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a  b  s  t  r  a  c  t

Three  columns  containing  granular  activated  carbon  (GAC)  were  placed  on-line  at  a  ground  water  pump
and treat  facility,  saturated  with  methyl  tert-butyl  ether  (MTBE),  and  regenerated  with  hydrogen  per-
oxide (H2O2) under  different  chemical,  physical,  and  operational  conditions  for  3  adsorption/oxidation
cycles. Supplemental  iron  was  immobilized  in  the GAC  (≈6  g/kg)  through  the  amendment  of  a  ferrous
iron  solution.  GAC  regeneration  occurred  under  ambient  thermal  conditions  (21–27 ◦C),  or  enhanced
thermal  conditions  (50 ◦C). Semi-continuous  H2O2 loading  resulted  in saw  tooth-like  H2O2 concentra-
tions,  whereas  continuous  H2O2 loading  resulted  in sustained  H2O2 levels  and  was  more  time  efficient.
Significant  removal  of MTBE  was  measured  in  all three  columns  using  $(USD)  0.6 H2O2/lb GAC.  Elevated
ctivated carbon
hemical oxidation

temperature  played  a significant  role in  oxidative  treatment,  given  the  lower  MTBE  removal  at ambi-
ent temperature  (62–80%)  relative  to MTBE  removal  measured  under  thermally  enhanced  (78–95%),
and  thermally  enhanced,  acid  pre-treated  (92–97%)  conditions.  Greater  MTBE  removal  was  attributed  to
increased  intraparticle  MTBE  desorption  and diffusion  and  higher  aqueous  MTBE  concentrations.  No loss
in the  MTBE  sorption  capacity  of the  GAC  was  measured,  and  the  reaction  byproducts,  tert-butyl  alcohol
and  acetone  were  also  degraded.
. Introduction

.1. Process description and optimization

Extensive laboratory studies have demonstrated that Fenton-
riven oxidative treatment of granular activated carbon (GAC)
an effectively transform organic contaminants concentrated and
mmobilized on the GAC, and restore the sorptive capacity of the
AC for subsequent use [1–4]. Parameters that influence oxidative

reatments have been investigated in detail, and optimized, includ-
ng the effects of Fe and H2O2 concentrations [5],  temperature [6],
AC particle size [7],  and iron type amended to GAC [8].
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304-3894/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2011.12.003
Published by Elsevier B.V.

1.1.1. Fenton-driven regeneration of GAC
MTBE oxidation and GAC regeneration is achieved by amending

H2O2 to the Fe-amended, MTBE-spent GAC. The reaction between
H2O2 and Fe in the GAC forms hydroxyl radicals (•OH) that oxi-
dize MTBE. The reaction rate constant between •OH and MTBE is
high (1.6 × 109 L mol−1 s−1) [9,10],  indicating the vulnerability of
MTBE to radical attack in Fenton systems. Tertiary butanol (TBA)
and acetone, the primary reaction byproducts from MTBE oxidation
[4,11], are oxidized forming a variety of carboxylic acids which also
undergo oxidation. Formation of the highly reactive, non-selective
•OH in proximity to high concentrations of target organics near
carbon surfaces favors high transformation efficiency and enhances
reaction kinetics relative to Fenton-driven oxidation in dilute aque-
ous systems [4].

1.1.2. GAC particle size and thermal effects
A reaction zone exists within the GAC particle where H2O2,

Fe catalyst, and the target contaminant co-exist in sufficient con-
centrations for oxidative transformation and GAC regeneration to

occur (Fig. 1). Development of the reaction zone during oxidative
treatment relies on the successful penetration of Fe into the GAC
during amendment, the diffusion of H2O2 into the GAC, and the
intraparticle desorption and diffusion of contaminants from the

dx.doi.org/10.1016/j.jhazmat.2011.12.003
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ig. 1. Conceptual model of the volume of the reaction zone within GAC particle
ontaminant (i.e., MTBE) co-exist.

AC. Due to rapid H2O2 reaction, H2O2 diffusion transport limita-
ions, and limited penetration of Fe into the GAC, the reaction zone

ay predominantly exist on the periphery of the GAC particle. The
enetration depth of H2O2 into GAC particles was estimated using
eactive transport modeling [7].  In small GAC particles, the relative
olume of the reaction zone represents a larger fraction of the GAC
article, indicating greater treatment potential (Fig. 1).

.1.3. Fe amendment to GAC
The pH point of zero charge (pHPZC) of GAC is the pH where

he net surface charge of solid surfaces is neutral and the number
f positive charges is approximately equal to the negative charges
12]. Often, Fe amendment to GAC has been accomplished using
trongly acidic Fe solutions [2,4,13], where the pH of the Fe solution
s less than the pHPZC of the GAC. Under this condition, repulsive
orces between the positive charged GAC surface and iron cations
n solution may  impede intraparticle transport of Fe into the GAC.
cidic treatment of GAC will oxidize the carbon surfaces through

he addition of acidic surface oxide functional groups [14], resulting
n a reduction of the pHPZC [15]. When the iron solution pH > pHPZC,
he carbon surface is covered by deprotonated carboxyl groups (i.e.,
cidic surface oxide functional groups); the negative charges attract
nd adsorb cations from the solution, serve as anchoring sites for
e, and favor higher dispersion of metal catalysts [16]. Previously,
e was amended under these conditions where the GAC was pre-
reated with acid which lowered the pHPZC from 5.1 to 4.2–4.5,
nd was followed by the amendment of a Fe(II) solution where
he pH ≥ pHPZC [6,7]. This procedure resulted in more uniform dis-
ribution of Fe in the GAC and greater MTBE oxidation through
enton-driven regeneration.

