed on particle surface of RFA, thus the BET area
and the total pore volume increased while the average pore diam-
eter decreased when RFA was activated by nitric acid. So compared
to RFA, AFA display the higher BET area, the higher total pore vol-
ume and the smaller average pore diameter which indicate better
adsorption and catalysis capacity. More fractions of larger parti-
cle size (105-150 wm) and less fractions of smaller particle size
(<105 pwm) were found in AFA. Thus the average particle size in
AFA was higher than that in RFA indicating better settlement and
separation properties.

3.2. Catalytic kinetics of the AFA

As it is well known, pH has significant effect upon the oxidation
degradation of organic compounds by hydroxyl radicals in Fenton
or Fenton-like reagents[22,23]. Asshownin Fig. 1, the p-NP removal
rate decreased with the sequence of pH 2.0>2.5>1.5>3.0. The 98%
p-NP removal efficiency was achieved in 40 and 60 min at pH 2.0
and 2.5 respectively. However, only 50% and 12.5% p-NP removal
efficiency were achieved in 60 min at pH 1.5 and 3.0 respectively.
The tests at milder pH (pH=5.1) demonstrated that good p-NP
removal efficiency (98%) could be achieved when enough reaction
time (14 h). Due to the highest removal rate of p-NP, pH 2.0 was
chosen as the optimal pH for further experiments.

Theoretically, 342mgL-! H,0, is needed to mineralize
100 mg L~! p-NP completely according to the stoichiometric Eq.(2):

CeHsNO; + 14H,0, — 6CO, + 16H,0 + HNO; (2)

Some researches, such as Fenton, homogeneous Fenton-like
[23] and heterogeneous Fenton-like processes using goethite [24]
magnetite [25,26] carbon-Fe [1], have shown that the degrada-
tion extent of organic compounds was not improved significantly
at a higher H,0, dosage because of the competitive reactions
of hydroxyl radicals. As higher oxidation efficiency of H,0, was
expected, the H,0, effects at lower dosage (25-100% of 342 mg L~ 1)
were investigated. As shown in Fig. 2, the p-NP removal rate
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Table 1
Comparison of the physical and chemical characteristics of AFA wi

th RFA.

Major chemical component (wt%)

Sample Si02 Ca0 A1203 F6203 L0l C02
AFA 73.6 1.64 8.66 5.73 5.47 2.57
RFA 57.4 103 9.76 492 8.15 3.57
Other chemical components (wt%)
Sample SO3 MgO K,0 P,0s5 Na,0 SrO Zr0, Zn0
AFA 1.42 6.9 10.6 1.13 2.93 0.274 0.397 0.0558
RFA 26.9 12.7 8.94 5.44 3.41 1.01 0.331 0.0792
Physical properties
Sample BET area (m?g~1) Total pore volume (nLg!) Average pore diameter (nm) bpH
AFA 29.99 68.02 9.07 4.19
RFA 11.91 61.65 20.71 9.30
Partial size distribution
Partial size (j.m) 150-125 125-105 105-97 97-88 <88
Sample fractions (wt%) AFA 19.78 51.69 12.49 1.78 14.27
RFA 4.03 20.74 33.54 10.10 31.59

2 The loss on ignition analysis was carried out at 800°C for 24 h.

b 1 g of sample was mixed with 100 mL of distilled-deionized water for 10 h, and the supernatant liquor of the mixture was measured by pH meter.
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Fig. 1. pH effect on the p-NP removal rate. Experimental conditions: initial p-NP,
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Fig. 2. Effect of H0, dosages on the p-NP removal rate. Experimental conditions:

initial p-NP, 100 mgL-'; temp., 298 K; AFA load, 10gL-'; pH=2.0.
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Table 2
COD Removal efficiency and H,0, oxidation efficiency.?

Initial H0, (mgL-')  COD removal efficiency (%) H, 0, oxidation
efficiency (%)

Theoretical values  Actual values

83.25 25 23 92
166.5 50 48 96
333 100 62 62

a Experimental conditions: initial p-NP, 100mgL-'; temp., 298 K; AFA load,
10gL-'; pH=2.0; reaction time, 60 min.

increased with increase in H,O, dosage. More than 98% p-NP
removal efficiencies were achieved in 40 and 50 min for 333 and
166.5mgL-! H,0, respectively. However, 91% removal efficiency
was achieved in 70 min for 83.3mgL~! H,0,.

