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Iron (Fe)-impregnated biochar, prepared through a novel method that directly hydrolyzes
iron salt onto hickory biochar, was investigated for its performance as a low-cost arsenic
(As) sorbent. Although iron impregnation decreased the specific surface areas of the bio-
char, the impregnated biochar showed much better sorption of aqueous As (maximum
sorption capacity of 2.16 mg g ?) than the pristine biochar (no/little As sorption capacity).
Scanning electron microscope equipped with an energy dispersive spectrometer and X-ray
diffraction analysis indicated the presence of crystalline Fe hydroxide in the impregnated
biochar but no crystal forms of arsenic were found in the post-sorption biochar samples.
However, large shifts in the binding energy of Fe,, Assg, O15 and Cys region on the following
As sorption indicated a change in chemical speciation from As(V) to As(Ill) and Fe(Il) to
Fe(lll) and strong As interaction with oxygen-containing function groups of the Fe-
impregnated biochar. These findings suggest that the As sorption on the Fe-impregnated
biochar is mainly controlled by the chemisorption mechanism. Columns packed with Fe-
impregnated biochar showed good As retention, and was regenerated with 0.05 mol L™*
NaHCOj; solution. These findings indicate that Fe-impregnated biochar can be used as a
low-cost filter material to remove arsenic from aqueous solutions.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Arsenic is one of the most common environmental pollutants

confirmed that arsenic compounds have detrimental effects
on human health (Jomova et al., 2011; Basu et al., 2014) and has
been recognized as group 1 carcinogens by the International
Agency for Research on Cancer (IARC) (Jomova et al., 2011).

throughout the world (Bhattacharya et al., 2007). It has been
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A maximum arsenic concentration of 10 pg/L in drinking
water has recommended by World Health Organization
(WHO) in 1993 (Khan and Ho, 2011). Inorganic arsenic in water
and wastewater may result from the weathering of arsenic-
containing minerals and ores and from industrial discharge
(Mudhoo et al., 2011). Inorganic arsenic has high solubility and
mobility in acidic, neutral and alkaline water and the most
common species of inorganic arsenic in water and wastewater
at neutral pH are arsenate [H,AsOz, As(V)] and arsenite
[H3AsOs, As(Ill)] (Bhattacharya et al., 2007; Mudhoo et al,
2011). Because arsenic contamination in groundwater affects
millions of people globally (Brammer and Ravenscroft, 2009;
Akter and Ali, 2011) methods to remove arsenic from drink-
ing water and wastewater are urgently required.

Arsenic removal methods include precipitation, lime soft-
ening, membrane separation, ion exchange but sorption is
one of the most commonly used removal methods due to its
ease of operation, relatively low cost, and no sludge disposal
(Mohan and Pittman, 2007). Various types of sorbents have
been developed and applied for water treatment during the
past few decades (Yadanaparthi et al.,, 2009). Among them,
iron oxyhydroxide powders are considered to be one of the
most efficient sorbents for arsenic in aqueous solutions
(Saharan et al., 2014). However, separation of spent iron oxy-
hydroxides particles requires sedimentation or filtration,
which results in additional cost and low mechanical resis-
tance (Tuna et al., 2013). Activated carbon (AC) is another
sorbent that has been widely used to remove water pollutants
because of its high specific surface area, abundant surface
functional groups, and well-developed pore structures. How-
ever, AC is not suitable for removing some anionic contami-
nants such as arsenic because most likely its surface is
negative charged (Cooper et al., 2010; Yao et al., 2011). Com-
posite sorbents that combine AC and iron oxyhydroxides (i.e.,
iron-loaded AC) thus have been developed to solve the prob-
lems and the composites can effectively remove arsenic from
aqueous solutions (Chang et al., 2010; Nieto-Delgado and
Rangel-Mendez, 2012). Despite that, arsenic removal by iron-
loaded AC is still not a cost-effective process because the
production of AC itself is expensive and may not necessarily
be environmentally ‘friendly’ (Hjaila et al., 2013). Alternative
and low-cost sorbents thus are still needed for the removal of
arsenic from aqueous solutions.