.2. Pilot study

A slip stream of MTBE-contaminated ground water from an
xtraction well was passed through three pilot-scale columns con-
aining GAC. The ground water was predominantly contaminated
ith MTBE, and concentrations of petroleum compounds (i.e., ben-
ene, toluene, xylenes) were negligible. Once the GAC was fully
aturated with MTBE, the GAC was chemically regenerated with
2O2 under different chemical, physical, and operational condi-

ions. The GAC underwent 3 adsorption/oxidation cycles where the
ifferent sieve sizes (>10, 10 × 16, 16 × 30, <45) where H2O2, iron, and the target

columns were intermittently placed on-line at the ground water
pump and treat facility, saturated with MTBE, and regenerated with
H2O2. The objectives of this study were to investigate operational
parameters that influence chemical oxidation efficiency, to quan-
tify treatment performance, and to assess the general feasibility of
Fenton-driven regeneration of MTBE-spent GAC at a field site where
MTBE-contaminated ground water was being pumped and treated.

2. Methods, materials, and analytical procedures

2.1. GAC

The GAC (URV) used in this study was supplied by Calgon Car-
bon Corp. (Pittsburgh, PA). URV is a bituminous-coal based, 8 × 30
mesh carbon. The as-received GAC was liberally rinsed with deion-
ized (DI) water, dried (105 ◦C) and stored in a desiccator until it
was used. The three GAC columns used in this study were prepared
and/or operated under different chemical and physical conditions
(Table 1, Fig. 2). The GAC used in columns A and B was amended with
iron using the bulk loading method (described below) and regener-
ated under ambient (21–27 ◦C), and elevated temperatures (50 ◦C),
respectively. Due to the exothermic H2O2 reaction, the temperature
of the recirculation solution in column A increased during each oxi-
dation event, from room temperature (21 ◦C) to ≈27 ◦C. The GAC in
column C was  iron-amended using the acid pre-treatment method
(described below), and was regenerated at an elevated temperature
(50 ◦C).

2.2. Iron loading

Previously, the optimal Fe concentration in GAC was  deter-
mined to be ∼6710 mg/kg (1020 mg/kg background; 5690 mg/kg
amended) [5] and was  used as a design guideline. In the bulk Fe
loading method, the GAC (1.65 kg) was  placed in a large glass con-
tainer (20 L), saturated with DI water (>24 h), and amended with
a solution of ferrous sulfate (4.96 L, 2 g/L as Fe2+). The vessel was
vigorously mixed by hand (1 h) and periodically mixed (3–4 times

per day) for 3 days. The post-Fe amendment aqueous solution was
sampled (5×),  filtered (0.2 �m), analyzed for total Fe, and decanted.

In the acid pre-treatment method, the GAC (1.76 kg) was  placed
in a large glass container (20 L) and amended with hydrochloric
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Table 1
Pilot-scale oxidant re-circulation operational parameters for chemical regeneration of MTBE-spent GAC.

Operational parameter Column

A B C

Fe amendment method Bulk Bulk Acid pre-treated
Temperature (◦C) 21–27 50 50

H2O2 loadinga

Oxidation event 1 Semi-continuous Semi-continuous Semi-continuous
Oxidation event 2 Semi-continuous Semi-continuous Semi-continuous
Oxidation event 3 Continuous Continuous Continuous
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a The semi-continuous H2O2 loading method involved the addition of H2O2 (1.9 L
he  continuous H2O2 loading method involved the addition of H2O2 (1.95 L; 30%) to

cid (HCl 40 mL)  to lower both the pH of the GAC slurry and the
HPZC of the GAC. Previously, using the pH drift method to mea-
ure the pH point of zero charge (pHPZC) [12], acidic treatment
f the GAC reduced the pHPZC of the GAC from 5.1 to 4.2–4.5 [6].
cidic pre-treatment of the GAC and reduction in the pHPZC reduced
epulsive forces between positive surface charges on the GAC and
ositive charged iron ions (Fe+2, Fe+3) in the solution [7]. Subse-
uently, a solution of ferrous chloride (pH 3.9; 5 L; 2140 mg/L as
e2+) was amended using similar procedures as described in the
ulk Fe loading method above. In both methods, DI water was added
nd decanted (×3) to remove sulfate or chloride residuals. The final
H was measured after 7 days of contact time.

