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ABSTRACT

A novel hierarchical porous adsorbent of oc-Fe203 / Fe3O ,/C (HPA-Fe/C-B) was prepared with bamboo
bio-template and investigated for its adsorption capacity of arsenic(V). The result indicated that the
HPA-Fe/C-B adsorbent had a specific surface area of 198.1 m*/g and retained the hierarchical porous
microstructure of bamboo with three kinds of pores (widths 50~75 pm, 1~30 um and 0.0017~0.2891
pm) originating from vessels, fibres or parenchyma cells and pits on the walls of the vessels and
parenchyma cells, respectively. With increasing initial arsenic(V) concentrations from 5 mg/L to
100 mg/L, the amounts of arsenic(V) adsorbed on the pulverized HPA-Fe/C-B adsorbent (<0.149
mm) increased from 0.50 mg/g to 4.55 mg/g at 25°C, from 0.50 mg/g to 5.33 mg/g at 35°C and from
0.50 mg/g to 4.89 mg/g at 45°C. The corresponding removal rates decreased from 99.97% to 45.58%
at 25°C, from 99.98% to 53.30% at 35°C and from 100.00% to 48.94% at 45°C. At the initial arsenic(V)
concentrations of 5, 10 and 50 mg/L, the adsorption capacities for the un-pulverized HPA-Fe/C-B
adsorbent (>3 mm) were 0.45, 0.86 and 3.02 mg/g, respectively, which were nearly equal to the mean
value for iron oxides particles or nanoparticles. The pseudo-second-order kinetic model fitted the
experimental data very well. The adsorption followed both Langmuir and Freundlich isotherms.

Keywords: Bamboo bio-template; Hierarchical porous microstructure; Iron oxide adsorbent;

Adsorption; Arsenate

1. Introduction

Arsenic exposure is known as a worldwide public
health threat [1-3]. Arsenic, one of WHO’s 10 chemicals
of major public health concern, is a natural component of
the earth’s crust and can be released into the environment
through various natural processes including volcanic emis-
sions, microbiological activity, and weathering reactions, as
well as numerous human activities, such as burning of fossil
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fuels and wastes, former agricultural utilization of arsenic,
cement manufacturing, pharmaceutical and chemical man-
ufacturing, mining/smelting /refining operations, pulp and
paper production, and wood preservatives [1-4]. Elevated
arsenic levels in natural waters and soils pose environmen-
tal health risks [5,6]. Humans are exposed to arsenic in
numerous forms from a variety of sources such as drink-
ing water and food. Long-term exposure to inorganic arse-
nic can cause increased human mortality, cancer in skin/
lungs/urinary tracts, cardiovascular disease, diabetes and
neurotoxicity [1,6]. A provisional guideline value of 0.01
mg/L for arsenic in drinking water has been recommended
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by the World Health Organization (WHO) and accepted by
numerous countries [1,3,5].

Several treatment methods, such as chemical precipi-
tation, adsorption, nanofiltration, membrane separation;
reverse osmosis, solvent extraction, ion exchange, foam flo-
tation, lime softening, biological sequestration and micro-
bial transformation have already been developed to remove
arsenic from wastewater and water [3,7]. Adsorption is
the most simple and cost effective method among all the
available techniques for arsenic removal [7-9]. In the last
two decades, many researches have been made to exam-
ine arsenic adsorption with various adsorbents including
iron oxide, activated carbon, activated alumina, aluminium
hydroxide, clays, manganese green sand, rare earth oxide
and fly ash [7-10]. Iron oxides such as hematite (Fe,O,),
magnetite (Fe,0,), goethite (FeOOH) and granular ferric
hydroxide (GFH), available in various mineralogical forms,
have been found to be effective for arsenic removal owing
to their low cost and tremendous adsorption affinity and
the low leaching of adsorbed arsenic from exhausted adsor-
bent [11].

