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ABSTRACT 

The present study aims to develop effective adsorption and oxidation of synthetic dye in wastewater by using the newly 
synthesized iron-amended activated carbon. Recently synthetic dye-containing wastewater has gained more attention 
due to its mass discharge, high toxicity and low biodegradation. For enhancing adsorption of dye and oxidative regen-
eration of dye-exhausted activated carbon, the novel amendment of iron-deposited granular activated carbon (GAC) was 
developed. It was to amend ferrous ion onto the acid-pretreated GAC when pH of iron solution was higher than the pH 
at point of zero charge (pH, pzc) of the GAC. Methylene blue (MB) in water was adsorbed onto the acid-treated iron- 
amended GAC (Fe-GAC) followed by single or multiple applications of H2O2. Batch experiments were carried out to 
study the adsorption isotherm and kinetics indicating adsorption of MB onto the Fe-GAC followed Langmuir isotherm 
and the pseudo-second order kinetics. The Fe-GACshowed the maximum adsorption capacity (qm) of 238.1 ± 0.78 mg/g 
which was higher than the virgin GAC with qm of 175.4 ± 13.6 mg/g at 20˚C, pH 6 and the initial concentration of 20 - 
200 mg/L. The heterogeneous Fenton oxidation of MB in the Fe-GAC revealedthat increasing the H2O2 loading from 7 
to 140 mmol H2O2/mmol MB led to enhancing the oxidation efficiency of MB in the GAC from 62.6% to 100% due to 
the increased generation of hydroxyl radicals. Further enhancement of oxidation of MB in the Fe-GAC was made by the 
multiple application of H2O2 while minimizing OH radical scavenging often occurring at high concentration of H2O2. 
Therefore, the acid-treated iron-amended GAC would provide excellent adsorption capacity for MB and high oxidation 
efficiency of MB in the GAC with multiple applications of H2O2 and optimum iron loading. 
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1. Introduction 

Synthetic dyes are widely used for textile, pulp and paper, 
plastic, food, cosmetic and pharmaceutical industries [1]. 
With mass production of synthetic dyes and mass dis-
charge of synthetic dye-containing wastewater, effective 
treatment of dye-containing wastewater has gained more 
attention for the past decades [2]. Degradation of syn-
thetic dyes is difficult because of their complex aromatic 
structure and nature of the lead compounds. Besides, the 
intermediate and byproducts of most of dye chemicals 
are considered to be harmful to aquatic organisms due to 
their toxicity and carcinogenic activity [3]. Therefore, 
efficient and cost-effective treatment processes of dye- 
containing wastewater need to be developed [4]. 

Adsorption using granular activated carbon (GAC) as 
one of most reliable methods has been used to remove 

dyes in wastewater. It is simple, effective and independ-
ent from toxicity of dye chemicals. However, regenera-
tion of dye-exhausted activated carbon determines the 
overall operating costs because the dye-spent activated 
carbon needs to be regenerated to achieve its re-adsorp- 
tive capacity. For most of cases involving GAC regen- 
eration, the spent GAC is thermally regenerated either 
on-site or transported to a thermal regeneration facility 
and regenerated off-site. The current thermal regenera-
tion method often leads to significant deterioration of the 
carbon pore structure, specific surface area and function-
ality which influences on re-adsorptive capacity of con-
taminant-spent activated carbon [5]. 

Alternative to the thermal regeneration, Fenton oxida-
tion-driven regeneration of the spent GAC is a treatment 
option under development to regenerate the GAC on-site 
and in situ. It has shown excellent performance to oxi-
dize various contaminants including MTBE, BTEX, TCE *Corresponding author. 
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and chlorobenzene from the activated carbon [6,7]. The 
Fenton oxidation-driven regeneration relies on heteroge-
neous Fenton oxidation which oxidizes contaminants at 
the GAC by using OH radicals generated by reaction 
between H2O2 and iron immobilized at the GAC [7]. 
Thus, it leads to effective oxidation of contaminants at 
surface of the GAC with little generation of iron sludge 
which is different from mass production of iron sludge 
by homogeneous Fenton oxidation. For heterogeneous 
Fenton oxidation, iron amendment onto the GAC is of 
prime importance to determine oxidation efficiency of 
contaminants in the GAC since more uniform iron 
amendment onto the GAC minimizes intraparticle diffu-
sion limitation, the rate-limiting step during heterogene-
ous Fenton oxidation in the GAC [7]. 