Biochar is another carbonaceous material that can be ob-
tained from pyrolysis of agricultural waste and by-products
and has been used in many environmental applications
(Zimmerman et al., 2011; Ahmad et al., 2014). Because of its
relatively low cost and widespread availability, biochar has
also been suggested to be an alternative adsorbent for
wastewater treatment (Mohan et al., 2014). In the literature,
however, only few studies have examined the sorption of
arsenic on biochar or biochar-based sorbents (Zhang and Gao,
2013; Zhang et al., 2013; Mohan et al., 2014). In a previous
study, Zhang et al. (2013) found that biochar loaded with Fe,03
particles can be prepared directly from FeCl; treated biomass
through pyrolysis and the iron-loaded biochar shows excel-
lent sorption ability to arsenic in water. Because the feedstock
needs to be treated with superabundant of iron salt (Zhang
et al.,, 2013), the produce of the Fe,Os/biochar composites
may generate large amount of ashes, which may cause

problems in large-scale productions. Additional investigations
are still needed to develop easy and innovative synthesis to
prepare low-cost, iron-loaded biochars for the removal of
arsenic from aqueous solutions. Furthermore, only batch
sorption experiments were conducted to examine arsenic
removal by biochar in previous studies (Zhang and Gao, 2013;
Zhang et al., 2013; Mohan et al., 2014), there is also a need to
evaluate the performance of iron-loaded biochar in fixed-bed
columns.

In this work, biochar was derived from the hickory chips
and then impregnated with iron nanoparticles using a facile
method of direct hydrolysis of iron salt. Both batch and fixed-
bed column experiments were carried out to examine and
compare the sorption characteristics of As(V) onto pristine
and iron(Fe)-impregnated biochars. The sorption mechanism
of As on the iron-impregnated biochar was further explored
using a variety of characterization tools including scanning
electron microscope equipped with an energy dispersive
spectrometer (SEM-EDS), X-ray diffraction (XRD), thermogra-
vimetric analyzer (TGA), Fourier transform infrared spectra
(FTIR) and X-ray photoelectron spectroscopy (XPS). The main
objectives of this work were to: 1) develop a simple and easy-
to-operate method for preparing low-cost As sorbents; 2)
evaluate the As removal ability of the Fe-impregnated biochar;
and 3) determine the sorption mechanism of As onto the Fe-
impregnated biochar.

2. Materials and methods
2.1. Chemical reagents

All the chemical reagents used were of analytic grade, except
as noted and solutions were prepared using deionized (DI)
water (18 MQ-cm). Ferrous nitrate (Fe(NOs)s-9H,0), sodium
arsenate (Na,HAsO,-12H,0), sodium bicarbonate (NaHCOs3)
were purchased from Fisher Scientific and hickory chips were
collected from local farm.

2.2. Preparation of sorbents

Dried hickory chips was ground in a knife mill (Model No. 4,
Arthur H. Thomas Company, Philadelphia, PA) to achieve
particle diameters between 0.5 mm and 1 mm. These were
then placed inside tubular quartz reactors (50 g in 6 cm
diameter x 28 cm cylinders), which were purged with nitrogen
gas (10 psi) and placed inside a bench-top furnace (Barnstead
1500 M/Olympic 1823 HE). The furnace was then ramped to
600 °C at a rate of 20 °C/min and held 2 h at that temperature
with the above flowing rate of nitrogen gas. The biochar
samples produced were washed with tap water and deionized
water several times, oven dried (80 °C), and placed in a sealed
container prior to use.

Fe-impregnated biochar was prepared through direct hy-
drolysis of iron salt following the reaction:
Fe(NOs)3 + 3H,0 = Fe(OH)s + 3HNOs. Solutions of iron salt,
prepared by dissolving 7.23 g of Fe(NOs)3-9H,0 in 40 ml of DI
water, were mixed with 10 g of biochar for 12 h under
continuous strong agitation using a magnetic stirrer, and then
dried at 100—120 °C. The dried composites were washed with
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de-ionized water several times to remove surface iron hy-
droxide, then again oven dried (80 °C). The resulting product is
the Fe-impregnated biochar.