The specific surface area is an important parameter for
arsenic removal [12]. Nevertheless, low surface area of iron
oxides can restrict their loading capacity. Therefore, synthesis
of iron oxides with high surface area can increase the load-
ing capacity for practical application [7]. Magnetite is a very
important functional material in different research areas and
can effectively adsorb As(V) from water [12]. Commonly, the
iron oxides with amorphous structure own a greater removal
efficiency for toxic anions in comparison to those with crys-
talline structure. Goethite (0-FeOOH), hydrous ferric oxide
(HFO) and granular ferric hydroxide are the effective adsor-
bents for arsenic removal from water [7,13].

Recently, nanomaterials have attracted a significant
environmental attention owing to their distinctive prop-
erties, such as small size, small diffusion resistance, large
surface area, large number of active sites, high reactivity,
and catalytic potential facilitate more active and rapid arse-
nic removal than other available adsorbents [11]. However,
the separation of fine nanomaterials powders of iron oxides
from solution after water treatment is difficult to perform
and very expensive. Furthermore, for the nanoparticles
with size < 15 nm, the magnetic separation might become
ineffective and the residual particles might result in some
toxicological problems in the effluent. Moreover, their sta-
bility under various treatment conditions is also question-
able [5,7]. Hence, developing the optimal adsorbents that
can remove toxic heavy metals through fixed-bed column
adsorption is an aim of numerous researchers [13].

The hierarchical porous microstructures of bioorganic
plants range from the millimetre-scale (growth ring pattern
of wood) to the micrometre-scale (cellulose fibre structures)
[14]. Converting these microstructures into adsorbent mate-
rials can overtake these advantages and is an alternative
adsorbent producing process in comparison to the con-
ventional powder manufacturing techniques [14,15]. Great
efforts were made to use pre-processed plant materials in
preparing microcellular-designed ceramics, which showed
the hierarchical porous microstructures like the negative
duplication of the wood biotemplate [15]. The hierarchical
porous adsorbents are advantageous in applications need-
ing interconnected porosity, such as filters [16].
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In this work, the bamboo wood chips were used as
microstructural biotemplates for preparing the hierarchical
porous adsorbent of o-Fe,O,/Fe,O,/C (HPA-Fe/C-B) by
extracting with ammonia solution, impregnating with fer-
ric solution and calcining. The adsorption of arsenic(V) was
then investigated using the prepared adsorbent, which was
concerned with the study of influences of initial arsenic(V)
concentration, initial pH, adsorbent dose, adsorbent grain
size, contact time, and temperature. The characteristic
parameters of various adsorption isotherms and kinetic
equations were calculated.

2. Materials and methods
2.1. Adsorbent preparation and characterization
2.1.1. Preparation

Bamboo (Phyllostachys pubescens) wood was collected,
air-dried, and cut into rectangular chips of 30x10x3 mm?
size. Three steps, i.e., extracting with ammonia solution,
impregnating with ferric solution and calcining, were
adopted in the manufacturing process of the hierarchical
porous adsorbent of o-Fe,O,/Fe,O,/C (HPA-Fe/C-B) from
bamboo bio-template.

In order to effectively improve the cellular and pore con-
nectivity, the chips of bamboo wood (30x10x3 mm?®) were
boiled in 5% dilute ammonia solution for 6 h to remove the
bamboo extractive components including fats, fatty acid,
tropolones and gums, etc. The pre-treated biotemplates
of bamboo wood were then cleaned with pure water and
dried at 80°C for 24 h.

A 1.2 mol/L precursor solution was prepared by dis-
solving ferric nitrate ((Fe(NO,),-9H,O, analytically pure) in
an ethanol-water mixture solvent (1:1), and the pre-treated
bamboo biotemplates were then dipped in the ferric nitrate
precursor solution at 60°C in covered glass containers. To
keep the wood biotemplates always immersed in the pre-
cursor solution, it is needed to add some ferric nitrate solu-
tion in this process. The biotemplates were taken out after
soaking for 3 d, and then dried in an electric furnace at 80°C
for 1 d. The above soaking-drying process was repeated
three times.

