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Abstract

The accessibility of clean water and green environment are the major requirements for survival and sustainable develop-
ment. In this study, iron-coated sand, derived from acid mine drainage effluent, has been applied as a heterogeneous catalyst.
Treatment with H,O,, iron-coated sand, and iron-coated sand-Fenton processes is compared for the COD removals from
municipal wastewater effluent. The results showed that the iron-coated sand catalyzed Fenton process could generate hydroxyl
radicals (¢OH) and oxidize the organic pollutants. Fenton process based on the iron-coated sand catalyst proved to be the
most efficient process. The effect of operating conditions such as initial pH and Fenton’s reagent doses, i.e. initial H,O, and
iron on the organics oxidation from such wastewater was investigated. The results showed that 70% removal efficiency of
COD was obtained within 30 min under optimized conditions (pH 3.0, H,0, 400 mg/L and iron 40 mg/L). The rate equation
of iron-coated sand-Fenton system was simply expressed by the second-order equation and the model was found to fit well
the data. Thermodynamic analysis of the results indicated that the iron-coated sand-Fenton oxidation is non-spontaneous
and endothermic in nature. Regeneration of iron-coated sand was attempted and the catalyst had a good stability and reus-
ability for successive treatments and reducing the quantity of sludge produced in Fenton reactions. Thus, expanding the
sustainability scope of iron-coated sand based Fenton catalyst and offer new sustainable and inexpensive alternatives for the
classical Fenton process.

Article Highlights

Iron recovered from acid mine drainage to prepare iron coated-sand as a Fenton source.

Novel Fenton reaction is proposed for treating polymer industry wastewater.

The system avoids iron sludge by-product by providing catalyst reusability.

The approach points the competitive novel iron waste source to applied as a Fenton technology.
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Introduction

There is an increase in metals released from industrial waste
into watercourse causing considerable concern for both
aquatic organisms and human health (Ashour et al. 2014;
Tony et al. 2015; Sylwan et al. 2016). One of those metals

P< Maha Abdelbaset Tony

dr.maha.tony @ gmail.com is iron that is a major source of water deterioration in coal

and rock mining regions. Acid mine drainage (AMD) con-

! Civil and Environmental Engineering, West Virginia taining dissolved ferrous iron solution and sulphuric acid

University, Morgantown, WV 26506-6103, USA is formed through the interaction of iron pyrite with water

?  Advanced Materials/Solar Energy and Environmental (Bwapwa et al. 2017; Deng et al. 2019; Tony 2020a). Hence,

Sustainability (AMSEES) Laboratory, Basic Engincering the polluted AMD stream consists of various heavy metals
Science Department, Faculty of Engineering, Menoufia . . .

University, Shebin El-Kom, Egypt and damages the surrounding environment. For a sustainable

@ Springer


http://orcid.org/0000-0003-3670-503X
http://crossmark.crossref.org/dialog/?doi=10.1007/s41742-020-00309-7&domain=pdf

192

International Journal of Environmental Research (2021) 15:191-201

environment, the recovery of precipitated metals from AMD
is a research objective for gaining both valuable products
and meeting the discharging limitations. Therefore, effective
different techniques, i.e. physical, chemical, and biological
approaches have been applied for metal recovery from AMD
(Wei et al. 2005). Chemical precipitation of AMD to recover
iron and aluminum metals is considered a typical way due to
the suitability for large or small flow, inexpensive and easy
to operate (Wei et al. 2005). But, the additional concern is
still associated with the disposal of the concentrated metal
laden sludge (Lu et al. 2012; Tony 2020b).