2.3. Sorbent characterization

Contents of carbon, hydrogen and nitrogen in the samples
were determined using a CHN Elemental Analyzer (Carlo-
—Erba NA—1500). Fe in biochar was determined using induc-
tively coupled plasma optical emission spectroscopy
(ICP—OES, Perkin Elmer Optima 2100 DV, USA) after ashing at
the temperature of 550 °C and acid dissolution. Specific sur-
face areas of the samples were measured with a Quantach-
rome Autosorb-1 surface area analyzer using N, (BET) sorption
methods. The curves of thermogravimetry (TG) and differen-
tial scanning calorimetry (DSC) for sorbents were carried out
using a Mettler TGA/DSC thermogravimetric analyzer (TGA/
DSC 1, STARe System, METTLER TOLEDO, USA) at a heating
rate of 10 °C/min from 50 °C to 800 °C in atmosphere. A JEOL
JSM-6330F field-emission SEM-EDS was used to examine and
compare surface morphology and elemental composition of
samples. Crystalline Fe minerals in char samples were
detected using an XRD (Philips Electronic Instruments). FTIR
spectra of the pristine biochar and the pre- or post-sorption
Fe-impregnated biochar samples were recorded in the range
400—4000 cm™* with 2 cm™ resolution using a Nicolet 6700
FTIR (Thermo Scientific) after samples were milled with po-
tassium bromide (KBr) to form a very fine powder and then
compressed into a thin pellet for analysis. Composition and
speciation of surface elements of biochar samples were
analyzed by using XPS with a PHI 5100 series ESCA spec-
trometer (Perkin Elmer).

2.4. Batch aqueous As sorption

Batch sorption experiments were carried out at room tem-
perature (20 + 2 °C) by adding 0.1 g sorbent to 100 mL poly-
ethylene centrifuge tubes containing 50 mL As solution of
concentrations between 0.1 and 55 mgL™" (i.e.,0.1,0.5, 2, 5, 10,
25, 55 mg LY. The solution pH was adjusted to 5.8 + 0.2 for
each experiment using 0.01 mol L~* NaOH or 0.01 mol L-* HCL.
After shaking 24 h in a rotary shaker for equilibration sorption,
the mixture was centrifuged at 4000 rpm for 10 min. Con-
centrations of As in the supernatants was determined using
inductively coupled plasma optical spectrometry (ICP—OES,
Optima 2300, Perkin—Elmer SCIEX, USA). The amounts of
sorbed As (qy) per unit sorbent mass were calculated based as
the differences between initial and final aqueous solution
concentrations. The residual solids were washed with deion-
ized water and then oven dried (80 °C) and stored for analysis
using SEM, XRD, FT-IR, XPS and TG-DSC.

Influence of co-existing anions (5 mg L~* of SO, NO3, and
Cl;and 5 and 50 mg L~ of PO}, respectively) on As (5mgL™?)
sorption onto the Fe-impregnated biochar was carried out
using the same procedures.

2.5. Column sorption and regeneration

About 1 g of the test biochar was wet-packed as an interlayer
in an acrylic column measuring 5 mm in diameter. About 9.4 g

of acid-cleaned quartz sand (0.5—0.6 mm average size) was
used at each end of the column to help distribute the flow. The
final height of the biochar layer was 12 mm. The column was
initially flushed with DI water for about 2 h. A peristaltic pump
(Masterflex L/S, Cole Parmer Instrument, Vernon Hills, IL) was
used at the influent (bottom) of the column to maintain an
upward flow rate in the column of 2 mL/min. The column
experiment was initiated by switching the influent to a
50 mg L=* As solution (pH = 5.8 + 0.2) for about 70 min. The
column was then flushed with DI water for another 70 min.
Column effluent samples were collected every 2 min with a
fraction collector (IS-95 Interval Sampler, Spectrum Chroma-
tography, Houston, TX) during the experiment and analyzed
for As concentrations. After the DI water flushing, the regen-
eration experiment was initiated by switching to 0.05 mol L™*
NaHCO; (Anawar et al., 2003) solution at the same flow rate for
60 min.

3. Results and discussion
3.1 Batch sorption of As onto biochars

Batch aqueous sorption experiments showed that little As was
adsorbed by the pristine biochar, however, the Fe-
impregnated biochar showed much better As adsorption
ability (Fig. 1). For both isotherms, adsorption of As increased
rapidly with increasing equilibrium As concentration and
then reached constant (Fig. 1). Little As was adsorbed onto the
pristine biochar, probably because its surface is negatively
charged, which may generate electrostatic repulsions to
reduce the adsorption of As. Previous studies have suggested
that most of the pristine biochars prepared from slow pyrol-
ysis are negatively charged and thus have limited ability to
adsorb anions such as arsenate and phosphate (Mukherjee
et al., 2011; Yao et al., 2011, 2012).