Finally, the dried bamboo biotemplates were putted in
a stainless steel retort and carbonized in a muffle furnace
at the temperature of 600°C for 3 h. The biotemplates were
then cooled to room temperature so that the hierarchical
porous adsorbent of a-Fe,0,/Fe,O,/C (HPA-Fe/C-B) was
prepared.

2.1.2. Characterization

The chemical component of the hierarchical porous
adsorbent of a-Fe,O,/Fe,O,/C (HPA-Fe/C-B) was analysed
by Element Analyzer (EA240011, PerkinElmer). The specific
surface area of the HPA-Fe/C-B adsorbent was calculated
from N, adsorption/desorption isotherms determined at
-194°C (boiling point of N, at atmospheric pressure) using a
Quantachrome NOVAe1000. For the pH,,, . determination of
the HPA-Fe/C-B adsorbent, the pHs of the suspensions con-
taining 10 mg solid in 50 mL ultrapure water were adjusted
to1,2,3,4,5,6,7,8 and 9 using HNO, and NaOH solutions.
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The zeta potentials were then recorded by microelectropho-
resis using a zeta potential analyzer (Zetasizer Nano ZS90,
Malvern). The pH,,,. was determined by interpolating the
data to zero zeta potential. All prepared solids before and
after As(V) adsorption were characterized by powder X-ray
diffraction (XRD) with a diffractometer (X'Pert PRO, PAN-
alytical B.V.) using Cu Ko radiation (40 kV and 40 mA).
Phases of the prepared materials were identified by com-
paring their XRD patterns with the reference code 00-005-
0637 for hematite (ca-Fe,O,), the reference code 01-089-0688
for magnetite (Fe,O,) and the reference code 00-001-0646 for
carbon (graphite) from the ICDD standards. The morphol-
ogy was observed using scanning electron microscopy (Jeol
JSM-6380LV, Japan Electron Optics Ltd.). Meanwhile, the
chemical composition was also analysed by the means of
energy dispersive x-ray spectroscopy (EDS). Additionally,
the adsorbent was characterised over the range of 4000~400
cm™ using a FT-IR spectrophotometer (Nicolet Nexus 470,
Thermo Fisher Scientific Inc.) in a form of KBr pellets.

2.2. Adsorption experiments

Arsenic(V) solutions were prepared from sodium arse-
nate (Na,AsO,-12H,0, analytically pure), nitric acid (HNO,)
and ultrapure water. The batch adsorption experiments
were made in a series of 100 mL plastic centrifuge tubes
by agitating a certain amount of the pulverized or un-pul-
verized HPA-Fe/C-B adsorbent in 50 mL As(V) solutions
of certain concentration and pH with an isothermal shaker
(25°C) at the speed of 150 rpm for 72 h to approach chemi-
cal equilibrium between the adsorbent and the arsenic solu-
tion. All samples were centrifuged at 4000 rpm for 5 min
and filtered through 0.22 pm micropore membranes, and
then the residual arsenic concentrations were measured.

Various As(V) concentrations (5, 10 and 50 mg/L) were
used to investigate the influence of contact time on adsorp-
tion at 25°C. Influence of adsorbent particle size was exam-
ined with different adsorbent grain sizes [un-pulverized
chip (>3 mm), 20~40 mesh (0.841~0.4 mm), 40~60 mesh
(0.4~0.25 mm), 60~80 mesh (0.25~0.177 mm), 80~100 mesh
(0.177~0.149 mm), <100 mesh (<0.149 mm)] and 50 mL of
50 mg/L arsenic solutions at 25°C. As comparison, the car-
bonized bamboo (bamboo charcoal), the bamboo sawdust
and o-Fe,O, were also tested in the adsorption experi-
ment to investigate the influence of the hierarchical porous
structure on the adsorption capacity. Influence of pH was
examined by agitating the solutions of various pHs (1, 2,
3,4,5,6,7,8,9,10, 11 and 12) with 0.5 g/50 mL adsorbent
dose for 5, 10 and 50 mg/L As(V) concentrations at 25°C.
Nine initial As(V) concentrations (5, 10, 15, 20, 30, 40, 50,
75 and 100 mg/L) were used to investigate the influence of
initial concentrations on adsorption at the initial pH 3 and
the temperatures of 25, 35 and 45°C. Influence of adsorbent
dose was researched with various adsorbent amounts (0.1,
0.2,0.3,04,0.5,0.6,0.7,0.8,0.9 and 1.0 g) in 50 mL of 5, 10
and 50 mg/L As(V) solutions at the initial pH 3 and the tem-
perature of 25°C. Kinetic experiment was made by agitating
0.5 g of the HPA-Fe/C-B adsorbent in 50 mL of 5, 10 and 50
mg/L As(V) solutions at the initial pH 3 and the tempera-
tures of 25, 35 and 45°C in 100 mL centrifuge tubes with an
agitation speed of 200 rpm. The aqueous sampling was car-
ried out from different centrifuge tubes at the time intervals