For this study, the acid-treated iron-amended GAC 
(Fe-GAC) was synthesized by amending Fe2+ onto the 
acid-pretreated GAC at the conditions that the pH of Fe2+ 
solution was higher than the pH at point of zero charge 
(pH, pzc) of the GAC. As reported by Kan and Huling [8], 
the acid-treatment of the GAC was conducted to increase 
acidic surface groups containing oxygen and to lower pH, 
pzc of the GAC. When the acid-treated GAC was sus-
pended in the Fe2+ solution at the conditions that the pH 
of ferrous solution was higher than the pH, pzc of the 
acid-treated GAC, the more negatively charged surface 
of the acid-treated GAC enhanced electrostatic attraction 
with Fe2+ for making more uniform Fe deposition into 
the GAC [7]. The more uniform Fe deposition into the 
GAC would help effective oxidation of the contaminants 
in the GAC with steady diffusion and reaction of H2O2 
into the pores of the GAC. 

Therefore, the present study characterized the adsorp-
tion capacity and the oxidation efficiency of the acid- 
treated Fe-amended GAC (Fe-GAC) for treating MB- 
contaminated water. The adsorption isotherm and kinet-
ics using the Fe-GAC were analyzed for understanding 
the major mechanisms associated with adsorption of MB 
onto the Fe-GAC. The oxidation efficiency of MB in the 
Fe-GAC by heterogeneous Fenton oxidation was inves-
tigated at various iron and H2O2 loading. 

2. Materials and Methods 

2.1. Adsorbent and Adsorbate 

The GAC (URV, 8 × 30 mesh, Calgon Carbon Corp., 
Pittsburgh, PA) was derived from bituminous coal and 
activated in a manner to minimize H2O2 reactivity (Har-
rision, CalgonCarbon personal communication). The 
GAC was rinsed with deionized (DI) water, dried in an 
oven at 105˚C, and stored in a desiccator until used. The 
surface area and pore volume of the GAC as received 
was 1290 m2/g and 0.64 mL/g, respectively [6]. Methyl-
ene blue (Figure 1, Fisher Scientific, Waltham MA), a 

cationic dye, which is difficult to be degraded in a natural 
environment, was chosen as the model adsorbate. A 
standard stock solution of 1000 mg/L was prepared and 
suitably diluted to the required initial concentration. 

2.2. Preparation of Fe-Amended Activated 
Carbon 

A stock solution of ferrous chloride was prepared imme-
diately before the Fe solution was amended to the GAC 
by dissolving ferrous chloride (FeCl2·4H2O) into the DI 
water (50 mg/L as Fe2+). The acid-treated GAC was pre-
pared by treating the 10 g virgin GAC with nitric acid at 
pH 3 for 4 d for increasing the acidic surface oxides and 
lowering its pH, pzc (pH at point of zero charge). A pH, 
pzc is the pH at which positive and negative surface 
charges are equal and GAC surface has a net charge of 
zero. 

The acidic treatment of the GAC was to enhance the 
electrostatic interaction between the GAC and Fe2+ for 
nearly uniform iron deposition in the GAC. The 6.3 - 
187.5 mL of 50 mg·L−1 Fe2+ was added to the 0.5 g the 
acid-treated GACs for iron amendment onto the GAC. 
After the iron amendment onto the acid-treated GACs, 
the GACs were rinsed three times with DI water to 
eliminate the chloride residual in the GACs and dried in 
an oven at 80˚C for 24 h. 