The Langmuir, Freundlich, and Temkin isotherm models
were applied to describe the adsorption of As onto the Fe-
impregnated biochar (Fig. 1). The Langmuir isotherm, which
assumes monolayer coverage of sorbent over a homogeneous
sorbent surface composed of a finite number of identical sites

2500
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----- Freundlich isotherm

-------- Temkin isotherm
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Fig. 1 — Sorption isotherms of As onto pristine and Fe-
impregnated biochars.
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with equal sorption activation energies (Langmuir, 1916),
simulated the data fairly well with the coefficient of deter-
mination (R?) of 0.812. The maximum sorption capacities for
As obtained from Langmuir model was 2.16 mg g~* and the
Langmuir constant, K;, which denotes sorption energy, was
found to be 2.36 L. mg . The dimensionless parameter of the
equilibrium or sorption intensity (RL), calculated using the
sorption constant K; and the initial concentration of As, were
all in the range of 0 and 1, suggesting ‘favorable’ sorption
(Weber and Chakravorti, 1974). The isotherms suggest high
affinity surface sorption mechanism for As on Fe-impregnated
biochar. The Freundlich isotherm, which is often used for
describing chemisorption process, fitted the data slightly
better (R? = 0.853) than the Langmuir model (Fig. 1). The best-
fit Freundlich constants, Kr and n, are 1260 mL? g~* and 0.160,
respectively. Because the n value is below unity, the adsorp-
tion of As onto the Fe-impregnated biochar could be affected
by chemisorption mechanisms under the tested experimental
conditions (Ozcan et al., 2005). In the literature, the Temkin
isotherm model is often used to explore the energy distribu-
tion of the sorption process (Samarghandi et al., 2009). The
Temkin isotherm described the data (R*> = 0.935) better than
the other two models (Fig. 1). The constants A and br obtained
for Temkin isotherm model are 210.5 L. g * and 11.7, respec-
tively, further confirming that chemisorption played an
important role in controlling the sorption of As onto the Fe-
impregnated biochar.

The maximum As(V) sorption capacity of Fe-impregnated
biochar was similar to or greater than that of many previ-
ously reported Fe-impregnated adsorbents (Table 1). In com-
parison with other commercial adsorbents such as AC,
biochar is relatively low cost and can be obtained from a va-
riety of biomass feedstocks, including waste biomass.
Furthermore, the Fe-impregnated biochar developed in this
work was synthesized through direct hydrolysis of iron salt,
which is much more convenient and cost-effective for large-
scale operations than other syntheses of iron-loaded

biochars reported in previous studies (Zhang et al., 2013).
Taking As sorption capacity and the preparation costs into
account, the Fe-impregnated biochar may be an excellent
alternative for the efficient treatment of wastewater con-
taining arsenic and warrants further investigation.

Coexisting anions may influence aqueous phase equilib-
rium during As sorption. Therefore, The effects of main an-
ions (5 mg L~* for SO3~, NO3 and Cl~ and 5 and 50 mg L.~* for
PO3~, respectively) on As (5 mg L~?) sorption showed that the
equilibrium sorption capacities was unaffected by the pres-
ence of SO, NO3 and Cl~ (Fig. 2). The presence of PO;",
however, dramatically decreased the sorbent's As sorption
ability and this effect aggravated with the increasing of POz~
concentration (i.e., from 5 to 50 mg L™ (Fig. 2). This may be
attributed to the fact that arsenate and phosphate have
similar ionic structures and compete for the same adsorption
sites. Competitive sorption of phosphate with arsenate has
been reported for various types of adsorbents in the literature
(Li et al., 2012; Badruddoza et al., 2013).