of 5, 10, 15, 20, 30, 60, 120, 180, 240, 300, 360, 420, 480, 540,
720, 1080 and 1440 min. Adsorption isotherms were deter-
mined by agitating 0.5 g of the HPA-Fe/C-B adsorbent in
50 mL of As(V) solutions of different concentrations (5, 10,
15, 20, 30, 40, 50, 75 and 100 mg/L) at the initial pH 3 and
the constant temperatures of 25°C, 35°C and 45°C in 100 mL
centrifuge tubes at the speed of 200 rpm for 6 h to approach
chemical equilibrium between the adsorbent and the As(V)
solutions.

The residual aqueous As(V) concentrations were anal-
ysed using AAS (flame & graphite furnace atomic adsorp-
tion spectrophotometer, AA 700, Perkin-Elmer) under the
operating conditions after the instrument manual. The As(V)
removal rates (R) are calculated as follows: R (%) = (C - C)/
C,x 100, where C and C, are the initial and the equilibrium
As(V) concentrations, respectively. The adsorption amount
at the time ¢, g, (mg/g), is calculated according to: g,= (C,
- C)V/W, where C, (mg/L) is the aqueous As(V) concentra-
tion at the time t. V and W are the volume of the solution (L)
and the mass of the adsorbent used (g), respectively.

3. Results and discussion
3.1. Characterization of the adsorbent

The C, H, O, N and S contents of the hierarchical
porous adsorbent of o-Fe,0,/Fe,0,/C (HPA-Fe/C-B) pre-
pared with bamboo bio-template were measured to be
25.18~25.85%, 1.02~1.49%, 25.61~26.08%, 0.85~0.99% and
0.18~0.24%, respectively. The total Fe content of the HPA-
Fe/C-B adsorbent was determined to be 45.51~47.02%.

The specific surface area of the HPA-Fe/C-B adsorbent
was estimated to be 198.1 m?/g through the Brunauer-Em-
mett-Teller (BET) method using N, adsorption isotherm at 77
K. The HPA-Fe/C-B adsorbent demonstrated a type IV N,
adsorption isotherm, according to Brunauer-Deming-Dem-
ing-Teller (BDDT) classification. Two capillary condensation
steps indicated bimodal pore-size distributions in the mes-
oporous and microporous regions [17]. The magnitude of
the specific surface area of the un-pulverized HPA-Fe/C-B
adsorbent is comparable to the BET surface areas of synthetic
and natural iron oxides [10,18-20]. The pH,,. values of the
HPA-Fe/C-B adsorbent, Fe,O,, o-Fe,O, and the bamboo
charcoal were 3.1, 5.7, 5.2 and 2.3, respectively.