2.3. Batch Adsorption Studies 

The batch experiments for adsorption isotherm were 
conducted by suspending 25 mg of the Fe-GAC in a se-
ries of flasks containing 50 mL of methylene blue solu-
tions at the concentration of 0.02 - 0.2 g/L. The initial pH 
of MB solution (pH = 6.0) was adjusted by adding 0.1 M 
HNO3 or 0.1 M NaOH. The initial concentrations of MB 
were obtained by measuring O.D. at 663 nm (λmax) using 
BioSpec-mini UV-Vis spectrophotometer (Shimadzu, Car- 
lsbad CA). The Fe-GAC used for the adsorption isotherm 
experiments contained 6 mg Fe/g GAC. The adsorption 
process was carried out by agitating at the constant speed 
(200 rpm) at room temperature (20˚C) for 72 h to ensure 
equilibrium was reached. The post-sorption MB solution 
was sampled after equilibrium (>3 d) in replicate and 
analyzed. The Differences between initial and final con-
centrations were used to calculate the mass of MB ad-
sorbed to the GAC. The MB uptake at equilibrium, qe 
(mg/g), was calculated by Equation (1): 

( )0
e

eC C V
q

W

−
=                (1) 

where C0 and Ce (mg/L) are the liquid-phase concentra-
tion of dye at initial and at equilibrium, respectively. V 
(L) is the volume of the solution, and W (g) is the mass 
of dry adsorbent used. All samples were centrifuged prior 
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to analysis to minimize the interference of carbon fines 
with the analysis. 

For understanding the adsorption mechanism and ca-
pacity of the GAC, the Langmuir and Freundlich iso-
therm models were used to interpret the batch isotherm 
data. The Langmuir equation [9] is valid for monolayer 
adsorption on a surface with a finite number of identical 
sites while Freundlich model [10] is an empirical equa-
tion based on adsorption on a heterogeneous surface. The 
linear form of Freundlich and Langmuir isotherms are 
shown in Equations (2) and (3), respectively: 

Freundlich isotherm: 

( )1 ln en C= +ln lne fq k             (2) 

Langmuir isotherm: 

ma1e e LC q K q x maxeC q= +          (3) 

where lnkf is roughly a measure of the maximum adsorp-
tion capacity and 1/n is an indicator of adsorption effec-
tiveness; qmax is the maximum adsorption capacity (mg/g) 
corresponding to complete monolayer coverage of the 
surface, qe is the amount of dye adsorbed per unit mass 
of adsorbent (mg/g), Ce is the liquid-phase concentration 
of dye at equilibrium and KL is the Langmuir constant 
(L/g) related to the sorption/desorption energy. 

2.4. Effect of pH 

The effect of pH on the color removal and adsorption 
capacity of MB was analyzed over the pH range from 3 
to 11. The pH was adjusted using 0.1 M HCl and 0.1 M 
NaOH solutions. The dye solution (60 mL) at concentra-
tion of 1000 mg/L with 0.5 g of acid-treated Fe amended 
GAC was shaken for 72 h at room temperature (20˚C) on 
a shaker at a constant speed of 200 rpm. The samples 
were then centrifuged and analyzed using a UV spectro-
photometer. 

2.5. Adsorption Kinetics 

Adsorption kinetic experiments were carried out by sus-
pending 0.5 g of the Fe-GAC in 60 mL of each MB solu-
tion at initial concentrations of 80 mg/L to 1000 mg/L, a 
pH 6 and 20 for 24 h under mixing. Aliquots of 0.1 mL 
to 1 mL depending on the solution of concentration were 
withdrawn at different time intervals, centrifuged and 
analyzed for the MB concentration using a UV spectro-
photometer. The kinetic of the adsorption were analyzed 
using two different kinetic models: the pseudo-first order 
and pseudo-second order. The pseudo-first order kinetic 
model is given by Lagergren [11]: 