As shown in Table 2, the highest H,0, oxidation efficiency (the
ratio of actual value to theoretical value of COD removal efficiency)
was achieved when H,0, dosage is 166.5 mg L1, this result further
indicated the competitive reactions of hydroxyl radicals. Therefore,
166.5 mgL~! H,0, dosage was used in the rest experiments. How-
ever, higher dosage of HO, may be selected in actual application
for higher COD removal efficiency.

Generally, Fenton or homogeneous Fenton-like process work
well in the presence of small quantities of Fe ions (within 55 mg L~!
Fe2* or Fe3*) [23,27,28]. Because of the absence of mass trans-
fer limitation. However, a good heterogeneous Fenton-like process
seems to require higher amount of bound iron (about 1.5-3gL™1)
[9,25,29,30]. On the other hand, high iron amount could also act
as eOH scavengers [25]. Therefore the appropriate AFA loading of
3.5-20g L1 (viz. 0.14-0.80 gL' bound iron according to 5.73 wt%
Fe, 03 component in AFA) were selected. Preliminary tests demon-
strated that p-NP could not be removed by H,05 in the absence of
the AFA (results not shown) and the p-NP removal caused by AFA
adsorption was negligible (<0.45 mgg~!). As shown in Fig. 3, the p-
NP removal rate increased with increase in load of AFA because of
theincrease in active site for H, O, decomposition and p-NP adsorp-
tion. The 98% p-NP removal efficiency was achieved in 25, 40, 55
and 60 min while 20, 10, 6.5 and 5.0gL~! AFA was loaded respec-
tively. However, 90% removal efficiency was achieved in 60 min
for 3.5gL~1 AFA. Considering lower AFA load and better catalysis
performance, 10gL~1 AFA was used in the rest experiments.
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Fig. 3. Effect of AFA load on the p-NP removal rate. Experimental conditions: initial
p-NP, 100mgL-"'; temp., 298 K; pH =2.0; initial H,0,, 166.5mgL"".

Asshownin Fig. 4, the p-NP removal rate increased with increase
in temperature indicating that the increase in temperature may be
very favorable for increasing number of active surface centers [31].
More than 98% p-NP removal efficiency was achieved in 5, 5, 15
and 45 min at 348, 323, 308 and 298K respectively. However, no
significant difference in removal efficiency was observed between
348 and 323K, This is because of the competition between thermal
decomposition of H,0, and free radical formation at higher reac-
tion temperatures [32]. On the other hand, the correlation between
temperature and the p-NP removal rate may be well explained by
Arrhenius equation:

dlInk Eq
dT ~ RT?
where T is reaction temperature, k is Kinetic reaction rate constant,
R is gas constant and E, is the activation energy.
The Ink is in inverse ratio with T2. Consequently, the tempera-
ture (323 K) is important for a p-NP rapid remove. Considering the
efficiency and cost, 298 K was used in the rest experiments.

3)

3.3. Leached iron and concurrent homogeneous catalysis

AsshowninFig. 5, the leached iron concentration increased with
decrease in pH and with increase in reaction time. The iron species
were also detected simultaneously in the reaction solution (pH 2).
As shown in Fig. 6, the concentration of total iron species (Fe3*
and Fe?*) in reaction solution increased with increase in reaction
time. Here the ascending total iron concentration was most likely
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Fig. 4. Effect of temperature on the p-NP removal rate. Experimental conditions:
initial p-NP, 100 mgL-!; pH=2.0; initial H,0;, 166.5 mgL-'. AFA load, 10gL"".
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Fig. 5. Effect of pH on leached total iron concentration in the heterogeneous
Fenton-like process. Experimental conditions: initial p-NP, 100 mg L~'; initial HO,,
166.5mgL-!; AFA load, 10gL~'; temp., 298 K.

caused by the gradual oxidation of the surface iron—-p-NP complexes
by H,0,, which released ferric ions into solution. The correlation
between dissolved total iron and reaction time could be plotted as
the quadratic polynomial curve viz. Eq. (4) which showed a good
correlation (R? =0.9975):

Caii = —0.002t2 + 0.248¢t (4)

where Cgy; is instantaneous concentrations of dissolved total iron
(mgL-1).

As shown inFig. 6, the curve profiles of [Fe2*|/[Fe] and [Fe3*]/[Fe]
were similar to those of the inter-conversion of ferric ions and
ferrous ions during homogeneous Fenton-like [33]. These results
suggested that ferric ions were first leached from AFA and then a
part of ferric ions was converted to ferrous ions by H,0, until the
maximum amount of ferrous ions was obtained in 18 min. After
that, ferrous ions were converted by H, 0, to ferric ions again.