The XRD characterization of the HPA-Fe /C-B adsorbent
before and after As(V) adsorption indicated that the HPA-
Fe/C-B adsorbent consisted of hematite (o-Fe,O,), magne-
tite (Fe,0,) and carbon (Fig. 1). The recorded XRD patterns
agreed well with the hematite and magnetite references in
both peak position and relative intensity. The recorded dif-
fraction peaks at 26 = 24.11°, 33.13°, 35.61°, 40.85°, 49.44°,
54.04°, 57.50°, 62.42° and 63.98° corresponded to the (012),
(104), (110), (113), (024), (116), (122), (214) and (300) reflec-
tion peaks of the standard reference code 00-005-0637 for
hematite (o-Fe,O,) [21,22]. The diffraction peaks at 26=
30.22°, 35.61°, 43.34°, 57.50° and 62.42° were identified as
the (220), (311), (440), (511) and (440) reflection peaks of the
standard reference code 01-089-0688 for magnetite (Fe,O,)
[21,23]. The diffraction peaks at 42.81° and 44.62° were in
agreement with the reference code 00-001-0646 for carbon
(graphite). A quantitative analysis of the XRD profile using
the Rietveld method indicated that the iron oxides of the
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Fig. 1. XRD patterns of the HPA-Fe/C-B adsorbent prepared
with bamboo bio-template (A) before and (B) after the As(V)
adsorption.

HPA-Fe/C-B adsorbent consisted of 59.78 wt-% of magne-
tite and 40.22 wt-% of hematite. As showed in Fig. 1, the
composition and properties of the HPA-Fe/C-B adsorbent
before and after As(V) adsorption were indistinguishable.

The FT-IR spectra of the HPA-Fe /C-B material are shown
in Fig. 2. Infrared analysis of the HPA-Fe/C-B adsorbent
showed OH stretching at 3423.09 cm™, hydroxyl bending
and Yy (OH) water bending vibration or overtones of hydroxyl
bending around 1613.62 cm™. The Fe-O vibration band was
seen at 469.47 cm™. The band at around 1380.70 cm™ was
attributed to an Fe-O stretching vibration. Moreover, the
Fe—OH bending vibration was observed at around 1022.10
cm™. In the FT-IR spectra of the HPA-Fe/C-B adsorbent after
adsorption of As(V), the peaks of AsO? for the As-O stretch-
ing appeared around 829.06~890.35 cm™ (Fig. 2).

The HPA-Fe/C-B adsorbent retained the hierarchical
porous microstructure of bamboo with three kinds of pores:
(1) macropores (widths 50~75 pm) originating from vessels;
(2) mesopores (widths 10~30 um) originating from paren-
chyma cells and mesopores (widths 1~15 pm) originating
from fibres; and (3) micropores (widths 0.0017~0.2891 pm)
formed on the walls of the vessels and parenchyma cells
giving pits (Fig. 3). The SEM observation also showed that
the extracting pre-treatment could remove the bamboo
extractive components including tylosises, fats, fatty acid,
tropolones and gums and obviously increase the connectivity
among different pores (Fig. 3). Quantitative SEM-EDS anal-
ysis indicated that the As(V) adsorbed on the HPA-Fe/C-B
adsorbent was up to 4.27% (w:w) (Fig. 4). The EDS spectra
were recorded on the adsorbents treated with a higher As(V)
concentration (100 mg/L) other than that in the batch equi-
librium and kinetic experiments. The characteristic arsenate
peaks at 1.42 keV in the EDS spectrum confirmed the binding
of arsenate onto the HPA-Fe/C-B surface.

HPA-Fe/C-B adsorbent
=: After adsorption of As(V)
g
@
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1000 900 800 700 600 500 400
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Fig. 2. FT-IR analysis result of the HPA-Fe/C-B adsorbent pre-
pared with bamboo bio-template (A) before and (B) after the
As(V) adsorption.

3.2. Influences of adsorption conditions

Adsorption equilibrium can be dominated by many
adsorption factors, e.g., the properties of solute and adsor-
bent as well as the solution pH. In this work, the influences
of the contact time, the initial As(V) concentration, tem-
perature, solution pH, adsorbent mass and particle size on
adsorption kinetics were to be examined.