.3. MTBE adsorption

The columns (15.25 cm diameter; 38.1 cm height) were placed
n-line at the ground water pump and treat system. MTBE-

ontaminated ground water (190–820 �g/L) was diverted through
he columns in down-flow direction (flow = 0.5–0.7 L/min) over a
eriod of ten days to assure MTBE saturation of the GAC. The flow

ig. 2. Pilot-scale oxidant re-circulation (up-flow) hydraulic configuration for
hemical regeneration of MTBE-spent GAC.
 in 10 applications of 190 mL,  where 20–30 mL aliquots were added every 5–7 min;
ixing reservoir (5 mL/min).

rate through the columns was  high to enhance mass transfer and
to specifically achieve rapid MTBE saturation of the GAC.

2.4. Oxidation of MTBE-spent GAC

The H2O2 solution was re-circulated through the columns in the
upflow mode (Fig. 2). The mixing reservoir was  a 2 L Ehrlenmeyer
glass side-arm flask, and was used to add H2O2 (30% by wt.) and
reagents, and to collect aqueous samples. A Masterflex I/P model
77600-62 peristaltic pump was  used with Masteflex PharMed BPT
tubing between the mixing tank and the influent to the column.
Pipe (Teflon) was used between the column effluent and the influ-
ent to the mixing reservoir. Details regarding column dimensions,
MTBE adsorption, H2O2 recirculation, and other design parameters
are included in the Supporting Information section (Table SI-1).

2.5. pH

The pH of the ground water and the post-sorption (i.e., pre-
oxidation) solution was 7.4. Unless specified differently, before
oxidative treatment, the pH was lowered to 4 using HCl. During
oxidation, if the pH of the recirculation solution fell below 3.0, the
pH was  adjusted using tap water containing 330 mg/L alkalinity (as
CaCO3) that was  added to the recirculation system.

2.6. Temperature

Column A was  operated at room temperature (21 ◦C); how-
ever, due to exothermic reactions of H2O2, the temperature rose
to approximately 27 ◦C during oxidation. The mixing reservoirs
used with columns B and C were placed on stir/hot plates and
the solution temperature was  maintained at 50 ◦C during oxidative
treatment.

2.7. Aqueous and GAC sampling

After the MTBE adsorption and each oxidation event, five aque-
ous samples (40 mL)  were collected from the mixing reservoir,
filtered (0.2 �m filter), and analyzed for MTBE, TBA, and acetone.
Wet  GAC samples (3 g) were collected near the top of the column,
2–3 in. below the top of the GAC bed, and analyzed for MTBE.

2.8. H2O2

The semi-continuous H2O2 loading method involved the addi-
tion of H2O2 (30 wt.%, 1.9 L) in 10 applications of 190 mL, where
20–30 mL  was added every 5–7 min. The continuous H2O2 loading

method involved the addition of H2O2 (1.9 L) to the mixing reser-
voir (5 mL/min). The H2O2 concentrations in the mixing reservoir
and column effluent were routinely measured to assess the reaction
rate of H2O2.
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Fig. 3. The MTBE concentrations in the extraction well (well 23 M) decreased
exponentially over the course of the pilot study, and consequently, the influent
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.9. Analytical methods

A detailed description of the analytical procedures used in
his study is provided in the Supporting Information (Section I.
nalytical Methods and Materials) and has been provided in pre-
ious studies [4,5,8,9]. These same methods and materials were
sed in this study to analyze H2O2, iron, and pH, and the MTBE and
etals in the aqueous phase and in the GAC.

. Results

.1. Fe amendment

The average Fe concentration (90 mg/L) after Fe amendment in
he GAC suspension used in columns A–C indicated 96% immobi-
ization of the initial iron concentration. The background average Fe
oncentration in the GAC (1020 mg/kg) was previously measured
5], and was supplemented (5740 mg/kg) through the addition
f a ferrous solution. Post-oxidation sampling and analysis of
he GAC indicated that the concentration of iron in the GAC
[Fe]GAC) in columns A and B was 7950 mg/kg (6020–9880 mg/kg
5% confidence interval (CI); n = 4; coefficient of variation = 0.21)
nd 6120 mg/kg (5010–7230 mg/kg 95% CI; n = 4; coefficient of vari-
tion = 0.16), respectively. Although these concentrations were in
he design concentration range, i.e., 6000–8000 mg/kg, intra-batch
ariability of Fe concentration in the GAC limited accurate mea-
urements of Fe concentration in the GAC.

The average effluent concentration (n = 10) of aqueous iron
eaching from the iron-amended GAC during MTBE adsorption in
olumns A and B was 0.028 and 0.047 mg/L, respectively. Ferrous
ulfate and ferrous chloride were used to amend Fe to GAC in
olumns A and B, respectively. Sulfate is retained on GAC, whereas
l− remains in solution and readily elutes from the GAC. Residual
ulfur immobilized in the GAC may  have formed Fe–S complexes
nd anchor Fe in the GAC in column A, relative to column B.

Given the flow rate through the GAC during adsorption, these
alues indicate that the loss of iron during MTBE adsorption was
pproximately 2–4% of the initial iron mass loaded on the GAC.

.2. MTBE concentrations in GAC and ground water

Over the course of the study, MTBE concentrations in ground
ater extracted from the subsurface declined exponentially from

20 �g/L to 190 �g/L (Fig. 3). Consequently, the influent MTBE con-
entration in the ground water applied to the GAC decreased with
ach successive application.