( )1 ek q q= −

( ) 1ln lne t eq q q k t− = −

d

d

q

t
                 (4) 

where q and qe represent the amount of dye adsorbed 

(mg/g) at any time t and at equilibrium time, respectively, 
and k1 represents the sorption rate constant (min−1). Inte-
grating Equation (4) with respect to boundary conditions 
q = 0 at t = 0 and q = qt at t = t, then Equation (4) be-
comes: 

              (5) 

where qe and qt (mg/g) are the amounts of adsorbate ad-
sorbed at equilibrium and at any time, t (min), respec-
tively, and k1 (min−1) is the adsorption rate constant. Thus 
the rate constant k1 (min−1) and qe can be calculated from 
the plot of ln(qe − qt) versus time t. 

The pseudo-second-order equation [12] based on equi-
librium adsorption is expressed as: 

( )2

2

d

d e

q
k q q

t
= −

( )

                 (6) 

where k2 (g/mg min) is the rate constant of second-order 
adsorption, qe and q represent the amount of dye ad-
sorbed (mg/g) at equilibrium and at any time t. Separat-
ing the variables in Equation (6) gives: 

22

d
d

e

q
k t

q q
=

−
                 (7) 

Integrating Equation (7).with respect to boundary con-
ditions t = 0 to t = t and q = 0 and q = qe gives 

2
2

1 1

ee

t
t

q qk q
= +                  (8) 

The rate constant of second-order adsorption (k2) and 
qe will be evaluated from the linear plot t/qt versus t. 

2.6. pH, Point of Zero Charge 

The pH at point of zero charge (pH, pzc) of the GAC was 
determined using the pH drift method [7]. The 50 mL of 
DI water amended with 0.01 M NaCl was placed in the 
100 mL amber vials and sparged with N2 (200 mL/min; 
10 - 15 min) to eliminate CO2 and to stabilize pH. The 
pH was adjusted from pH 2 to pH 11 in a series of vials 
by adding either HCl or NaOH while purging the head-
space with N2. 0.15 g of the GAC was added and the vial 
was capped immediately. The final pH (pH, final) was 
measured in each of the vials after 48 h and plotted ver-
sus the initial pH (pH, initial). The pH, pzc was determined 
graphically at the intersection of pH, final and the line pH, 
final = pH, initial. 

2.7. Heterogeneous Fenton Oxidation of the 
MB-Saturated Fe-GAC 

The effect of various iron loading (0.5 to 15 mg Fe/g 
GAC) on the oxidation efficiency of MB in the Fe-GAC 
was investigated. The oxidation of the MB-saturated 
Fe-GAC was performed with a single injection of 3.0 mL 
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of 30% H2O2 (52.9 mmol H2O2/g GAC; Sigma Aldrich, 
MO) at pH of 3.0 - 3.5. The pH of solution before adding 
H2O2 was between 3.0 - 3.5. Since ·OH scavenging by 
high concentrations of H2O2 is a probable source of 
overall oxidation inefficiency [13], the multiple applica-
tions of H2O2 were made to minimize the initial H2O2 
concentration and ·OH scavenging. H2O2 concentrations 
were monitored over time under complete mixing condi-
tion (H2O2, initial of 14.3 g/L). The oxidation efficiency of 
MB in the GAC was evaluated by measuring the MB in 
the GAC after Fenton oxidation. Similarly, the effect of 
H2O2 concentration on oxidation of MB in the Fe-GAC 
was investigated when various load of H2O2 (7 mmol to 
140 mmol H2O2/mmol MB) at the fixed iron content in 
the Fe-GAC (5 mg Fe/g GAC) for determining the opti-
mum load of H2O2. 