3.2.1. Influence of contact time

The residual aqueous As(V) concentrations decreased
quickly with the contact time, which indicated a strong inter-
action between the As(V) ions and the adsorbent (Fig. 5). The
amount of As(V) adsorbed (mg/g) increased with time until
it slowly reached equilibrium owing to a constant decreasing
in the driving force (q,— q,). The amount of As(V) adsorbed
and the residual As(V) concentrations in solutions were
nearly steady after adsorption for 20, 360 and 720 min at ini-
tial pH 3 and 25°C with the initial As(V) concentrations of 5,
10 and 50 mg/L, respectively. This pseudo-equilibrium time
of 20~720 min was shorter than 24 h for the As(V) adsorption
on natural hematite (0.25~0.50 mm) [24].

For the adsorption with the initial As(V) concentration
of 5 mg/L at pH 3 and 25°C, most of As(V) was adsorbed
in the early 20 min at a mean adsorption rate of 0.0248 mg/
(g-min) (99.25% of total amount of As(V) adsorbed). Similar
trends were also found for the adsorption with the initial
As(V) concentrations of 10 and 50 mg /L in the early 180 and
720 min, respectively. The reaction time play a significant
role in adsorption. For the physical adsorption, most of the
sorbate species can be adsorbed in a short time. Conversely,
the strong chemical binding between sorbate and adsorbent
needs a longer reaction time to attain equilibrium. Previous
adsorption researches also indicated that the uptake of sor-
bate species was faster at the initial stage of adsorption, and
then it became slower near equilibrium. Large numbers of
vacant sites available on the adsorbent surface may result in
the initial rapid uptake of adsorbate species [25].
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Fig. 3. SEM result of the HPA-Fe/C-B adsorbent prepared with bamboo bio-template and the bamboo charcoal without extracting

pre-treatment.

3.2.2. Influence of initial concentration and temperature

The kinetic dependencies on initial concentration and
temperature were also examined by varying initial As(V)
concentrations (5~100 mg/L) and temperatures (25, 35 and
45°C), while the other adsorption conditions were kept con-
stant (initial pH 3, adsorbent dose 0.5 g/50 mL). The amount
of As(V) adsorbed (q,) and the removal rate versus the initial
concentrations are illustrated in Fig. 6. The overall trends for
the adsorption at different temperatures were similar. With
the increasing initial As(V) concentrations from 5 mg/L to
100 mg/L, the amount of As(V) adsorbed increased from 0.50
mg/g to 4.55 mg/g at 25°C, from 0.50 mg/g to 5.33 mg/g at

35°C, and from 0.50 mg/g to 4.89 mg/g at 45°C. Correspond-
ingly, the adsorption removal rates decreased constantly
from 99.97% to 45.58% at 25°C, from 99.98% to 53.30% at
35°C, and from 100.00% to 48.94% at 45°C.

3.2.3. Influence of initial solution pH

Not only the surface charge of the adsorbent, but
also the solution As(V) chemistry could be significantly
influenced by the solution pH (Fig. 7). Because the spe-
cific adsorption mechanism was dominant, increasing pH
results in the decreasing in the surface FeOH,* groups [8].
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Fig. 4. SEM-EDS analysis result of the HPA-Fe/C-B adsorbent
prepared with bamboo bio-template (A) before and (B) after the
As(V) adsorption.
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Fig. 5. Influence of contact time on the As(V) adsorption onto
the HPA-Fe/C-B adsorbent (initial pH 3; adsorbent dose 0.5
g/50 mL; 25°C).

As(V) existed as arsenate anions in aqueous solution. The
adsorption of the negative charged arsenate anion groups
onto the adsorbent surface was mainly affected by the
surface charge of the adsorbent, which was dominated
by solution pH [26]. Low initial pH benefited the As(V)
adsorption onto the HPA-Fe/C-B adsorbent. For the initial
As(V) concentrations of 5 and 10 mg/L with pH 3, most
of the arsenate anions could be adsorbed from aqueous
solution, and the removal rates reached 99.95%~99.98%
and decreased to 72.41%~88.06% with the pH increasing
from 3 to 10. For the initial As(V) concentrations of 50
mg/L, the adsorption capacity decreased from 3.28 mg/g
to 2.13 mg/g and the removal rate decreased from 65.66%
to 42.60% with the pH increasing from 3 to 10.
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Fig. 6. Influence of initial concentration and temperature on
the As(V) adsorption onto the HPA-Fe/C-B adsorbent (initial
pH 3; adsorbent dose 0.5 g/50 mL; adsorbent grain size <100
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4 “\v\v—\ 100

