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a b s t r a c t

Iron oxides coated on Fe0 core–shell nanospheres (nIOCI) were synthesized through the reduction of
ferrous sulfate aqueous solution by sodium borohydride at ambient atmosphere. The catalyst was highly
effective for the degradation of humic acid (HA) in the presence of H2O2 and UVA at neutral pH. Under
deoxygenated conditions in the dark, the generation of hydroxyl radicals in aqueous nIOCI dispersion
verified its galvanic cell-like performance, which enhanced the interfacial electron transfer and led to
eywords:
umic acid
BP
enton
ron
lectron transfer

its higher reactivity. By the total organic carbon, the absorbance of UV254, FTIR, the molecular weight
distribution and the chemical fractional character analysis, the degradation process of HA was shown
to proceed by the disappearance of aromaticity, the increase of hydrophilic fraction and aromatic ring
openings into CO2 and small organic acid. The treated HA showed much lower reactivity toward chlorine
and the disinfection byproduct (DBP) formation potential was also greatly reduced. Moreover, it was
found that the DBP formation potential more depended on the structure of the intermediates of HA

ova
alvanic cells degradation than TOC rem

. Introduction

Humic acids (HA) are among the most widely natural organic
atter (NOM) present in virtually all drinking water sources and

ose a variety of problems in treatment operations and distribu-
ion systems [1]. These substances have been reported to affect
he appearance and taste of the water [2]. Moreover, they could
eact with chlorine via a combination of substitution and oxidation
echanisms [3] to form potentially carcinogenic organic com-

ounds [4] when water was treated with chlorine for sterilization,
nd this has become a problem in drinking water treatment.

Besides the traditional treatments of humic acids [5–8], studies
f the degradation of HA have been carried out with advanced oxi-
ation processes (AOPs) [9–13], among which the heterogeneous
enton system has attracted great attention due to its formation
f highly potent chemical species, •OH, for non-selective oxidation
14,15]. Zero valent iron has been widely used in different environ-

ental treatment processes [16,17] and the direct electron transfer
rom Fe0 to H2O2 during a Fenton reaction is a very slow process

t neutral pH [18]. However, Fe0/Fe3O4 composite showed highly
atalytic activity for the decomposition of H2O2 as a result of an
lectron transfer process from metal to magnetite [18,19].
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In this paper, nIOCI nanoparticles were synthesized by the reac-
tion between ferrous sulfate and sodium borohydride at ambient
atmosphere. It has been reported that the existence of humic acid
greatly extended the optimum pH range of the Fenton process
toward neutral pH [20], since many types of wastewater usually
have pH higher than 4. Herein humic acid was used to assess the
performance of the nIOCI/H2O2/UVA system at neutral pH. The rela-
tionship of the structural characteristics of degraded HA and the
DBP formation was proposed on the basis of different experimen-
tal information. These results indicated that the destruction of the
aromaticity of HA was more important than the removal of TOC
from HA for the control of DBP.

2. Experimental

2.1. Materials and reagents

Unless noted otherwise, all reagents used in this work were ana-
lytical grade and were used without further purification. Humic
acid and Fast Blue BB salt were purchased from Sigma–Aldrich

Co. Ferrous sulfate heptahydrate, sodium borohydride, H2O2 (30%,
w/w) and dimethyl sulfoxide were obtained from Yili Company. All
solutions were prepared with deionized and doubly distilled water
and the solution pH was adjusted by a diluted aqueous solution of
NaOH or HCl.

ghts reserved.
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.2. Catalysts synthesis

The nIOCI nanoparticles were synthesized by the reaction
etween ferrous sulfate and sodium borohydride in a 250-mL
hree-necked round-bottle flask. In a typical procedure, 2.78 g of
eSO4·7H2O and 0.76 g of NaBH4 were dissolved in 100 and 50 mL
eoxygenated water, respectively. The resulting ferrous sulfate
olution was then dropped slowly into the flask charged with
aBH4 solution in 25 min under N2 atmosphere. The flask was
igorously stirred during the addition to avoid aggregation of the
esultant iron particles. The resulting black precipitates were then
entrifugated, washed with water for 3 times and finally dried at
0 ◦C for 10 h under ambient conditions.