3.2. Column sorption and regeneration

The column breakthrough curves for Fe-impregnated biochar,
with flow rate of 2 mL/min, shows fast uptake of As in the
initial stages and rapid decrease as saturation was reached
(Fig. 3a). The convection-dispersion-reaction (CDER) kinetic
model was used to analyze the column experimental data.
The governing equations are listed as follows (Chen et al,,
2011):

aC 0 ’C  aC
0% Py 09 _

ot Tgot oz oz (1)
Py 9q _
2 ke 2)

where R is the retardation factor (dimensionless), C is the
sorbate concentration in pore water (mgL™}), tis time (min), p

Table 1 — Comparison of max sorption capacity of As(V) by ferruginous sorbents.

Sorbents Max sorption

capacity (mg/g)

Experimental conditions References

Initial As(V) Solution pH

concentration (mg/L)

Iron hydro(oxide) nanoparticles/ 0.37-1.25
activated carbons

Iron hydro(oxide) nanoparticles/ 1.65-3.25
activated carbon

Fe-impregnated granular activated carbon 1.95

v-Fe,05 composite/biochar 3.15

Fe (III)-loaded chitosan hollow fibers 3.70

Iron oxide hydroxide nanoflower 0.48

Fe(Ill)-coated rice husk. 2.50

Iron-oxide-coated natural rock 1.65

Magnetic iron oxide/multiwall 9.74
carbon nanotubes

Fe(Il)-loaded activated carbon 2.20/3.01

Bituminous/wood based iron-modified AC 2.28/2.45

Iron-coated honeycomb briquette cinder 0.96

Iron oxide amended rice husk char 0.95—1.46

Iron-impregnated biochar 2.16

0-1 6—8 Vitela-Rodriguez and
Rangel-Mendez (2013)
0-10 7 Nieto-Delgado and
Rangel-Mendez (2012)
0-40 7 Chang et al. (2010)
0—200 Not reported Zhang et al. (2013)
0-0.3 35 Dorraji et al. (2014)
0-1 Not reported Raul et al. (2014)
0-75 4 Pehlivan et al. (2013)
0-0.6 57 +02 Maji et al. (2013)
0-11 55 Ma et al. (2013)
0-8.5 3 Tuna et al. (2013)
0—4 7 Arcibar-Orozco et al. (2014)
0-0.5 7.5 Sheng et al. (2014)
0-2.5 6.85 +0.23 Cope et al. (2014)
0-55 58+0.2 This study
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Fig. 2 — Effect of coexisting anions (SO2~, NO; and CI™%
5mg L~%; PO} : 5 and 50 mg L") on As (5 mg L initial

concentration) sorption onto Fe-impregnated biochar.

is the medium bulk density (g L™, ¢ is the dimensionless
volumetric moisture content, q is the quantity of sorbed As
(mg g™, zis the distance traveled in the direction of flow (cm),
D is the dispersion coefficient (cm? min~?), v is the average
linear pore-water velocity (cm min~?), and k is the first-order
removal rate constant (min~'). Equations (1) and (2) were
solved numerically with a zero initial concentration, a pulse-
input and a zero-concentration-gradient boundary condi-
tions for the whole column. The Levenberg—Marquardt algo-
rithm was used to estimate the value of the model parameters
by minimizing the sum-of-the-squared differences between
model-calculated and measured effluent concentrations over
multiple calculation iterations. The breakthrough curve data
for the sorption column was well fitted by the CDER model
(R*=0.990) (Fig. 3). The obtained best-fit R and k values were 20
and 0.06 min™', respectively, indicating that the Fe-
impregnated biochar had strong As sorption ability and can
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be used as an effective sorption media in filters and reactive
barriers to remove As from flowing water.

Regeneration ability of a sorbent is a desirable quality to
enable the recycling of both the sorbate and sorbent. A
0.05 mol L~ NaHCOjs solution was found to efficiently regen-
erate the column by desorbing As from the Fe-impregnated
biochar (Fig. 3b). Concentrations of As in column effluent
reached a low of 1.63 mg L ™" after 60 min of leaching (Fig. 3b).
Mass balance calculations showed that, of the 830 pg of As
initially retained in the column, 85% (710 ng) were flushed out
after the regeneration with NaHCOs. Other alkaline regener-
ation agents, such as NaH,PO,, have also been used previously
in As desorption (Tuutijarvi et al., 2012; Gao et al., 2013), and
should be tested in the future to optimize of the regeneration
of Fe-impregnated biochar columns for As removal.