Significant MTBE removal was achieved through oxidative treat-
ent in all three columns (Table 2). The concentration of MTBE in

he recirculation reservoir declined exponentially in response to
he oxidative treatment (Fig. 4). Higher temperatures played a sig-
ificant role in oxidative treatment given that the lower removal

n column A (62–80%), operated at 21–27 ◦C, relative to the MTBE
emoval measured in columns B (78–95%) and C (92–97%), oper-
ted at 50 ◦C. MTBE removal measured in column C was consistently
igh and suggests that the improved Fe distribution played a sig-
ificant role. In the 2nd and 3rd regeneration cycles, MTBE removal
emained consistently high when regenerated at elevated temper-
tures, indicating iron and H2O2 loading methods played a limited
ole.

Up-flow recirculation of the H2O2 solution resulted in 20–30%
ed expansion and caused the upward vertical transport of GAC

hrough the central region of the column, and the downward trans-
ort of GAC along the periphery. Bed expansion and GAC migration

n this manner was enhanced by the buoyancy effect of O2(g) bub-
les which formed as a result of the H2O2 reaction. The transport
MTBE concentrations to the GAC columns declined with each cycle. Three adsorp-
tion/oxidation cycles (i.e., A1–A3, B1–B3, C1–C3) were carried out for each column
A, B, and C.

and mixing of the GAC in the column resulted in more uniform con-
tact between H2O2 and GAC, and more uniform distribution of the
GAC particles. No overlap in 95% confidence intervals of the MTBE
concentration in GAC ([MTBE]GAC) between oxidation events for
all three columns indicated that MTBE removal was statistically
significant (Supporting Information, Table SI-2).

An MTBE sorption isotherm was prepared utilizing post-
sorption measurements of MTBE in aqueous and GAC samples
(Fig. 5) from all adsorption/oxidation cycles (i.e., A1–A3, B1–B3,
C1–C3) and columns. The isotherm data represent the initial aque-
ous and GAC MTBE concentrations (n = 5) in equilibrium after the
GAC was  saturated in columns A, B, and C. Data points A1, B1, and
C1 represent the initial aqueous and GAC MTBE concentration asso-
ciated with the virgin GAC (n = 5), and data points A2–A3, B2–B3,
C2–C3 represent concentrations in the regenerated GAC after MTBE
saturation, but prior to the respective oxidation treatment. The
sorption data for regenerated GAC in columns A and B (i.e., A2,
B2) are consistent with the sorption data for virgin GAC in column
C (i.e., C1) indicating no loss in sorption capacity from aggressive
oxidative treatment.

3.3. MTBE mass transfer and mass transport

Columns A and B were saturated with MTBE simultaneously dur-
ing all three adsorption events. During regeneration, the average

aqueous concentration (n = 20) of MTBE in the recirculation reser-
voir in column B (50 ◦C) was  1.7 times greater than in column A
(21–27 ◦C). This was  attributed to thermally enhanced intraparti-
cle MTBE desorption and diffusion from the GAC particle at elevated
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Table 2
Cumulative MTBE removal (%) in GAC resulting from Fenton-driven oxidation treatments. Three adsorption/oxidation regeneration cycles.

Adsorption/oxidation regeneration cyclea Oxidation eventb Cumulative MTBE removal (%)

Column Ac Column B Column C
Ambient temperature 50 ◦C 50 ◦C
Bulk Fe loaded Bulk Fe loaded Acid pre-treatment

1 1 16 22 66
2 42 58 91
3 62  78 97

2 4  55 61 28
5  67 82 81
6  80 95 94

3 7 32 77 67
8 46 91 86
9  62 95 92

a Semi-continuous H2O2 loading in cycles 1–2; Continuous H2O2 loading in cycle 3; 1.65 kg GAC in columns A and B, 1.76 kg GAC in column C.
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in this system was  specifically dependent on the reaction zone
where the reactants co-existed (Fig. 1). Under this set of conditions,
the depth of the reaction zone in the GAC particle is functionally
dependent on the penetration depth of H2O2 into the GAC particle,
b Three adsorption/oxidation regeneration cycles; three oxidation events per reg
2O2 applied (1.9 L) in each oxidation event (30%; 1.18 g/mL).
c Ambient temperature increased from room temperature (22 ◦C) to ≈27 ◦C durin

emperatures and is consistent with previous results where these
echanisms were correlated with temperature [6].  Higher MTBE

oncentrations measured at the elevated temperature indicated the
otential for greater MTBE reaction rates and GAC regeneration.

During one of the semi-continuous H2O2 loading episodes, the
TBE concentration in the mixing reservoir was  repeatedly mea-

ured (n = 10) over a 6–7 min  period prior to the re-application

f H2O2. The MTBE concentration declined approximately 20% in
olumn A (21–27 ◦C), and approximately 14% in column B (50 ◦C).
he decline in MTBE concentration is an indicator of destruction,
ut sustained MTBE concentrations suggest steady-state conditions
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tion cycle; GAC columns sampled and analyzed after each oxidation event (n = 5);

ation.

and that intraparticle MTBE desorption and diffusion did not limit
MTBE transformation. Therefore, GAC regeneration was  not MTBE
mass transfer or transport limited. Fenton-driven MTBE oxidation
(y = 1.23x - 0.77;  R2 = 0.98)
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he H2O2 concentration, and the distribution of Fe within the GAC
article. Given the sieve size range of the GAC in this study (8 × 30),
nd assuming full penetration of Fe in the GAC in column C, it is
stimated that the H2O2 penetrated approximately 60–90% of the
olume of the GAC particles.