.3. Characterization

The powder X-ray diffraction (XRD) pattern of the catalyst
as recorded on a Scintag-XDS-2000 diffractometer with Cu K�

adiation (� = 1.54059 Å). The size and shape of the catalyst were
xamined by transmission electron microscopy (TEM, Hitachi H-
500). UV–vis diffuse reflectance spectra of the samples were
ecorded on a UV–vis spectrophotometer (Hitachi UV-3010) with
n integrating sphere attachment for their reflectance in the range
f 200–800 nm and BaSO4 was the reflectance standard. The X-ray
hotoelectron spectroscopy (XPS) data were taken on an AXIS-
ltra instrument from Kratos using monochromatic Al K� radiation

225 W, 15 mA, 15 kV) and low-energy electron flooding for charge
ompensation. To compensate for surface charge effects, the bind-
ng energies were calibrated using the C1s hydrocarbon peak at
84.80 eV. The concentration of hydroxyl radicals formed in the
atalyst aqueous suspension was determined using a photometric
ethod described in the literature [21,22].

.4. Procedures and analysis

The light source was a 300-W high-pressure mercury lamp fixed
nside a cylindrical Pyrex flask, which was surrounded by a circu-
ating water jacket to cool the lamp. The exterior of the cylindrical
yrex flask was wrapped by tinfoil, leaving just a small window
3.5 cm × 1.5 cm) at the side face. The light was then focused onto

100 mL glass reaction vessel. The average light intensity was

5 mW/cm2. To effectively suspend the catalyst, compressed air
as bubbled from the bottom of the reactor. The reaction temper-

ture was maintained at 25 ◦C.
Unless otherwise specified, 20 mg of nIOCI were dispersed in

0 mL HA solution (20 mg/L, pH 7.0). Prior to the addition of H2O2

Fig. 2. TEM imag
Fig. 1. XRD pattern of nIOCI.

(5 mM) and UVA irradiation, the suspensions were stirred in the
dark for ca. 10 min for the uniform mixture. At given time inter-
vals, 3-mL samples of the aqueous solutions were filtered through
a Millipore filter (pore size 0.45 �m) to remove particles. The fil-
trates were analyzed by recording variations of their absorbance
at 254 nm using a 752N spectrophotometer (Shanghai Precision &
Scientific Instruments Co., Ltd., China). In addition, the total organic
carbon (TOC) of the solution was analyzed with a Phoenix 8000
analyzer. Samples for FTIR analysis were prepared by the following
procedure. The suspensions at different irradiation time were fil-
tered to remove nIOCI particles. The solutions were evaporated by
freeze-dried method. The dry residue was supported on KBr pel-
lets. To ensure quantitative analysis, the samples were mixed with
KBr at a fixed ratio (10%). The same amount of fixed powder was
also used to prepare the pellets for FTIR. The infrared spectrum was
recorded on a Bruker Tensor27 FTIR spectrophotometer.

Disinfection byproduct formation potential during the HA
degradation process was assessed according to the literature
[3,23]. Various HA solutions were adjusted to pH 7 with an
appropriate buffer and chlorinated (30 mg/L) using concentrated
NaClO solution. The chlorinated samples were then incubated
at 25 ◦C for 72 h and extracted by 3 mL of hexane prior to DBP

analysis. Trihalomethane (THM) was measured on a gas chro-
matograph (GC-14C, Shimadzu) equipped with OV-17 column
(0.32 mm × 30 m × 0.25 �m) and an ECD detector.

es of nIOCI.
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Fig. 3. UV–vis diffuse reflectance spectra of (a) Fe0 and (b) nIOCI.