The residual amount of MB in the Fe-GAC after Fen-
ton oxidation was evaluated by extracting the MB in the 
Fe-GAC with 10 - 20 mL methanol for 3 d. The MB de-
sorption and diffusion rate from MB-spent GAC was 
evaluated using the fill and draw method. This involved 
post-sorption applications of the DI water (60 mL) to 
MB-spent GAC (0.5 g) and measuring MB in solution at 
a different time interval. The rates of desorption was 
calculated as the mass of MB desorbed from the GAC 
divided by the mass of GAC and time period of desorp-
tion. In all cases tested, most of MB in the GAC was not 
released to the aqueous phase and the concentration of 
MB in the aqueous phase wasfar below the equilibrium 
MB concentration. 

2.8. Effect of Semi-Continuous Feeding of H2O2 
on Oxidation of MB in the Fe-GAC 

In order to investigate the effect of the semi-continuous 
feeding of H2O2 on increasing MB oxidation efficiency 
in the Fe-GAC, one fourth of H2O2 amount was added at 
four different points of time at every 12 h. The initial 
H2O2 concentration (28 mmol H2O2/mmol MB) was se-
lected from the previous experiment with the same iron 
load which was 6 mg Fe/g GAC. The single point H2O2 
injection from the previous section and semi-continuous 
feeding of H2O2 was evaluated the effectiveness of the 
H2O2 injections for oxidation ofthe MB in the Fe-GAC. 

2.9. Analytical Methods 

MB concentration in the supernatant solution after and 
before adsorption was determined using UV-Vis spec-
trophotometer at 663 nm. The filtered samples using 0.2 
μm membrane filters were measured for H2O2 (n = 3) 
using amodified peroxytitanicacid colorimetric procedure 
with a detection limit of 0.1 mg/L [7]. Iron was measured 
in the GAC slurry solution using thePhenanthroline Me- 
thod [7]. 

3. Results and Discussion 

3.1. Adsorption of MB onto the GACs 

3.1.1. Adsorption Isotherm Analysis 
In order to estimate the adsorption capacity of GACs for 
MB and to optimize the design of adsorption system, it is 
important to analyze the adsorption equilibrium data. In 
the present study, the Freundlich and Langmuir iso-
therms that are the most commonly used isotherms were 
applied to investigate the overall adsorption efficacy and 
to characterize the MB adsorption process in the system 
using Fe-GAC. The isotherm parameters of the Freund- 
lich and Langmuir models for the adsorption of MB on 
virgin GAC and the Fe-GAC obtained at temperature of 
20˚C after 72 h, are summarized in Table 1. The results 
indicated that the maximum adsorption capacity of the 
Fe-GAC (qm = 238.1 m ± 0.78 mg/g) in this study was 
higher compared with the virgin GAC (qm = 175.4 ± 13.6 
mg/g). The result indicates the maximum adsorption ca-
pacity of the activated carbon prepared in this study was 
comparable with the works done by other studies on ad-
sorption of MB in GAC (qm = 240 - 299 mg/g) [14,15]. 
Also, the analysis of the batch isotherm data supported 
that Langmuir isotherm model is the appropriate model 
for adsorption of MB onto the GAC indicating homoge-
neous monolayer adsorption of MB onto the site of the 
GAC. 

3.1.2. Effect of Initial MB Solution pH on Adsorption 
of Methylene Blue on Fe-GAC 

The pH of solution at which adsorption occurs is found 
to influence the extent of adsorption. The pH of MB so-
lution affects adsorption in that it governs the degree of 
ionization of the acidic and basic functional groups in 
methylene blue (see Figure 1 for chemical structure of 
MB) [16]. The effect of initial pH of the MB solution on 
the amount of MB adsorbed was studied by varying the 
initial pH with constant process parameters. The experi-
mental results indicated that the pH of initial MB solu-
tion did not possess any significant influence on the ad-
sorption of methylene blue. The adsorption of MB at the 
 
Table 1. Langmuir and Freundlich isotherm model coeffi-
cient for adsorption of MB on GACs. Conditions: Initial 
concentration of MB, 20 - 120 mg/L; volume of solution, 60 
mL; initial solution pH, 6.0; temperature, 20˚C; contact 
time,72 h. 