Improvement of domestic wastewater management has
received increasing attention throughout the world since
houses generate a considerable amount of contaminated
waste (Huling et al. 2000; Tony et al. 2019). Municipal
wastewater effluents release constantly complex organic
mixture containing suspended and dissolved materials (Vlys-
sides et al. 2003; Zhao et al. 2009). Those contaminants
should undergo a significant treatment prior to the release
into the environment. According to the literature, many of
the treatment technologies available for wastewater treatment
include physical and chemical treatments such as adsorp-
tion (Ashour and Tony 2017), membrane separation (Tatsi
et al. 2003), filtration (Peng et al. 2011; Tony et al. 2012;
Nitoi et al. 2013), ion exchange (Cantinh et al. 2016), chemi-
cal precipitation (Rule et al. 2006), and oxidation (Najjar
et al. 2001). However, those treatment approaches produce
a secondary sludge besides the lack of complete removal.
Recently, advanced treatment techniques have emerged to
be a better alternative to avoid the problem associated with
the solid waste pollution and its disposal (Mohan et al. 2011;
Tony et al. 2011; Liu et al. 2018).

Among the advanced techniques able to oxidize waste-
water, advanced oxidation processes (AOPs), which are able
to oxidize almost any organic molecule through the genera-
tion of highly reactive intermediates “hydroxyl radicals”,
is a particularly attractive option. The most versatile and
efficient among AOPs is Fenton’s reagent (Fe****/H,0,).
Fenton’s reagent has evolved as the front line of AOPs (Tony
et al. 2016). However, based on the previous reports, there
are disadvantages of AOPs that are associated with their
high operating costs due to the relatively large amounts of
oxidants and/or catalysts consumed. Although application of
the Fenton reaction in wastewater treatment is well devel-
oped, it is necessary to improve the system. Controlling the
process and introducing a sustainable catalyst may move
the process for commercial applications (Tony 2019). Thus,
searching for an efficient and sustainable modified Fenton
system is gaining a concern.

Previous work has already shown that iron could be
recovered from AMD (Tony and Lin 2020a, b) and this is
introduced to produce iron-coated sand that is an efficient
absorbers of large organic molecules; however, their affinity
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to oxidize pollutants as the source of modified Fenton’s
reagent has not before been investigated. Additionally, for
practical applications and due to the particles agglomera-
tion, iron from AMD should be coated onto some supports
such as sand, bentonite, perlite etc. Furthermore, the support
material overcomes the difficulty of catalyst separation, low
hydraulic conductivity and excessive pressure drops when
applied in flow through systems (Rasheed and Meera 2016).

Iron-coated sand from AMD is expected to achieve an
efficient organic removal from wastewater due to using the
waste iron source, AMD. Additionally, it is expected that
this system is more applicable for sustainable treatment
processes due to its granular nature. Herein, the goal of
this investigation is to examine the feasibility of the modi-
fied Fenton’s system based on AMD to oxidize organics
in municipal wastewater effluents. Optimization of opera-
tional parameters of the modified Fenton system is exam-
ined and reaction kinetics and thermodynamic parameters
are reported. Also, the reusability of the iron-coated sand
catalyst is investigated to confirm the catalyst sustainability.

Materials
Iron material

Iron source is precipitated from acid mine drainage (AMD)
from Morgantown, West Virginia, USA (Marion Meadows
site), using a selective precipitation method. To overcome
the problems associated with using iron oxide powders in
wastewater oxidation treatments and for the sustainable cata-
lyst use through successive treatments, coating iron oxide on
sand surface is designed. The iron-coated sand was previ-
ously prepared in laboratory in West Virginia University,
USA. The pH of the AMD was adjusted for iron precipita-
tion and the metal is allowed to settle overnight. The super-
natant was siphoned off and the precipitate is applied to the
sieved sand in the standard coating procedure by mixing the
iron material selectively extracted from the raw AMD (Wei
et al. 2005) with grey sand particles, followed by drying the
mixture in an oven at 103 °C. Thereafter, such procedure
was further repeated for three times followed by heating
the coated sand particles in a muffle furnace at 500 °C. The
amount of iron concentration on the sand surface was exam-
ined and found to be 9.5 mg-Fe/gm-sand. Also, the material
analysis showed the presence of silica, iron and aluminum
oxides. Additionally, the crystal structure of hematite, oxy-
gen ions are hexagonally close packed, and iron is present
in octahedral sites.
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Wastewater sampling