The molecular weight distribution of samples was determined
y ultrafiltration [24] and the analysis was conducted using a Mil-

ipore filter (Amicon 8200) equipped with YM series membrane,
aving a nominal molecular weight cutoff of 30, 10 and 3 kDa.
mberlite XAD-8 and XAD-4 resins were used to determine the

ractionation of HA solutions. Initial sample without pH adjust-
ent was pumped through the XAD-8 column and the hydrophobic

ases (HoB) were backflush eluted with 5 bed volumes of 0.1 mol/L
3PO4. While the hydrophobic neutral fraction (HoN) could not be
luted during the backflush elution process. The effluent from the
AD-8 column was acidified to pH 2 and recycled through the XAD-
resin to enable the hydrophobic acids (HoA) to be adsorbed. The

ample, which now contained weakly hydrophobic acids (WHoA)
nd hydrophilic matter (HiM), was then pumped through XAD-4
olumn and WHoA was adsorbed by XAD-4 resin. The TOC of each
raction was calculated by difference with the exception of HoB.

. Results and discussion

.1. Characterization of catalysts

A typical XRD pattern (Fig. 1) of the as-prepared sample matches
ell with the standard patterns of cubic Fe0 (JCPDS file No. 3-1050)

nd Fe2O3 phase (Hematite, JCPDS file No. 2-915) [25]. The result
howed that Fe0 and Fe2O3 coexist in the as-prepared sample. As
hown in Fig. 2, the prepared iron catalysts were spherical nanopar-
icles. The size of individual particles ranged from 50 to 100 nm,
hile a few particles may be as large as 200–250 nm. TEM images

evealed the contrast between the gray edge and the dark center of
he nanospheres, which should result from the oxidation and reac-
ion with oxygen and water during the drying step. As shown in
ig. 3, compared with the spectrum of Fe0 (curve a), nIOCI exhib-
ted three absorption bands. According to the previous work [26],
he first one below 300 nm was attributed to the t1 → t2 and t1 → e
ransitions of isolated Fe3+ ions, and the second one between 300
nd 450 nm was assigned to octahedral Fe3+ ions in small oligonu-
lear clusters (Fex

3+Oy), whereas the third one above 450 nm were
haracteristic for larger Fe2O3 particles. Furthermore, the metallic
tate of the iron on the surface of the sample was characterized
y XPS analysis. As shown in Fig. 4a, the peaks at 711, 719, and
25 eV represented the binding energies of Fe2p3/2, shake-up satel-
ite Fe2p3/2, and Fe2p1/2, respectively. No signal was detected for
e0 at 707 eV. These features indicated that the surface of nZVI was
nclosed with a layer of iron oxide [27,28]. Since both Fe2O3 and
eOOH had similar features and peak positions in this region, O1s
urvey scan was further conducted to delineate the surface oxygen
Fig. 4. XPS spectrum of nIOCI: (a) Fe2p and (b) O1s.

states. As shown in Fig. 4b, the O1s region could be decomposed
into three peaks at 529.6, 531.0 and 532.2 eV, corresponding to
O2−, OH and chemically or physically adsorbed water [27], respec-
tively (O2−:OH:H2O = 19.59:15.38:9.26). The existence of surface
OH group suggested that FeOOH and Fe2O3 coexisted on the surface
of nZVI.

3.2. HA degradation over nIOCI with H2O2 and UVA at neutral pH

The temporal absorbance changes of HA at 254 nm (A254) over
different iron species in the presence of H2O2 and UVA were shown
in Fig. 5. With no catalyst, no significant HA was degraded (curve
a) resulting from the direct photolysis of hydrogen peroxide under
UVA irradiation at neutral pH. HA did not react with H2O2 over
nIOCI in the dark (curve b). nZVI exhibited some activity and about
55% of HA was degraded (curve c), which could be attributed to
the direct electron transfer from Fe0 to H2O2 in a Haber–Weiss like
mechanism. While almost complete abatement of HA was obtained
within 60 min (curve d) in the presence of nIOCI under otherwise
identical conditions. Only 25% degradation of HA was obtained in
Fe3+/H2O2/UVA system (curve e) even when the initial addition of
Fe3+ in the solution was 1.4 mg/L, which was the highest concen-
tration detected during the reaction. Therefore, the introduction of
iron oxide greatly enhanced the reactivity of nZVI. Based on the

redox potentials in the following equations, electron transfer pro-
cess should be established at the interface of Fe0/iron oxide. Thus,
Fe0/Fe2+ (Fe0) serves as the cathode, and Fe2+/Fe3+ (iron oxides)
serves as the anode, nIOCI should have galvanic cell-like perfor-
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quite stable for extended periods of time (see inset, Fig. 7). The
ig. 5. Catalytic degradation of HA (50 mL, 20 mg/L) under different conditions: (a)
2O2 + UVA, (b) nIOCI + H2O2, (c) nZVI + H2O2 + UVA, (d) nIOCI + H2O2 + UVA, and (e)
e3+ (1.4 mg/L) + H2O2 + UVA (pH 7.0, H2O2: 5 mM, catalyst: 0.4 g/L).