 Freundlich Langmuir 

MB qmax n R2 qmax KL R2 

Virgin 
GAC 

121.0 5.62 0.7841 175.4 (±13.6) 3.36 0.9980

Fe-GAC 133.9 4.19 0.8920 238.1 (±0.78) 2.96 0.9996

qmax = the maximum adsorption capacity (mg/g); n = an indicator of adsorp-
tion effectiveness; KL = the Langmuir constant (L/g). 
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initial pH of 3 to 11 showed nearly complete uptake of 
methylene blue with the adsorption capacity of 123.9 to 
135.1 mg MB/g GAC(data not shown). This finding is 
different from others’ investigation that initial pH value 
may enhance or depress adsorption of dye on activated 
carbon [17]. As reported by others, MB adsorption ca-
pacities are significantly improved at a higher solution 
pH [17,18]. This can be explained by the electrostatic 
attraction (Table 2) between the positively charged MB 
(solution pH > pKa, MB) and the negatively charged sur-
face of activated carbon (solution pH > pH, pzc, Table 3). 
Increasing solution pH increases the number of hydroxyl 
groups thus, increases the number of negatively charged 
sites and enhances the attraction between dye and ad-
sorbent surface [19]. However, the nearly constant ad-
sorption capacity of Fe-GAC for MB over the pH range 3 
to 11 in our study was an indication that the adsorption of 
MB on the Fe-GAC depends on both the electrostatic 
interaction and non-electrostatic such as van der Waals 
forces, hydrophobic interaction and hydrogen bonding in 
this system. It can be explained by the fact that adsorp-
tion of dye from aqueous solution on carbon is a complex 
interplay between non-electrostatic and electrostatic in-
teractions [20]. 

3.1.3. Adsorption Kinetics 
In order to investigate the mechanisms of MB adsorption 
on the Fe-GAC, the pseudo-first order and pseudo-sec- 
ond order kinetics models were used to fit the experi-
mental data. The kinetic parameters of the pseudo-first 

 

 
Figure 1. The molecular structure of methylene blue. 

 
Table 2. Surface charge of the Fe-GAC and MB at various 
pH. 

pH 
Fe-GAC  

(pH, pzc = 5.0) 
MB  

(pKa = 3.8) 
Interactions 

<3.8 
Positive charge 

dominated 
Non-charge 

Van der Waals 
or hydrophobic

3.8 < pH < 5.0 
Positive charge 

dominated 
Positive  
charge 

Van der Waals 
or hydrophobic

pH > 5 
Negative charge 

dominated 
Positive  
charge 

Electrostatic 

 
Table 3. pH, pzc of the virgin, acid-treated and acid-treated 
iron amended GAC. 

 pH, pzc 

Virgin GAC 5.4 

Acid-treated GAC 4.2 

Fe-GAC 5.0 

order and the pseudo-second order models were calcu-
lated from the linearized Equations (5) and (6), respec-
tively. MB adsorption of the pseudo-second order kinetic 
fitting results is shown in Figure 2. The kinetic parame-
ters acquired from fitting the results are summarized in 
Table 4. The correlation coefficient values for the pseu- 
do-first order and pseudo-second order kinetic models 
were found to be close to one; however, the experimental 
qe values for the first-order kinetic model do not agree 
with the calculated ones whereas the pseudo-second or- 
dershow a good agreement between experimental and 
calculated qe values. 