On-site municipal wastewater samples were collected from
Star City wastewater treatment plant in Morgantown, West
Virginia, USA after the primary clarifier. Samples were
taken to laboratory and kept at 4 °C for storing in closed
high-density polyethylene tanks according to the standard
methods (APHA 2005) without a pre-treatment. Samples
were analyzed in the WVU laboratories in accordance
with Standard Methods for the Examination of Water
and Wastewater (APHA 2005). The parameters measured
included chemical oxygen demand (COD), total oxygen
demand (TOC), total phosphate, ammonia, sulphate and
pH. The main characteristics of the wastewater are pre-
sented in Table 1.

Table 1 Characteristics of the municipal wastewater taken from Star
City wastewater treatment plant

Methodology and analytical determination

The Fenton process was performed in a magnetically stirred
Fenton reactor (0.5 L). The wastewater was subjected to
the reactor after analysis. The pH of the wastewater was
adjusted, if needed, using sulfuric acid (H,SO,). Then, the
required iron-coated sand is added thereafter the Fenton’s
reaction is initiated with the addition of H,O, for oxidiz-
ing the wastewater. All chemicals used in this study are of
analytical-grade. The graphical representation of the treat-
ment mechanism is illustrated in Fig. 1.

According to the standard protocol determinations
(APHA 2005), wastewater samples were examined. Chemi-
cal Oxygen Demand (COD) concentration was investigated
by COD analyser (HACH, DR1900 spectrophotometer).
Total Organic Carbon (TOC) was analyzed using TOC
analyser (TOC-L CHS/CSN Shimadzu, Japan). Phosphate,
ammonia, and sulphate were performed spectrophotometri-
cally (Genesys 10uv, Thermo Electron Corporation, USA).
Also, iron is quantified by atomic absorption spectrophotom-
eter with an acetylene flame (Perkin-Elmer, 3100). Samples
for SEM/EDAX were performed using ((FE-SEM, Quanta
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emical oxygen deman mg- . . . . . .
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A P ) g/L 0 tainability. After attaining the organics oxidation, samples
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Fig. 1 Graphical representation of iron-coated sand-Fenton treatment mechanism
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Results and discussion

Effect of reaction time on different oxidation
systems

Comparison of efficiencies of H,0,, Fenton based iron-
coated sand and iron-coated sand processes on the organ-
ics removal from municipal wastewater is presented in
Fig. 2, simultaneously with the investigation of the reac-
tion time. For the object of comparison of these processes,
the optimal concentrations of iron (40 mg/L) and H,0,
(400 mg/L) in each case are used at a fixed pH of 7.1.

For all the system examined, after 30 min of reaction
time, the iron and/or H,0, are mainly consumed. There-
fore, the production of eOH radicals for H,O, and Fenton
systems was high and the COD removal rate grew faster
during initial oxidation period. But, the eOH concentra-
tion is dramatically decreased as the reaction proceeds
and hence COD removal rate is declined with the time
increase. Furthermore, other radicals are formed which
inhibit the reaction rate rather than enhancing the COD
removal (He and Lei 2004). However, for the solo iron-
coated sand material, the treatment could be done by the
adsorption of organics onto the surface of the iron-coated
sand which is stopped by the surface saturation (Huling
et al. 2000).

Among the processes tested here for organics oxidation,
the ranking of efficiency of COD removal is as follows:
Fenton process > H,0, > iron-coated sand for organics oxi-
dation in municipal wastewater. The corresponding COD
removal rates are 54%, 37% and 27%, respectively. From
these results, it can be concluded that the Fenton process
is efficient for oxidizing organics in municipal wastewater.