3.3. Physicochemical properties and sorption mechanism
The Fe contents of biochar and Fe-impregnated biochar were
0.03% and 3.88%, respectively, suggesting that iron was suc-
cessfully impregnated into biochar. The C, N and H contents of
biochar were 84.7,0.30 and 1.73%, respectively, and 68.8%, 1.83
and 2.03% for Fe-impregnated biochar, respectively. Specific
surface areas were 256 m? g~ * biochar and 16.0 m? g~* for Fe-
impregnated biochar, respectively, suggesting that iron
impregnation filled pores or clogged pore-openings on biochar
surfaces. Thus, specific surface areas cannot be considered
the key parameter in determining As sorption onto biochar.
The morphology of the obtained sorbents was observed using
SEM under different magnifications and mainly showed no
regular or amorphous characteristics (Fig. 4). Those may be
result from the grinding during sample preparation. While,
EDS showed the occurrence of Fe on the surface of the Fe-
impregnated biochar, no As was found on the post-sorption
biochars, which might be because the content of As adsor-
bed on the Fe-impregnated biochar was below the determi-
nation limit of EDS (Fig. 4).

Carbon in biochar existed mainly in the amorphous forms
while quartz and calcite were present in the pristine biochar
(Fig. 5). Instead of these minerals, goethite was found in Fe-
impregnated biochar both before and after As sorption

30

~

[=)
T

@

As concentration in leaching
effluents (mg L")
=
L2
L]

0 10 20 30 40 50 60
Leaching time (min)

Fig. 3 — As filtration in fixed-bed column packed with Fe-impregnated biochar: (a) As breakthrough curve, and (b) As

desorption using 0.05 mol L~ NaHCOs.
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Fig. 4 — SEM-EDS analysis of (a) pre-sorption Fe-impregnated biochar (b) and post-sorption Fe-impregnated biochar.

(Fig. 5). No crystal forms of adsorbed As was found, suggesting
that As only reacted with the goethite's surface and sorption
did not change its crystal structure or form a separate pre-
cipitate phase (Fig. 5).

Thermal decomposition resulted in the greatest mass loss
in the temperature range of about 350—600 °C for biochar,

which differed greatly with Fe-impregnated biochar and the
Fe-impregnated biochar adsorbed As (Fig. 6). The masses
remaining, compared to the initial mass, were 4.55% for bio-
char, 9.51% for Fe-impregnated biochar, and 11.0% for Fe-
impregnated biochar with sorbed As. The combustible com-
ponents in biochars react with oxygen to product CO, and H,0
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Fig. 5 — XRD patterns of post-sorption Fe-impregnated
biochar (uppermost), pre-sorption Fe-impregnated biochar
(middle), and pristine biochar (lowermost).

and the burning point is in the order of Fe-impregnated
biochar < Fe-impregnated biochar adsorbed As < biochar
from the DTG curve (Fig. 6). The DTG curve in Fig. 6 shows that
the main peak values were about 0.80%/°C for biochar, 0.89%/
°C for Fe-impregnated biochar, 0.58%/°C for Fe-impregnated
biochar adsorbed As, respectively and the corresponding
temperature were about 352 °C for biochar, 336 °C for Fe-
impregnated biochar, 354 °C for Fe-impregnated biochar

Fe-impregnated biochars adsorbed As 1577

Transmittance

Fe-impregnation

Biochar

1706 1523 1326 881

4000 3600 3200 2800 2400 2000 1600 1200
Wavenumber (cm™)

800 400

Fig. 7 — FTIR spectra of pristine biochar and pre- and post-
sorption Fe-impregnated biochar samples.

adsorbed As, respectively. Those suggested the different
inflammability of those biochars. The DSC curves of the
combustion process in Fig. 6 represent the variations of the
combustion heat release rate with the increasing tempera-
ture, suggesting the different exothermic properties for those
biochars. The Fe-impregnation and sorption process change
the exothermic properties of biochars (Fig. 6).