The applicability of the kinetic model to describe the 
adsorption process was further validated by the normal-
ized standard deviation, (%), which is defined as: eqΔ

( )

2

,exp ,cal

,exp
100

1

e e

e

e

q q

q
q

N

 −
 
  Δ = ×

−



qΔ

          (9) 

where N is the number of data points, qe,exp and qe,cal 

(mg/g) are the experimental and calculated equilibrium 
adsorption capacity value, respectively [21]. The e  
obtained for the pseudo-first-order kinetic model was 
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Figure 2. Adsorption kinetics of MB on the Fe-GAC. Con-
ditions: Initial concentration of MB, 90, 450 and 1050 mg/L; 
volume of solution, 60 mL; initial solution pH, 6.0; tem-
perature, 20˚C; contact time, 300 - 500 min. (a) Pseudo- 
first-order kinetics; (b) Pseudo-second-order kinetics. 
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Table 4. Kinetic parameters for MB adsorption onto Fe- 
amended GAC. 

Pseudo first order Pseudo second order 
C0 

(mg/L) 
Experimental 

qe (mg/g) qe 

(mg/g) 
k1 

(min−1)
R2 

qe 

(mg/g) 
k2 

(g/mg/min)
R2

90 10.3 12.8 0.028 0.9857 10.6 0.004 0.9984

450 54.3 73.8 0.015 0.9737 57.7 0.0003 0.9824

1050 125.7 167.6 0.013 0.9787 136.3 0.00011 0.9855

 
38.53%, which is relatively high as compared to the e  
values of 7.04% obtained for the pseudo-second order 
kinetic model. Base on the high correlation coefficient 
values and the low e  value, the pseudo second order 
model adequately described the experimental data of the 
adsorption of MB onto Fe-GAC. This suggested that the 
overall rate of the adsorption process was controlled by 
chemical sorption or chemisorption, which involved 
valency forces through sharing or exchange of electrons 
between the adsorbent and adsorbate [12]. The similar 
phenomena have been observed in the adsorption of MB 
on the bamboo-based activated carbon [22], the activated 
carbon prepared from rattan sawdust [23] and on the ac-
tivated carbon from waste biomass by sulfuric acid acti-
vation [24]. 

qΔ

qΔ

OH HO+ −+ + ⋅

2R H O

nal products

⋅ +

2 2HO H O⋅ +
2 3Fe OH+ + −+

3.2. Heterogeneous Fenton Oxidation of the MB 
in the Fe-GAC  

Fenton and Fenton-like reaction for the treatment of 
wastewater are very efficient in a pH range between 2.8 
and 3 [25,26]. In the present study, adjusting the pH of 
the MB-saturated Fe-GAC in the solution was not needed 
because the pH of solution after MB saturation onto 
Fe-GAC was approximately 3. As the major reactions in 
Fenton oxidation describe in Equations (10)-(13), the 
excessive H2O2 and Fe2+ scavenge OH radical that is the 
major oxidant in Fenton oxidation used for non-specific 
oxidation of broad ranges of contaminants.  

2 3
2 2Fe H O Fe+ + →          (10) 

Contaminant HO

further oxidationto fi

+ ⋅ →
→

        (11) 

2 2HO H O⋅ + →                (12) 

HO  Fe⋅ + →                (13) 

Thus, the heterogeneous Fenton oxidation of MB in 
the Fe-GAC was carried out at various iron or H2O2 
loading for figuring the optimum conditions for oxidation 
of MB in the Fe-GAC. To use a heterogeneous catalytic 
system in industrial practice it is important to evaluate 
the loss of catalyst from the support [26]. In this study, 
there was no leaching of iron in the solution after all 

oxidation process at pH 3 and 20. 