1.2 7 = 5
~O-Iron-Coated-Sand-Fenton
1 Q " H202
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A
0.8 1 &% NI .
8 T 0
S E "1\1,.)}"?— —5 — 3
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()
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Time, min

Fig.2 Comparison of the oxidation efficiency and reaction time on
different oxidation processes
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Effect of Fenton catalyst

As known for the Fenton reaction, iron and H,O, content has
a significant effect on the system efficiency, since H,O, is
catalyzed by iron to produce the highly reactive intermedi-
ates (¢OH), which oxidizes the organic pollutants. Mixture
of H,0, and iron in acidic solution generates the «OH radi-
cals that consequently attack the organic pollutants present
in the aqueous media and mineralizing them (Egs. 1-3)
(Nitoi et al. 2013). Thus, the initial H,O, and iron content
was investigated by one catalyst changing and keeping all
the other parameters constant.

Fe’* + H,0, — Fe’* + OH™ + OH, 1)
Organic molecules + OH" — Reaction intermediates,  (2)

Reaction intermediates + OH" — CO, + H,O + inert salts.
3)
Firstly, to investigate the effect of iron concentration on
the organics oxidation, a series of experiments were con-
ducted by varying its concentration from 10 to 80 mg/L, at
fixed pH and initial concentration of H,O,. It can be seen
(Fig. 3a) that there is an increase in the Fenton’s oxidation
rate of COD with the different concentrations of iron from
10 to 40 mg/L. The organics removal rate in wastewater
is high for various concentrations of iron especially at the
first 10 min of oxidation as presented in Fig. 3a. The results
showed that the COD removal increased from 37 to 70%
with the iron-coated sand removal from 10 to 40 mg/L. Since
Fe?* acts as a catalyst it is generated through the reaction
according to Egs. (4) and (5) (Liu et al. 2018).

Fe’* + H,0, - Fe — OOH! + H", )

Fe — OOH} — Fe?* + HO,. 5)

Although iron increase results in an increase in the oxida-
tion rate, further reagent increase more than 40 mg/L results
in a decrease in the COD oxidation in municipal wastewater
for only 54% organics oxidation. This could be illustrated
by the increase in the eOH radicals generated at the optimal
iron dose in the Fenton system. Furthermore, unfavorable
effect is generated in the reaction system with the excess iron
concentration on the media since the excess iron species in
the solution reacts with the hydroxyl radicals and renders
their performance (Eq. 6) (Rodriguez-Chueca et al. 2014).
Hence, the overall reaction rate is decreased. Therefore for
further experiments as an optimal concentration of iron was
used 40 mg/L to decrease risk of the excess ions and even-
tual forming of iron sludge.
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Fig.3 Effect of Fenton’s catalyst on the municipal wastewater oxidation: a Effect of initial iron-coated sand concentration at pH=3.0 and
H,0,=400 mg/L; b Effect of H,0, concentration at pH=3.0 and iron-coated sand =40 mg/L

Fe** + OH — Fe** + OH™. (6)

To investigate H,0O, reagent effect on the oxidation
efficiency, its concentration was changed from 100 to
800 mg/L at pH 3.0 and iron dose of 40 mg/L. As seen
in Fig. 3b, the addition of H,0, from 100 to 400 mg/L
increases the COD removal rate from 53 to 70%, respec-
tively. This could be attributed to the increase in produced
¢OH concentration. But at higher H,O, concentration
(800 mg/L) a decrease in the COD removal is attained
due to the eOH radical scavenging effect. This could be
attributed to the fact that the recombination of the «OH
radicals and the reaction of H,O, with the #OH radicals
that lessening the e OH radicals produced in the media
(Egs. 7-9) (Goto et al. 1998; Janik et al. 2007). This veri-
fied the decreasing reaction rate according to the reac-
tion optimum conditions, which may make the best use
of eOH. Hence, 400 mg/L of hydrogen peroxide appear
as the optimal dosage for the Fenton oxidation system.