.4. H2O2

Due to the periodic application of H2O2 into the mixing reservoir
uring the semi-continuous loading, H2O2 concentrations exhib-

ted a saw tooth-like trend in the mixing reservoir and columns
data not included). An aliquot of H2O2 was added every 5–7 min
nd the H2O2 concentrations measured in the mixing reservoirs
anged from 0.1 to 3.5 g/L. This sequence of steps was  performed
0 times (1.9 L total) which represent one oxidation event, and 6
xidation events were completed for each adsorption/oxidation
ycle. In contrast, the continuous H2O2 loading method involved
he addition of H2O2 (30%) into the mixing reservoir at a con-
tant flow rate (5 mL/min; 1.9 L total), and in similar quantities of
2O2 as the semi-continuous H2O2 loading method. The H2O2 con-
entration in the mixing reservoir in column A was  sustained at
igh levels ranging between approximately 0.8 and 2 g/L, while the
ffluent ranged between 0.4 and 1.5 g/L. The H2O2 influent concen-
rations in columns B and C were also sustained, but at lower levels
anging between approximately 0.7 and 0.85 g/L, while the effluent
anged between 0.04 and 0.2 g/L. H2O2 concentrations measured
n columns B and C were lower than in column A due to the ele-
ated temperatures and greater H2O2 reaction rates. Nevertheless,
reater MTBE removal was  measured in these columns and was
redominantly attributed to thermally enhanced MTBE desorption
nd diffusion in the GAC.

The sustained, elevated range in H2O2 concentration measured
uring continuous loading indicates greater intraparticle H2O2 gra-
ients and therefore greater H2O2 penetration within the GAC
articles. This indicates the reaction zone may  have extended
eeper into the GAC particle, but over a more limited time frame,
elative to the semi-continuous loading method. A reduction in
he overall removal of MTBE in column A was measured as a
esult of continuous H2O2 loading, compared to semi-continuous
2O2 loading. Given the lower aqueous MTBE concentrations under
mbient temperature in column A, lower MTBE removal may have
een attributed to a shorter time frame (6.5 h) of oxidative treat-
ent with continuous loading, compared to the longer time frame

60 h) associated with semi-continuous H2O2 loading. However,
TBE removal in columns B and C was approximately equal using

ither semi-continuous or continuous H2O2 loading methods. Fur-
her, the limited time, energy, and effort required to carry out
ontinuous H2O2 loading under elevated temperature conditions,
elative to semi-continuous loading suggests that it can be success-
ully used to rapidly regenerate GAC.

Aqueous subsamples removed from the mixing reservoir were
nalyzed repeatedly for H2O2. The change in H2O2 concentrations
n these subsamples represents the reaction between H2O2 and sol-
ble reactants and/or suspended colloidal GAC particles contained

n the re-circulation solution. Whereas, changes in the H2O2 con-
entration measured in the mixing reservoir, represent the overall
eaction of H2O2 with dissolved and solid phase GAC reactants.
esults indicate that the H2O2 in contact with the GAC bed reacted
ignificantly faster (i.e., >400 times faster) than in the subsamples
emoved from the treatment system (i.e., re-circulated solution
utside of the GAC bed) (Supporting Information, Fig. SI-3). Overall,

oluble concentrations of H2O2 reactants are negligible and when
he solution exits the top of the GAC bed, the H2O2 in solution is
ot in contact with the GAC and H2O2 reaction ceases until it is
e-introduced at the bottom of the column and contacts the GAC.
 Materials 205– 206 (2012) 55– 62

3.5. Oxygen gas (O2(g))

O2(g), a byproduct of the H2O2 reaction in the column reactors,
was vented from the system through the GAC traps mounted on
the mixing reservoir (Fig. 2). Balancing the Fenton-like reactions
[7], one mole of O2 is produced per 2 moles H2O2 reacted. Two  seg-
mented (2.5 g) GAC traps in series were designed to capture and
quantify volatile emissions of MTBE. The post-oxidation average
concentrations of MTBE (n = 2) in the GAC traps from columns A and
B were 165 and 0 mg/kg, and 876 and 1.2 mg/kg, respectively. Neg-
ligible concentration of MTBE in the second segmented GAC trap
in series indicated that MTBE was fully captured in the first trap.
The total mass of MTBE in the traps in columns A and B was 0.04
and 0.2% of the total initial MTBE mass, respectively. Even lower
MTBE mass was  captured during the second adsorption/oxidation
cycle (data not shown) indicating that volatile losses of MTBE were
minimal and that the predominant fate mechanism was oxidative
transformation.