3.2.1. Effect of Fe Loading on Oxidation of MB in the 
Fe-GAC 

In order to investigate the effect of the Fe loading on the 
MB oxidation in the Fe-GAC, the experiments were per-
formed at the different Fe2+ loading of 0.5 to 15 mg Fe/g 
GAC at the fixed concentration of H2O2 of 140 mmol 
H2O2/mmol MB. Figure 3 shows the effect of Fe loading 
on oxidation of MB in the Fe-GAC to analyze the 1st 
order rate constant and half-life of H2O2. It indicated en-
hancing the rate constant for H2O2 consumption while 
reducing the half-life of H2O2 at increasing iron loading 
in the GAC. Besides, the oxidation efficiency of MB in 
the Fe-GAC was close to 100% in all the conditions of 
Fe loading (0.5 mg/g GAC to 15 mg/g GAC) due to the 
excessive initial concentration of H2O2. Note that 36 
moles of H2O2 are required to completely oxidize 1 mole 
of MB based on the balanced stoichiometric equation of 
oxidation of MB. Therefore, the effect of H2O2 concen-
tration on the oxidation of MB in the Fe-GAC was inves-
tigated at the fixed loading of Fe (6 mg Fe/g GAC). 

3.2.2. Effect of Single and Multiple H2O2 Injection on 
MB Oxidation 

Two sets of experiments with the single and the multiple 
application of the H2O2 to the MB-saturated Fe-GAC 
were designed to evaluate the effectiveness of the H2O2 
application [27]. The initial hydrogen peroxide concen-
tration was varied between 7 to 140 mmol H2O2/mmol 
MB with 6 mg Fe/g GAC from the previous section. The 
effect of the single application of H2O2 on MB oxidation 
is shown in Figure 4. The increase of the H2O2 concen-
tration from 7 to 140 mmol H2O2/mmol MB led to an 
increase in the MB removal efficiency from 62.6% to  
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Figure 3. Effects of iron loading on oxidation of the MB- 
spent Fe-GAC with the fixed H2O2 dose. Conditions: Initial 
concentration of MB, 1000 mg/L; volume of solution, 60 mL; 
initial solution pH, 6.0; temperature, 20˚C. 
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Figure 4. Effect of H2O2 on the oxidation of MB in the 
Fe-GAC. Conditions: Initial concentration of MB, 1000 
mg/L; volume of solution, 60 mL; initial solution pH, 6.0; 
temperature, 20˚C. 
 
100%, respectively. The selection of this optimum con-
centration is important from the commercial point of 
view due to the high cost of H2O2 [28]. 

For the multiple H2O2 application, one fourth of H2O2 

amount was added at four different points of time. The 
initial H2O2 loadingof 28 mmol H2O2/mmol MB was se- 
lected from the previous experiment with 6 mg Fe/g 
GAC. It was lower than the stoichiometric demand of 
H2O2 for the complete mineralization of MB (36 mmol of 
H2O2 per mmol of MB). The results showed that the MB 
oxidation efficiency of multiple H2O2 application was 
84.1%, which was higher than that by a single H2O2 ap-
plication which was 71.6%. The multiple additions of 
H2O2 are more effective than the single addition of H2O2 
because scavenging of OH radicals due to the excessive 
H2O2 could be reduced with the staged application of 
H2O2 [27]. 

4. Conclusion 

The present study presents that the acid-treated iron 
amended activated carbon (Fe-GAC) is an effective ad-
sorbent and catalyst for the adsorption and oxidation of 
methylene blue from aqueous solution. The modification 
of carbon surface by acid treatment has proven to play an 
important role for more uniform deposition of iron in the 
GAC. The equilibrium data were fitted to linear models 
of Freundlich and Langmuir model, and the equilibrium 
data of Fe-GAC were best described by the Langmuir 
isotherm model with the maximum monolayer adsorption 
capacity of 238.1 m ± 0.78 mg/g at 20˚C. Adsorption 
kinetic studies of MB demonstrated that the adsorption 
rate followed the pseudo-second-order kinetic model. For 
the heterogeneous Fenton oxidation of MB in the Fe- 
GAC, the increase of H2O2 concentration from 7 to 140 
mmol H2O2/mmol MB led to an increase in MB removal 
efficiency from 62.6% to 100%. Besides, the multiple 
application of H2O2 to the MB-saturated Fe-GAC in-

creased the oxidation efficiency of MB in the GAC up to 
84.1% which was more effective than that by the single 
application of H2O2. 
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