HO + HO" — H,0,, 7
H,0, + HO" —» HO, + H,0, 8)
HO, + HO' - H,0 + O,. )

Thus, eOH radicals were vastly reduced in this system
as a result of the quenching effects of the non-optimal
doses of iron ions and H,0, on such radicals and even
those between free radicals were effectively weakened.

Effect of pH

The Fenton oxidation process is extremely dependent on the
solution pH. Unfavorable pH of the aqueous media causes
diminishing eOH radicals’ concentration and therefore
reducing the removal efficiency (Liu et al. 2018; Ashour
and Tony 2020). Influence of the municipal wastewater pH
in the oxidation rate was examined in this study by varying
the initial pH of the aqueous media at fixed Fenton’s cata-
lyst dose (iron 40 mg/L and H,0, 400 mg/L). The results
in Fig. 4 reveal that the change of pH from the nature pH of
the attained wastewater (7.1) to the acidic pH (3.0) increases
the oxidation rate. The COD removal is increased from 54
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Fig.4 Effect of pH value on the municipal wastewater oxidation sys-
tem
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to 70% with the decrease in the pH from 7.1 to 3.0, respec-
tively. In addition, also the alkaline pH results in a decrease
in the COD removal rate as seen from Fig. 4. This could
be due to the optimum pH helping in the presence of «OH
radicals that are the main responsible of the COD oxidation.
Moreover, the eOH radicals’ concentration is sensitive to
the pH value. Thereby, Fenton oxidation is insensitive at
the alkaline pH medium as the eOH radicals’ concentra-
tion is increased to its maximum value at the acidic pH and
thus the organics removal rate increased (Najjar et al. 2001;
Tony et al. 2015). Also, at the acidic pH media the aqueous
solution containing the organometallic complex where either
hydrogen peroxide was regenerated which increases the oxi-
dation rate. Additionally, increasing the pH into the alka-
line range is unfavorable since it results in the formation of
undesired radicals rather than the eOH radicals that reduces
the overall reaction rate. This Fenton’s oxidation reaction
sensitivity to the acidic pH has been previously reported
in the literature by various investigators (Stock et al. 2000;
Villegas-Guzmana et al. 2017; Klamerth et al. 2012; Tony
and Lin, 2020a; Divyapriya and Nidheesh, 2020).

Additionally, in a similar study (Devi et al. 2014), it was
stated that the dissolutions of iron from sand is related to
the medium pH. In the low pH range between 2.0 and 5.0,
the iron coated on sand is more stable and therefore a larger
quantity of iron is coated onto sand is observed. However, a
greater amount of iron is dissolute from sand at the alkaline
pH. Thus, this confirms the suggested acidic pH is favorable
for the iron-coated sand based Fenton’s reaction through the
current study.

Temperature effects on kinetics and thermodynamic
parameters

The effect of temperature at 289, 313, 323 and 333 K on
the municipal wastewater oxidation via Fenton system
was investigated. It can be seen from Fig. 5 that increasing
temperature from 298 to 313 K has a positive effect on the
organics oxidation. The COD removal efficiency is increased
from 70 to 80% with the temperature increase from 298 to
313 K, respectively. This could be attributed by the fact
that temperature affects the reaction between H,O, and iron
ions that increasing the «OH radicals generation rate and the
therefore that Fenton’s reaction is accelerated and thus the
organic oxidation in the form of COD removal is increased.
Although, further increase in temperature more than 313 K
results in a decrease in the COD removal rate that is reached
to only 64 and 61% at 323 and 333 K, respectively. This is
due to the fact that H,O, undergoes self-accelerating decom-
position at temperature higher than 313 °C. These results
are in accordance with that previously reported in the litera-
ture by Dutta et al. (2010) for treating olefins contaminating
wastewater with such reagent.
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Fig.5 Temperature dependence of iron-coated sand reaction