The differences of FT-IR spectra of the studied biochar
samples were mainly focused on the wavenumber interval of
1800—800 cm ™. New peaks of FT-IR spectra for the pre- and
post-sorption Fe-impregnated biochar samples appear at 1706
and 1523 cm ! (Fig. 7). A peak at 1326 cm ™' appeared after Fe
impregnation, but weakened greatly after the As sorption

1.0 q 02 1 10
4 8
DTG ]
= o e sy 0.0 — 6
0.8 1 4
= =, ] -
b 10207 28
17 c - <
@ [ 0 <
g 06 o 1 o
S 1 23
= 4 -04 0 |
S ——Bio-TG 1
®04 [ —FeTG 4 -6
= ——FeAs-TG DSC 1 . 1
. heke 0.6
- ---- Bio-DTG 1 -8
---- Fe-DTG 1 45
02 | - FeAsDTG ]
Bio-DSC . 41 08 ] 42
[ FeneD: = —— ]
FeAs-DSC 1 -
P SENT VR N BT SN S O S MV (I VRN LN KO (O - _16

-1.0
00 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Temperature(’C)

Fig. 6 — TG-DTG and DSC curves of the sorbents (Bio: pristine biochar; Fe: pre-sorption Fe-impregnated biochar; and FeAs:

post-sorption Fe-impregnated biochar).
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(Fig. 7). It was reported that the characteristic absorption
bands of sorbed arsenate was 650—950 cm ' for the As—O
stretching vibration (Lumsdon et al., 1984; Jia et al., 2007). A
peak at 881 cm™* weakened greatly and blue shifts occurred
after the Fe impregnation and the As sorption (Fig. 7), con-
firming that iron played an important role in As sorption. The
C=0O0 stretching peak around 1577 cm~! was similar among
the pristine biochar and the pre- and post-sorption Fe-
impregnated biochars. Therefore, both Fe impregnation and
the As sorption altered the surface functional groups of the
biochar.

In order to further investigate the mechanism of arsenic
sorption on the Fe-impregnated biochars, binding energy
shifts for carbon, oxygen, iron and arsenic were examined
using XPS (Fig. 8). Surface of biochar was enriched with only
carbon and oxygen while Fe and As appear in biochars after
impregnation and sorption, respectively (Fig. 8). Seven prom-
inent iron peaks corresponding to Fesp, Fess, Feyp, Fegps, Fe
LMM, Fe LMM1 and Fe LMM2 were found in the surface of Fe-
impregnated biochar both before and after As interaction.
Prominent peaks corresponding to Assp, ASss, ASyp1, ASap3, AS
LMM and As LMM1 were observed in the surface of Fe-
impregnated biochar adsorbed As. Fig. 8 shows that the
atomic percentage of C decreased greatly while that of O
increased greatly after iron impregnation. The atomic per-
centage of Fe and O decreased while that of C increased after
As sorption (Fig. 8). The atomic ratios of O/C were 0.14, 0.43
and 0.36 for the pristine biochar and the pre- and post-
sorption Fe-impregnated biochars, respectively, suggesting

that the oxygen-contained functional groups increased after
iron impregnation and decreased after As sorption (Fig. 8).

High-resolution XPS spectra of post-sorption Fe-impreg-
nated biochar in the Assq4 region showed a single peak at the
binding energy of 44.68 eV (Fig. 9a). It is reported that 3d
binding energy was 45.5 eV for As(V) in Na,HAsO,, 44.2 eV for
As(III) in NaAsO, and 41.5 eV for As(0), respectively (Roberts
et al., 1975; Wagner et al., 1979). Some shifts in binding en-
ergies of Assg can occur in different arsenic species, for
example 44.9 eV for AsO3 ", 45.5 eV for HAsO3, and 46.7 eV for
H,AsO; (Bang et al., 2005). Therefore, 44.68 eV of Aszq binding
energy in the surface of Fe-impregnated biochar indicates that
the As(V) in the initial solution was likely converted partly into
As(IIl) on the surface of the Fe-impregnated biochars during
the sorption process. Similarly, a reduction of As(V) to As(III)
was reported by Deliyanni et al. (2013) and by Mohan and
Pittman (2007) and the reduction of As(III) to As(0) when sor-
bed on zero-valent iron (Bang et al., 2005).