Formation of O2(g) in the column resulted in the displacement
of water from the column and an increase in the water level in the
mixing reservoir. Approximately 0.5–0.8 L of water was  displaced
during semi-continuous H2O2 loading. Given the total volume of
liquid in the column (Supporting Information, Table SI-1), the vol-
ume  of displaced water was  approximately 5–13% of the total
volume of water in the column. Assuming full-scale deployment
of this technology, storage for displaced water during GAC  regen-
eration may  be required. Given the differences between pilot-
and full-scale operational conditions and reactor dimensions, it is
unclear to what extent gas displacement will occur at full-scale;
this will require further study.

3.6. pH

During Fenton-like reactions, a decline in pH is attributed to
H+ release from the reaction of H2O2 and the transformation of
MTBE, and from the formation of acidic compounds such as car-
boxylic acids. The pre-oxidation pH in the mixing reservoir was 7.2
in reactors A and B, and the average post-oxidation pH after the
first oxidation event was 6.8 and 6.2, respectively. Under these pH
conditions, removal of MTBE was 16% and 22% in columns A and
B, respectively (Table 2). Optimal pH for the Fenton reaction and
production of the hydroxyl radical is attributed to Fe(III) speciation
and occurs between pH 3 and 4 [17]. Given the limited removal
of MTBE during the first oxidation event, the recirculation solution
was subsequently adjusted to pH 4 and maintained between pH 3
and 4 to enhance MTBE removal in subsequent oxidation events
in the regeneration cycles 1–3 (Table 2). The pH in Column C was
maintained between 3 and 4 for all oxidation events. When the pH
dropped to 3.0, tap water (330 mg/L total alkalinity as CaCO3) was
added to the mixing reservoir to adjust the pH into the optimal
range (pH 3–4).

3.7. Reaction byproducts

TBA and acetone were reaction byproducts from MTBE oxida-
tion and also underwent oxidative transformation as indicated by
the declining concentrations in the recirculation reservoir (Fig. 4).
Similar reaction byproducts have occurred in other dark-Fenton
systems [4,18].  The reaction byproduct, tert-butyl formate (TBF),
was also formed and subsequently transformed using activated
persulfate in another study [19], but was  not detected here. Greater

acetone accumulation was anticipated, relative to TBA, because it is
a byproduct from the oxidation of both TBA and other MTBE trans-
formation intermediates [11] and has a lower reaction rate constant
with •OH (1.1 × 108 L/mol s) than TBA (6 × 108 L/mol s) [9].  Other
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yproducts of MTBE oxidation include a variety of carboxylic acids
11,20] and, ultimately, CO2.

Neither acetone nor TBA is listed in the US EPA National Primary
rinking Water Regulations and a maximum concentration level

MCL) for these organic compounds has not been established [21].
ealth-based screening levels (HBSL) represent the benchmark
oncentration of contaminants in water that may  be of potential
oncern for human health, if exceeded. For non-carcinogens, the
BSL represents the contaminant concentration in drinking water

hat is not expected to cause any adverse effects over a lifetime of
xposure. A concentration of 6000 ppb in drinking water has been
stablished for acetone [22], suggesting that effluent concentra-
ions of acetone do not represent a health risk at the levels found
n the effluent.

. Discussion

.1. H2O2 cost

In this analysis, large totes of H2O2 (50%; 1.18 g/mL) were
ssumed and the cost was $(USD) 0.34/L. A lower concentration
f H2O2 (30%; dens. 1.11 g/mL) was used and H2O2 equivalency
as based on 50% H2O2. Given the weight of GAC in the columns

1.65 kg; 3.63 lbs), and an assumed H2O2 cost of $(USD) 0.44/kg
AC ($(USD) 0.2/lb GAC), the volume of 30% H2O2 applied to the
olumns was determined. Given these assumptions and the cost
f H2O2, the amount of H2O2 applied during each oxidation cycle
as approximately $(USD) 1.32/kg GAC ($(USD) 0.6/lb of GAC). The

verall cost for chemical regeneration of GAC will require a detailed
nalysis involving additional site specific factors.

.2. Optimal GAC regeneration

In H2O2-driven oxidative treatment systems, higher H2O2 con-
entrations increase the rate and extent of contaminant oxidation
n GAC and soil and is attributed to the source term for •OH
i.e., k1[Fe(II)][H2O2]) [23]. Oxidation efficiency decreases with

ncreasing H2O2 concentration; however, and is attributed to •OH
cavenging by H2O2 [5].  Therefore, the optimal H2O2 concentration
n GAC regeneration may  be functionally dependent on the treat-

ent objective. For example, assuming the treatment objective is
generated by re-circulating the H2O2 solution (blue lines) in upflow mode through

to minimize the time of regeneration, and/or to maximize the rate
or extent of regeneration, high H2O2 concentration is appropriate.
Assuming the objective is to minimize the cost of regeneration,
more frequent applications using lower H2O2 concentration would
be more economical.