For the object of implementation of Fenton oxidation at
an industrial level, other reactor configurations such as the
continuous or semi-continuous application should be tested.
For predicting such reactors’ performance, the knowledge of
the reaction kinetics is crucial. So, zero-, first- and second-
order reaction kinetic models are used to investigate the
organics oxidation in municipal wastewater by iron-coated
sand-Fenton oxidation process. The regression analysis
based on the kinetic reaction orders for the COD oxida-
tion was conducted and the results are tabulated in Table 2.
Generally, regression coefficients () of the linear reac-
tion kinetic formula of the models are compared and the
higher correlation coefficient are corresponding to the best
fit model. As illustrated in Table 2, the values of correlation
coefficient for second-order model are mostly higher than
those of the zero-order and the first-order models. Therefore,
second-order kinetic model is the best model to describe
the oxidation of organics by the modified Fenton’s system.
The obtained parameters seen in Table 2 show that as tem-
perature increases from 298 to 313 K, the rate constants
of the second-order model increase from 0.0009 to 0.0016
L mg~! min~!, respectively. But, it decreases again to 0.0008
and reached to 0.0006 L mg~! min~! for the temperate raise
to 323 and 333 K, respectively. This similar to House (House
1962; Huang et al. 2002) rule, the rate of that reaction dou-
bles for a temperature increase from 295 to 305 K. Moreo-
ver, the half-life time (#,,,) of the COD oxidation that cor-
responding to the second order model increased with the
temperature increase up to 313 K followed by a decrease in
the half-life time with further temperature increase. Hence,
this verified that a temperature controlled the reaction up to
313 K and the COD removal performance declined above
this optimal temperature. Similar observation is previously
stated in the literature (Anabela et al. 2003). It is also noted
that the higher rate constant is related to the increase in
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Tab"?z, Fitted rate const.ants. for Kinetic model Parameter Temperature
municipal wastewater oxidation
reaction® 298 K 313K 323K 333 K
Zero-order (C, = C, — k,t) ko (min™Y) 1.47 1.65 1.44 1.38
t,, (min) 26.12 23.23 26.55 27.79
r 0.62 0.67 0.64 0.72
First-order (C, = C, — €l k; (min~Y) 0.0183 0.0281 0.0199 0.0204
t,, (min) 33.97 34.82 24.66 37.87
P 0.91 0.90 0.93 0.83
(L) _ (L) — kyt k, (L.mg~! min~1) 0.0009 0.0016 0.0008 0.0006
Second-order (\ G Co )
1, (min) 14.52 8.166 16.33 21.78
P 0.92 0.96 0.94 0.95

“ko» k1, ky kinetic rate constants of zero-, first- and second-reaction kinetic models; C, and C, COD concen-
trations at initial and time t; 7 time; * correlation coefficient; t;,, half-life time

Table 3 Thermodynamic parameters for municipal wastewater oxida-
tion over iron-coated sand-Fenton*

Temperature (K) E,=11.104 kJ/mol

AH* AS* AG?
298 8.63 —274.26 90.36
313 8.50 —271.67 93.54
323 8.42 —278.79 98.47
333 8.34 —282.48 102.39

*Activation energy (E,), the variation of activation enthalpy AH# (kJ/
mol), the variation of activation entropy AS# (J/mol), and the varia-
tion of the free energy of activation AG# (kJ/mol)

temperature till a certain limit which means that the reac-
tion favors a definite high temperature value.
Thermodynamic parameters including Gibbs free energy
of activation (AG"), activation enthalpy (AH*) and activa-
tion entropy (AS*) are generally the parameters to well
understand the temperature effect on the organics oxidation
over the oxidation system. The variation of thermodynamic
parameters with temperature for the iron-coated sand oxi-
dation process studied and the results are summarized in
Table 3. The temperature dependence on the observed sec-
ond-order kinetic constant can be represented by Arrhenius
equation (k, = Aexp(_lTET")), where A is the frequency factor,
E, is the activation energy, R is the gas constant and T is the
temperature. The slope (E,/R) of the Arrhenius plot (plot
is not shown) of the reaction rate constant for iron-coated
sand-Fenton oxidation gives the corresponding activation
energy for COD oxidation of 11.104 kJ/mol. This low acti-
vation energy observed indicates that the oxidation process
requires low energy barrier and can be easily achieved which
recommends the high effectiveness of organics oxidation due
the eOH attack towards the modified Fenton reaction (Sun
et al. 2007). Such observed low activation energy is in well
matched with the previous results obtained in other studies