Because of the leached Fe ions, the heterogeneous Fenton-
like process and homogeneous Fenton-like process must proceed
simultaneously. The occurrence time of maximum concentration of
ferrous ion is close to the starting time of the highest removal rate
of p-NP (see also Fig. 1). Therefore hydrogen peroxide was catalyzed
by both iron species bound to the surface of AFA (heterogeneous
reaction) and aqueous iron species (homogenous reaction).

In order to understand the contribution of homogeneous
Fenton-like process to the p-NP removal efficiency, a controlled
experiment was carried out, in which homogeneous ferric ion (Fe3*)
was used as catalyst instead of AFA and was added gradually into
the reaction solution at different reaction time. The concentrations
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Fig. 6. Concentration of leached iron species and ratio of ferric or ferrous ion to total
iron ion versus reaction time. Experimental conditions: initial p-NP, 100 mgL-';
initial H,0,, 166.5mgL-!; AFA load, 10gL~"; temp., 298 K, pH 2.0.
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of ferric ion added at different reaction time were calculated based
on Eq. (4). The p-NP removal efficiency increased slowly with
increase in reaction time and was only 2.79% in 30 min, which was
far less than that (94.4% in 30 min from Fig. 1) of heterogeneous
Fenton-like process. Therefore concurrent homogeneous Fenton-
like reactions played negligible role in the p-NP removal.

3.4. The loss of AFA catalytic activity

From the view of actual application, catalytic stability and
reusability are very important. Two AFA re-utilization experiments
(re-exp.) were carried out in the same pH and H, 0, dosage but var-
ied reaction time and AFA load. The re-exp. 1 was conducted using
10gL-! AFA for 60 min and the re-exp. 2 was conducted using
20gL-1 AFA for 20 min. During the reaction cycles, as shown in
Fig. 7, the decrease of both p-NP removal efficiency and the ratio of
leached Fe were faster in re-exp. 1 indicating that the loss of AFA
catalytic activity was due to the loss of Fe irons in catalyst. Hence,
less reaction time and higher AFA load may be selected in actual
application for catalytic stability and reusability.

3.5. AFA catalytic mechanisms

Catalytic kinetics of the AFA at pH<3 exhibited a two-phase
removal rate of p-NP, viz. an initial slow removal phase and
then a rapid one (Figs. 1-4). Although similar results have been
observed previously, little was known about the detailed mecha-
nisms [23,34-36]. Some researches suggested that the existence of
initial slow removal period was due to the requiring time for sur-
face activation, whereas some related it to the reactant adsorption
onto the catalyst surface [34]. Also some researches explained the

1.0
'E.\ \H\

= *

NN
0:4- ‘\\ ’\‘
S \

——[Fe'1=7.7mg L'
—A— [Fe2+]:7.7mg L'
—m— AFA load=10g L'

cic,

n AN
A\A\ | S
T T T T T T
0 10 20 30 40 50 60

Reaction time(min)

Fig. 8. The p-NP removal rates under different catalyst. Experimental conditions:
initial p-NP, 100 mgL~'; pH=2.0; initial H,0,, 166.5mgL""; T=298 K.

heterogeneous Fenton-like catalysis by analogous reactions to the
homogeneous Fe3* catalysis [25,37]. To explain AFA catalytic mech-
anisms, two experiments based on homogeneous iron (Fe3* and
Fe2*) catalysis were carried out at pH 2 respectively: based on the
concentration of leached Fe ions (7.7 mgL~1) in 60 min in AFA cat-
alytic system, instead of AFA, 7.7 mgL~1 Fe?* ions or Fe3* ions was
added into reaction system to initiate homogeneous reaction. The
p-NP removal rates were compared among the three kinds of cata-
lyst (AFA, Fe3* and FeZ*) (Fig. 8). The curve profile of p-NP removal
rate using AFA was similar to that using 7.7 mgL-! Fe3*, i.e. an ini-
tial slow removal rate was followed by a rapid removal rate of p-NP.
However, when 7.7 mgL~! Fe2* was applied, a rapid removal rate
of p-NP was observed from the beginning and was maintained until
90% p-NP was removed in 20 min. Therefore the probable hetero-
geneous catalytic mechanisms were proposed by comparing with
the decomposition of H,0, by homogeneous Fe3* (Table 3). An ini-
tial reaction chain (reactions (1)-(3b)) probably occurred on and
near the iron-bearing surface sites in AFA, the =Fe!'-hydroperoxy
complexes were formed (the symbol “=" represents the iron species
bound to the surface of AFA), and their unimolecular decomposition
yielded =Fe!! and hydroperoxy/superoxide radicals (HO;e/O5e™).
According to the rate constants of reactions (3a) and (3b),=Fe!ll was
converted slowly to=Fel. It is well known that oxidation potential
of reactive oxygen species (HO,e and O,e~) is much smaller than
that of the HOe species, thus a slow p-NP removal period appeared
initially. Afterward, as the reaction continues, the reaction 4 proba-
bly occurred on and near the iron-bearing surface sites. On the other
hand, the interactions between p-NP and surface sites (SS) could
be described as equilibrium reaction between sorbed and aqueous
species:

SS +p-NPe — SS(p-NP)s (5)
The HOe radicals formed by reaction (4) could attack the sorbed

species as well as the aqueous species, which led to the degradation

Table 3
Mechanisms of H,0, decomposition by homogeneous Fe3* [33].

No. Reactions Rate constants
1 Fe3* +H,0, = Felll (HO, )** +H* k;1=3.1x1073
2 FeOH?* + H,0, < Fe!'(OH)(HO, )* +H* ky=2.0x10"*

3a Fell(HO, )** — Fe2* + HOye k32=2.7x103s"!

3b Fe'(OH)(HO;)* — Fe?* + HOye/0ze~ + OH~ k3p=2.7x 10351
4 Fe2* +H,0; — Fe3*+HOe + OH~ ks=63.0M 15!
5 Fe?* +HOe — Fe3* + OH~ ks=3.2x 103 M~1s!
6 H,0, +HOe — HOye +H,0 ks=3.3 x 10’ M- 151
7 HOe +HOe — H,0; k7=5.2x10°M~1s1
8 HOe +RH — oR + H,0 ks=107 — 1010 M~!s~!
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and mineralization of p-NP:
HO + SS(p-NP)s — SS + (p-NPby-products)soiution — NO3~ + CO-
(6)

HO + p-NPe — p-NPby-products — NO3~ +CO, (7)

According to rate constant of reaction (4), =Fe!! was converted
rapidly to=Fe!!'. In addition, it is well known that oxidation poten-
tial of HOe radicals is very high (2.80), thus a rapid p-NP removal
period appeared. According to chemical reaction equilibrium, the
decrease in pH value could cause the increase in reaction rate of
(3b)-(5). The reason that p-NP removal rate at pH 2 was higher than
thatat pH 2.5 might be attributed to reaction (3b)and (4). The lower
removal rate of p-NP at pH 1.5 might be due to two reasons: first, the
more leached Fe decreased the iron-bearing surface sites; second,
the quenching function of reaction (5) toward HOe. At pH 3.0-5.1,
the much slower removal rate of p-NP might be attributed to the
formation of HO,e/O,e~ with smaller oxidation potential yielded
by reactions (3a) and (3b) while without formation of appreciable
amount of hydroxyl radicals.

There were shortened trend of initial slow removal period with
increase in H,0; dosages (Fig. 2), AFA load (Fig. 3) and temperature
(Fig.4),indicating that the rates of reactions (1)-(3b) increased with
increase in H,O, dosages, AFA load and temperature.

4. Conclusions

The chemical components, physical properties (BET area, total
pore volume, average pore diameter and pH) and particle size dis-
tribution of AFA as heterogeneous Fenton-like catalyst were better
than those of RFA. Under experimental conditions of pH 1.5-5.1,
H,0, dosage 83.3-333mgL~!, AFA loaded 5.0-20gL-! and tem-
perature 298-348K, the p-NP removal rate increased with the
increase in H,O, dosage, AFA loaded and temperature, and was
fastest at pH 2.0. However H,0, oxidation efficiency was high-
est (96%) under 166 mgL-! H,0, dosage and good p-NP removal
efficiency (98.8%) can be achieved under milder pH (5.1) when
enough reaction time (14 h) was applied. The leached iron concen-
tration increased with decrease in pH and with increase in reaction
time. The homogenous catalysis of leached iron for p-NP removal
was negligible. The less reaction time and higher AFA load should
be selected for catalytic stability and reusability in actual applica-
tion. The probable heterogeneous catalytic mechanisms could be
proposed by comparing with the decomposition of H,0, by homo-
geneous Fe3*,
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