The strength and number of oxidative treatments required to
accomplish an acceptable level of regeneration must be optimally
balanced with the anticipated effects of declining oxidation effi-
ciency at lower contaminant concentration, and the possible impact
of oxidation on the sorptive characteristics of the activated carbon.
Incomplete oxidation of MTBE limits the mass of MTBE that can be
re-adsorbed on the GAC, but this strategy avoids both the increas-
ing incremental cost required to eliminate the diminishing MTBE
residual under increasingly inefficient oxidative conditions, and the
potential for deterioration of GAC sorptive characteristics [4].  This
optimal balance could be designed into a treatment system where
the lead column, in a series of two or more GAC columns (i.e., lead
and polish columns), could be periodically taken off-line and chem-
ically regenerated (Fig. 6). Through this process, large quantities of
contaminant mass could be efficiently eliminated from the treat-
ment system, and downstream polishing column(s) could be used
to achieve high quality effluent.

5. Conclusions

H2O2-driven chemical regeneration of the MTBE-spent GAC was
carried out under different chemical, physical, and operational
conditions. Background iron concentration in the GAC was supple-
mented through iron amendment (5740 mg/kg) by the addition of a
ferrous solution to the GAC. Elevated temperature played a signifi-
cant role in oxidative treatment given the lower removal in column
A (62–80%) operated at 21–27 ◦C relative to the levels of MTBE
removal measured in columns B (78–95%) and C (92–97%) oper-
ated at 50 ◦C. During regeneration at elevated temperature (50 ◦C),
the average aqueous concentration of MTBE was 1.7 times greater
than at ambient temperature (21–27 ◦C). Enhanced removal was
attributed to increased MTBE desorption, diffusion, and aqueous

concentrations in the solution. MTBE removal measured in column
C was consistently high indicating that enhanced iron penetration
into the GAC resulting from acid pre-treatment played a role in
MTBE oxidation. However, during continuous H2O2 loading, this
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Semi-continuous H2O2 loading resulted in saw tooth-like H2O2

oncentrations over a wide range whereas continuous H2O2
oading resulted in sustained, lower H2O2 levels. Lower H2O2 con-
entration was measured in the columns operated at elevated
emperature (50 ◦C) and was due to greater H2O2 reaction. H2O2
eaction was due to contact with the GAC, and the H2O2 reaction
as negligible with soluble reactants or suspended colloidal GAC
articles in the recirculation solution exiting the GAC bed. The cost
f H2O2 applied during each oxidation cycle was approximately
(USD) 1.32/kg GAC ($(USD) 0.6/lb of GAC). The predominant
eaction byproducts, TBA and acetone, also underwent significant
xidative transformation and were not present at levels that rep-
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isclosure

The U.S. Environmental Protection Agency, through its Office
f Research and Development, funded and managed the research
escribed here. It has not been subjected to Agency review and
herefore does not necessarily reflect the views of the Agency, and
o official endorsement should be inferred.

cknowledgments

We acknowledge and appreciate the collaborative efforts by
urtis Stanley and Joe Lentini (Shell Global Solutions, Inc., Hous-
on, TX) who provided access to the ground water pump and treat
ystem in Culver City, CA, and who dedicated field staff to assist in
he deployment of this pilot study. We  appreciate the assistance by
ave Potts, Dan Rinker, and Adam Leiter (Wayne Perry Inc., Buena
ark, CA), Drs. Robert G. Arnold, Raymond E. Sierka, and Wendell
. Ela (University of AZ, Dept. Chemical/Environmental Engineer-
ng, Tucson, AZ), M.  Blankenship, J. Cox, C. Hoover, S. Markham, and
. Pardue (Shaw Environmental and Infrastructure, Inc., Ada, OK),
ndy Hutson (East Central University, Ada, OK), and S. Caldwell.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2011.12.003.
eferences

[1] S. Kommineni, W.P. Ela, R.G. Arnold, S.G. Huling, B.J. Hester, E.A. Betterton,
NDMA treatment by sequential GAC adsorption and Fenton-driven destruction,
J.  Environ. Eng. Sci. 20 (4) (2003) 361–373.

[

 Materials 205– 206 (2012) 55– 62

[2] L.C. Toledo, A.C.B. Silva, R. Augusti, R.M. Lago, Application of Fenton reagent to
regenerate activated carbon saturated with organochloro compounds, Chemo-
sphere 50 (2003) 1049–1054.

[3] J.A. Zazo, J.A. Casas, A.F. Mohedano, J.J. Rodriguez, Catalytic wet peroxide oxi-
dation of phenol with a Fe/active carbon catalyst, J. Appl. Catal. B: Environ. 65
(2006) 261–268.

[4] S.G. Huling, P.K. Jones, W.P. Ela, R.G. Arnold, Fenton-driven chemical regener-
ation of MTBE-spent GAC, Water Res. 39 (2005) 2145–2153.

[5]  S.G. Huling, P.K. Jones, T.R. Lee, Iron optimization for Fenton-driven oxida-
tion of MTBE-spent granular activated carbon, Environ. Sci. Technol. 41 (2007)
4090–4096.

[6] E. Kan, S.G. Huling, Effects of temperature and acidic pre-treatment on
Fenton-driven oxidation of MTBE-spent granular activated carbon, Environ. Sci.
Technol. 43 (5) (2009) 1493–1499.

[7] S.G. Huling, E. Kan, C. Wingo, Fenton-driven regeneration of MTBE-spent gran-
ular activated carbon – effects of particle size and iron amendment procedures,
J.  Appl. Catal. B: Environ. 89 (2009) 651–657.