High-resolution XPS spectra of Fe-impregnated biochar
showed double peak at the binding energy of around 710 and
724 eV in the Fe,, region (Fig. 9b), which is similar to that re-
ported by Wu et al. (2012) for FesO4 nanoparticles on graphene
oxide surfaces (Wu et al.,, 2012). The binding energy of 709 eV
and 711 eV of 2p*? can be associated with Fe?* and Fe3*,
respectively (Li et al., 2011). The binding energy of 710.09 eV
(FeOOH and/or FeO) and 710.66 eV (FeOOH and/or Fe,03) of
2p*? indicates that both Fe?* and Fe>" should be existed. The
shifts of 710.09 eV—710.66 eV indicate the oxidation of Fe?* to
Fe?" during the sorption process. The oxidation of Fe?* to Fe*"
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during the sorption process may have been coupled to the
reduction of As(V) to As(III).

0,5 peaks are broad, thus indicating the presence of
different chemical states of oxygen such as organic oxygen (O
in carboxyl, carbonyl, alcoxyl or ether groups) and inorganic
oxygen (O in iron oxides) in biochars and Fe-impregnated
biochars (Datsyuk et al., 2008). Only one peak appears at the
binding energy of 533.11 eV in biochars (Fig. 9c), which can be
ascribed to C—OH or O—C. The large shifts were obvious on the
binding energy O, region of the Fe-impregnated biochars and
the Fe-impregnated biochars adsorbed As (Fig. 9¢c). The bind-
ing energy in the O region between 529.24 eV and 530.09 eV
may be attributed to inorganic oxygen bonded to iron (FeO,
Fe, 05 or FeOOH), corresponding to the results of XRD analysis.
There is considerable weakening of peaks at 529.24 eV, which
may be due to the sorption of arsenic onto FeOOH phases. The
newly appearing peak at the binding energy of 531.24 eV can
be attributed to oxygen bonded to As while the peak at the
binding energy of 531.86 eV (C=0/0—C=O bonds)

disappeared (Fig. 9c). All of this suggests the binding of As and
O during the As adsorption, which is consistent with the re-
sults of high-resolution XPS spectra in the Aszq region.

The binding energy of C; at 283.83 eV was assigned to C—H,
at 284.8 eV to graphite C, at 286.5 + 0.2 eV to C—0, at 287.8 eV to
C=0, at 288.7 eV to C=0/0—C=0 and at 290.30 eV to carbon-
ates (Datsyuk et al., 2008). The peak at 285.55 eV can be attrib-
uted to C—O single bond (Barinov et al., 2009) while 291.09 eV
means the p—p* transitions (Datsyuk et al., 2008). The main
peaks at the pristine biochars and Fe-impregnated biochars
were similar and differed greatly with them for the Fe-
impregnated biochars adsorbed As (Fig. 9d). Therefore, amor-
phous C and/or Graphite C were the dominant speciation of C
in the pristine biochars and Fe-impregnated biochars.
Compared with the pristine biochar, Fe impregnation in-
creases the percentage of 288.65 eV, suggesting the increasing
of C=0/0—-C=0, which may be due to the oxidation of HNO3
during the hydrolysis of Fe(NOs);. After the sorption of As, new
dominant peaks appeared at the binding energy of 283.83 eV
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(C—H) and 285.55 eV (C—0), indicating significant changes in
the surface carbon functional groups of Fe-impregnated
biochar.

4, Conclusions

As the first of its kind, this work developed a facile and easy-
operation method to produce Fe-impregnated biochar
through direct hydrolysis of iron salt. Findings from batch
sorption experiments suggested that the Fe-impregnated
biochar had strong sorption ability to aqueous As (Langmuir
maximum sorption capacity of 2.16 mg g~ ). Most of the co-
existing anions, except PO;, showed no effects on As
removal by the Fe-impregnated biochar. In addition, fixed-bed
columns packed with Fe-impregnated biochar also showed
excellent As removal ability and a 0.05 mol L~* NaHCO5 solu-
tion effectively released about 85% of the retained As in the
columns. SEM-EDS, XRD, FTIR, and XPS analyses suggested
that iron hydroxide particles on the carbon surface of the
biochar played an important role in As sorption and the
sorption process was mainly controlled by the chemisorption
mechanism. Because this novel synthesis is convenient for
large-scale production, the Fe-impregnated biochars devel-
oped in this work has great potential for use as a low-cost
sorbent material to remove arsenic from water.
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