using Fenton’s reagent. Previous findings of Lin et al. (1999)
experienced activation energies of 10.62 and 8.08 kJ/mol
for different types of benzene sulphonate oxidation with
Fenton’s reaction. Also, Lin and Lo (1997) described low
activation energy for COD oxidation in treating wastewater.

Gibbs free energy of activation (AG”) is calculated by
using equilibrium constant k, equation:
AG* = RT x [ln( % ) - lnk] where kg is Boltzmann’s con-
stant, h is Planck’s constant and R is the gas constant. Gibbs
free energy of activation (AG?), the fundamental principal
for the oxidation non-spontaneity must be positive for a fea-
sible oxidation to occur. Positive AG” values showed that the
organics oxidation process is non-spontaneous in nature and
that the degree of non-spontaneity of the reaction increased
with the temperature increase. This result also supported the
suggestion that the resulting reaction mechanism was ener-
getically stable and that the rate of COD oxidation reaction
primarily increased with increasing temperature.

The variations of activation enthalpy (AH*) and of
entropy ((AS?) were calculated as the slope and intercept of
van’t Hoff equation (Ink, = A %) plot of Ink, versus
1/T. The variations of activation enthalpy (AH*) shows posi-
tive values indicate that reaction is endothermic. Moreover,
the estimated negative values of entropy of activation (AS*)
confirmed the non-spontaneously nature of the modified
Fenton oxidation reaction. This exhibited a decline in the
degree of freedom of the organic molecules and maintained
a high oxidation yield between the organic molecules and
the-OH radicals species. Similar results were also reported
by the other researchers Argun and Karatas (2011) and Xu
and Lu (2013).

Sustainability test of iron-coated sand

Iron sludge usually forms after the homogenous Fenton’s
process, which needs process neutralization before the final
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disposal is carried out. However, in the heterogeneous modi-
fied Fenton’s process, iron catalyst could be separated to
reuse for appropriate disposal. The final products of organics
oxidation via Fenton’s reaction are carbon dioxide, water
and inert salts.

To explore the stability of the catalyst, the organics
removal efficiency over the modified Fenton process are
assessed and the results are presented in Fig. 6. After each
cycle, the catalyst was just recycled by filtration after the
former cycle. Then, washing regenerates iron-coated sand
catalyst with deionized water followed by drying in oven
at 105 °C.

It is observed that the modified Fenton process dis-
played a slight decay in the iron-based sand catalyst activity
between the former six cycles. When the catalyst was reused
three times, the COD removal efficiency still remained
more than 65%. Although a significant decline in the organ-
ics removal efficiency was observed at the fifth reuse, high
removal efficiency was restored by regeneration. The COD
removal efficiency remained more than 60% after six times
of reuse with regeneration. Such decrease in the activity
may be due to occupying the active sites of the iron-coated
sand by the organics intermediates from municipal waste-
water. Iron concentration in the fresh iron coated sand is
9.5 mg-Fe/gm-sand, thereby, after use the exhausted iron
oxide-coated sand is regenerated for successive use. After
the first use, the average iron dissolution in the wastewater
is found to be about 0.3 mg/L after the Fenton’s oxidation
reaction. The quantitative analysis of iron showed the iron
concentration is reduced to 9.2 mg/L after the first cycle f
oxidation. This may be illustrated by the complex forma-
tion in the aqueous solution could results in weakening the
attractive force between the iron surface and neighboring O
ions and, thereby, facilitate the breakdown of Fe—O bonds
and hence, helping in the iron dissolution (Sidhu et al. 1981).