[8] S.G. Huling, S. Hwang, Iron amendment and Fenton oxidation of MTBE-spent
granular activated carbon, Water Res. 44 (8) (2010) 2663–2671.

[9] G.V. Buxton, C. Greenstock, W.P. Hellman, A.B. Ross, Critical review of rate
constants for reactions of hydrated electrons, hydrogen atoms, and hydroxyl
radicals (•OH/•O−) in aqueous solution, J. Phys. Chem. Ref. Data 17 (2) (1988)
513–886.

10] A.A. Burbano, D.D. Dionysiou, M.T. Suidan, Effect of oxidant-to-substrate ratios
on  the degradation of MTBE with Fenton reagent, Water Res. 42 (12) (2008)
3225–3239.

11] M.I. Stefan, J. Mack, J.R. Bolton, Degradation pathways during the treatment of
methyl tert-butyl ether by the UV/H2O2 process, Environ. Sci. Technol. 34 (4)
(2000) 650–658.

12] M.V. Lopez-Ramona, F. Stoecklib, C. Moreno-Castilla, F. Carrasco-Marina, On
the  characterization of acidic and basic surface sites on carbons by various
techniques, Carbon 37 (1999) 1215–1221.

13] D.S. Kim, Adsorption characteristics of Fe(III) and Fe(III)–NTA complex on gran-
ular activated carbon, J. Hazard. Mater. 106 (1) (2004) 67–84.

14] T. Karanfil, J.E. Kilduff, Role of granular activated carbon surface chemistry
on the adsorption of organic compounds. 1. Priority pollutants, Environ. Sci.
Technol. 33 (18) (1999) 3217–3224.

15] H. Huang, M.  Lu, J. Chen, C. Lee, Catalytic decomposition of hydrogen peroxide
and 4-chlorophenol in the presence of modified activated carbons, Chemo-
sphere 51 (9) (2003) 935–941.

16] H.H. Tseng, M.Y. Wey, Effects of acid treatments of activated carbon on its phys-
iochemical structure as a support for copper oxide in DeSO2 reaction catalysts,
Chemosphere 62 (2006) 756–766.

17] J.J. Pignatello, E. Oliveros, A. MacKay, Advanced oxidation processes for organic
contaminant destruction based on the Fenton reaction and related chemistry,
Crit. Rev. Environ. Sci. Technol. 36 (2006) 1–84.

18] C.K. Yeh, J.T. Novak, The effect of hydrogen peroxide on the degradation of
methyl and ethyl tert-butyl ether in soils, Water Environ. Res. 67 (5) (1995)
828–834.

19] S.H. Liang, C.M. Kao, Y.C. Kuo, K.F. Chen, Application of persulfate-releasing
barrier to remediate MTBE and benzene contaminated groundwater, J. Hazard.
Mater. 185 (2–3) (2011) 1162–1168.

20] M.I. Stefan, J.R. Bolton, Reinvestigation of the acetone degradation mechanism
in  dilute aqueous solution by the UV/H2O2 process, Environ. Sci. Technol. 33
(6)  (1999) 870–873.

21] US EPA. Drinking Water Contaminants Website, http://www.epa.
gov/safewater/contaminants/index.html#1 (2011).

22] EWG, Environmental Working Group Drinking Water Database,

http://www.ewg.org/tap-water/chemical-contaminants?file=contaminant&
contamcode=2243 (2011).

23] S. Hwang, S.G. Huling, S. Ko, Fenton-like degradation of MTBE: effects of
iron counter anion and radical scavengers, Chemosphere 78 (5) (2010)
563–568.

http://dx.doi.org/10.1016/j.jhazmat.2011.12.003
http://www.epa.gov/safewater/contaminants/index.html%231
http://www.epa.gov/safewater/contaminants/index.html%231
http://www.ewg.org/tap-water/chemical-contaminants%3Ffile=contaminant%26contamcode=2243
http://www.ewg.org/tap-water/chemical-contaminants%3Ffile=contaminant%26contamcode=2243

	Fenton-driven chemical regeneration of MTBE-spent granular activated carbon – A pilot study
	1 Introduction
	1.1 Process description and optimization
	1.1.1 Fenton-driven regeneration of GAC
	1.1.2 GAC particle size and thermal effects
	1.1.3 Fe amendment to GAC

	1.2 Pilot study

	2 Methods, materials, and analytical procedures
	2.1 GAC
	2.2 Iron loading
	2.3 MTBE adsorption
	2.4 Oxidation of MTBE-spent GAC
	2.5 pH
	2.6 Temperature
	2.7 Aqueous and GAC sampling
	2.8 H2O2
	2.9 Analytical methods

	3 Results
	3.1 Fe amendment
	3.2 MTBE concentrations in GAC and ground water
	3.3 MTBE mass transfer and mass transport
	3.4 H2O2
	3.5 Oxygen gas (O2(g))
	3.6 pH
	3.7 Reaction byproducts

	4 Discussion
	4.1 H2O2 cost
	4.2 Optimal GAC regeneration

	5 Conclusions
	Disclosure
	Acknowledgments
	Appendix A Supplementary data