ance.

e0 − 2e− → Fe2+ E0 = −0.440 V (1)

e3+ + 1e− → Fe2+ E0 = 0.771 V (2)

e0 + 2Fe3+ → 3Fe2+ E0 = 1.210 V (3)

To confirm this conjecture, under deoxygenated conditions in
he dark, the generation of •OH was determined in aqueous nZVI
nd nIOCI dispersions, since under aerobic condition, the •OH could
e formed by the oxidation of nZVI [29]. As shown in Fig. 6, no sig-
ificant •OH formation was observed in aqueous nZVI dispersion
curve a), while the quantities of •OH increased with the reaction
ime (curve b) in aqueous nIOCI suspension under otherwise iden-
ical conditions. According to the published works, in the oxidative
lectrochemical processes, the initial step is the discharge of water
olecules to form adsorbed •OH at anode surface whether O2 exists

r not [30]. The higher oxidation states on the surface of electrode
•
re available above the thermodynamic potential from H2O to OH,

hich is lower than 1.23 V from H2O to oxygen [31]. Therefore, the
lectron potential of the interface Fe0/iron oxide, 1.21 V, is higher
han that one from H2O to •OH, resulting in that •OH radicals were
roduced on the surface of nIOCI in the dark under deoxygenated

ig. 6. Generation of hydroxyl radicals in (a) nZVI and (b) nIOCI dispersions (0.4 g/L)
t pH 7.0 as a function of reaction time under deoxygenated conditions in the dark.
Fig. 7. UV–vis spectra, SUVA and TOC changes of HA over nIOCI in the presence of
H2O2 and UVA (pH 7.0, H2O2: 5 mM, catalyst: 0.4 g/L).

conditions. The result provides a solid indication that nIOCI pos-
sesses the galvanic cell-like performance.

3.3. Degradation characteristics and DBP formation of HA

As shown in Fig. 7, the absorbance values of HA solution at
254 nm decreased rapidly with the increase of irradiation time in
the presence of nIOCI and H2O2, and there was almost no change
of A254 observed when the heterogeneous photo-Fenton reaction
proceeded 150 and 180 min. This result suggested that unsaturated
components in HA might have been destroyed by the oxidation of
•OH radicals during the photo-Fenton process. SUVA is defined as
the UV absorbance at 254 nanometers measured in inverse meters
(m−1) divided by the TOC concentration measured in milligrams
per liter (mg L−1). Moreover, under otherwise identical conditions,
SUVA reached a maximum value of 9.76 L m−1 mg−1 at 30 min and
then decreased with reaction time; while 62% of the TOC content
was removed after 90 min of irradiation and the TOC value was
results indicated that A254 only yielded information on specific
organic groups rather than the total dissolved organic species and
the correlation between the changes of A254 and the TOC removal
was very weak for HA solution.

Fig. 8. Comparison of FTIR spectra between unirradiated and irradiated HA.
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To further investigate the degradation process of HA and the
orrelation between its functional groups and the DBP formation,
he FTIR spectra of HA treated for different reaction time were
hown in Fig. 8. It is known that the features of the bands for the
pectra of HA are at 3700–3200 cm−1 for phenolic O–H stretch-
ng [24] and at 2920, 2846 cm−1 for C–H asymmetric/symmetric
tretching of –CH3 and –CH2 groups assigned to hydrophobic frac-
ions [32]. Furthermore, the absorption bands at 1580–1630 cm−1

ould be attributed to aromatic ring C C–C and to the asymmetric
O stretching of quinones, conjugated ketones, while the peak