80
- 0% 68%  67% 65% - 64% " 62% " e1s
60 1
50 1
40
30 1

20 1

Organics Removal (%COD)

10 1

Raw 1st 2nd 3rd 4th Sth 6th
catalyst

Cycle number

Fig.6 Oxidation of organics on iron-coated sand-Fenton process in
six batch reaction cycles (pH 3.0; H,0, 400 mg/L and iron 40 mg/L)
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The spectrum of iron-coated sand by using elemental
microprobe analysis of SEM/EDAX is illustrated in Fig. 7.
The SEM micrographs in Fig. 7a, c illustrate that there were
a difference after the first use and the sixth cycle. SEM
images after the first and sixth cycle of oxidation provide
a visual representation of the iron-coated sand particles.
Observation of these micrographs identify the slightly
reduction of iron coating available for oxidation as a result
of Fenton reaction. Noticeably the surface of the catalyst
becomes slightly smooth after the Fenton oxidation as the
iron catalyst is reduced after the successive cycles.

EDAX analysis signified that the retained catalyst con-
tained four main elements, namely O, Al, Si and Fe signals.
Figure 7b, d show the energy dispersion X-ray spectrometer
(EDAX) spectra for the iron-coated samples after the first
and sixth oxidation cycles. As seen in the results of EDAX
analysis after the first cycle of use and the sixth oxidation
cycle, the percentage of Fe by weight deposited on sand sur-
face is decreased from 21.49 to 17.61%, respectively. This
illustrates the coated iron usage on the Fenton’s reaction
and this reduction on the iron content reduces the reaction
efficiency after each cycle. The slight difference intensities
of the peaks for iron indicate that the small differences in
the iron content resulted in a slight higher amount of iron
coating on the sand and hence attributed in the reduction of
the process efficiency from 70% into 61%.

The concentrations of regenerated coated sand after each
cycle were determined and its total amount after sixth cycles
of reaction was less than 0.6%. Thus, Fenton process based
on using AMD wastewater as an iron source tends to be
less expensive to build and operate than conventional treat-
ment systems. Hence, this process is a promising sustain-
able environmental engineering technology. Although on the
other hand, the operations of Fenton-type systems usually
require strict pH control as they are working efficiently at
pH around 3.0.

Conclusion

Overall, the study has proved that iron-coated sand can
effectively be used as a source of modified Fenton’s
reagent to oxidize organics from municipal wastewater
and the organics removal efficiency depends on a range
of experimental conditions. In the applied iron-coated
sand-Fenton process, organics in wastewater are oOXi-
dized through Fenton process and the optimum pH was
at 3.0 which corresponding to the utmost COD removal
(70%) using 40 and 400 mg/L of iron and H,O, doses,
respectively. This investigation is also supported by the
second-order kinetic. The optimum operating tempera-
ture was 313 K which corresponding to the highest COD
removal and this is proven by its kinetic constant that was
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Fig.7 Scanning electron micrograph (a after the first cycle and c after the sixth cycle) and energy dispersive X-ray spectrum (b after the first
cycle and d after the sixth cycle) of iron-coated sand using the optimized Fenton oxidation process

outstandingly higher than at other temperatures. Thermo-
dynamic parameters were also studied and the activation
energy for COD oxidation by the modified Fenton process
was estimated to be in a low energy barrier (11.104 kJ/
mol). Additionally, the catalyst reusability investigated
a good stability over the iron-coated sand regeneration.
Notably, this study proved that this modified iron-coated

sand-Fenton system based on the acid mine drainage waste
which overcome the drawback of the homogeneous cata-
lyst, could clarify the increase in applicability of the Fen-
ton oxidation with a great oxidation efficiency.
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