t 1387 cm−1 may be C–H stretching deformation of –CH3 and
CH2 groups [33], and their intensities decreased with increas-

ng reaction times. These results suggested that the “activated”
romatic content and oxygen-rich ketones have been destroyed
uring the degradation process, which are generally thought to
e the key factors that could enhance the reactivity of humic sub-
tances with chlorine to form DBPs [3,34]. By comparison with HA
efore reaction, strong O–H stretching absorption bands from 3000
o 3500 cm−1 are characteristic of the hydrophilic fractions [32].
n the other hand, the intensities at 1193 and at 1109 cm−1 cor-

esponded to C–O the antisymmetric and symmetric stretching of

ther bonds [24], appeared and then decreased with increasing irra-
iation time. The reasons for the decrease in peak intensity can be
ttributed to the formation of CO2, which is consistent with the TOC
lot in inset of Fig. 7.

ig. 9. The molecular and structural changes of HA before and after heterogeneous
hoto-Fenton degradation: (A) molecular weight distribution and (B) fractionation
f HA.
Fig. 10. Changes of TOC removal (a), H2O2 concentration (b) and DBPs formation (c)
of HA over nIOCI in the presence of H2O2 and UVA (pH 7.0, H2O2: 5 mM, catalyst:
0.4 g/L).

Fig. 9A shows the molecular weight distribution of HA with irra-
diation time. Obviously, the molecular size of HA decreased rapidly
with reaction time according to the reduction of the fractions of
molecular weight >30, 10–30, and 3–10 kDa. The lowest molecular
weight fraction (<3 kDa) was the dominant species after 90 min of
reaction and the degradation of the high molecular weight frac-
tion of HA resulted in a lowering of molecular size. The results
of chemical fractional character analysis were shown in Fig. 9B,
the HA solution before reaction was dominated by hydrophobic
acid such that HoA > HiM > HoN > WhoA > HoB. The hydrophobic
fractions (HoA, HoN, and WHoA) have greater molecular weight
and aromaticity than the hydrophilic fractions and have higher
reactivity toward oxidation with oxidants such as chlorine and
ozone. Consequently, due to the dominance of the hydrophobic
fractions, it is anticipated that the hydrophobics would account
for the markedly reduction of A254, TOC removal and the DBP-
FPs. As expected, after 90 min of irradiation, the concentration of
hydrophobics was greatly reduced, while at the same time the
hydrophilic fractions increased during the heterogeneous photo-
Fenton process over nIOCI.

Based on the experimental results above, it has been proven that
the DBP formation was greatly correlative to the functional groups
of HA such as the aromatic rings. This conjecture was further con-
firmed by the results shown in Fig. 10. About 62% of the TOC was
removed and converted into CO2 and H2O after 90 min of irradia-
tion as a result of Fenton oxidation (curve a). While the TOC value
then decreased slowly when the HA solution was further irradi-
ated for another 90 min because of the depleted H2O2 (curve b).
However, during the degradation process, the chlorinated disin-
fection byproduct (THMs) formation potentials of the HA solution
decreased rapidly with reaction time even when the TOC concen-
tration reached a steady state and the decrease rate was also much
higher than that of TOC removal (curve c). Although the DBP for-
mation could be minimized significantly by reducing overall NOM
concentration [3], DBP formation was rather a better indicator of
HA degradation than the TOC removal.

4. Conclusion

The core–shell structure of nIOCI nanoparticles produced a
highly efficient heterogeneous photo-Fenton catalyst for the degra-
dation of humic acid. The galvanic cell-like performance of nIOCI

was verified by the formation of •OH in aqueous nIOCI suspen-
sion under deoxygenated conditions in the dark. The hydrophobic
fractions with higher molecular weight of HA have higher reactiv-
ity toward oxidation with oxidants and then decreased as result
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f Fenton oxidation. The formation of ring-opened products and
he generation of CO2 may contribute to a decrease in molecular
ize of humic acid. Such changes in molecular and structural char-
cteristics and the degradation of aromatic moieties also have a
ignificant influence on the formation of disinfection byproducts.
BPs formation was rather a better indicator of HA degradation
rocess.
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