—~

20 3 1 80

& Q
X

g £
[}

o

153 160 =

2 =
<

2 2 z

'g ¢ As(V)adsorbed at Smg/L 4 40 E

—_ ®  As(V)adsorbed at 10mg/L < Removal rate at 5mg/L [5)

> A As(V)adsorbed at 50mg/L O Removal rate at 10mg/L ~

= 1 A Removal rate at 50mg/L

< W 120

T —————
0 1 1 L L L 0
0 2 4 6 8 10 12

Initial pH

Fig. 7. Influence of initial pH on the As(V) adsorption onto the
HPA-Fe/C-B adsorbent (initial concentration 5, 10 and 50 mg/L,
adsorbent dose 0.5 g/50 mL; adsorbent grain size < 100 mesh;
25°C).

3.2.4. Influence of adsorbent dose

The total As(V) amount adsorbed increased with the
increasing adsorbent dose of HPA-Fe/C-B (Fig. 8), which
was considered to be related to increased adsorbent sur-
face area and availability of more adsorption sites. On the
other hand, the unit adsorption capacity decreased with
the increasing adsorbent dose, which was related to the
possible aggregation or overlapping of adsorbent surface
area accessible to arsenate ions and the increasing of diffu-
sion path length. For the initial As(V) concentrations of 5,
10 and 50 mg/L, the amounts of As(V) adsorbed decreased
from 2.19 mg/g to 0.25 mg/g, 4.62 mg/g to 0.50 mg/g
and 8.31 mg/g to 2.09 mg/g with the increasing adsor-
bent mass from 0.1 to 1.0 g in 50 mL solution, respectively.
The corresponding removal rates for As(V) increased
constantly from 89.92% to 99.99%, 92.94% to 99.99% and
33.27% to 83.52%.
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Fig. 8. Influence of adsorbent dose on the As(V) adsorption onto
the HPA-Fe/C-B adsorbent (initial pH 3; initial concentration 5,
10 and 50 mg/L; adsorbent dose 0.5 g/50 mL; adsorbent grain
size <100 mesh; 25°C).

3.2.5. Influence of adsorbent grain size

The adsorption capacities were determined for the
adsorption at different initial As(V) concentrations (5, 10
and 50 mg/L) at 25°C, while other adsorption condition
was kept constant. The dependency of the amount of As(V)
adsorbed (q) and the removal rate on the initial As(V)
concentration is plotted in Fig. 9. The amounts of As(V)
adsorbed on the un-pulverized HPA-Fe/C-B adsorbent (>3
mm) were 0.45, 0.86 and 3.02 mg/ g for the adsorption at the
initial As(V) concentrations of 5, 10 and 50 mg/L, respec-
tively, and the corresponding removal rates were 90.75%,
86.66% and 61.24%. This means that the un-pulverized
HPA-Fe/C-B adsorbent possessed a greater adsorption
capacity and a greater adsorption removal rate than the
bamboo charcoal and the bamboo sawdust at various initial
As(V) concentrations. At the initial As(V) concentrations
of 5, 10 mg/L 50 mg/L, the un-pulverized HPA-Fe/C-B
adsorbent had a higher adsorption capacity and a higher
removal efficiency than the Fe,O, powder.

Fig. 9 also indicates that the As(V) adsorption capaci-
ties and removal rates were dependent on the particle sizes
of the pulverized HPA-Fe/C-B adsorbents and the initial
As(V) concentrations. The adsorption capacities increased
and the adsorption rates decreased with the increasing ini-
tial As(V) concentrations for all pulverized HPA-Fe/C-B
adsorbents. But for the adsorption at low initial As(V) con-
centrations, the influences of the initial As(V) concentrations
and the particle sizes of the pulverized HPA-Fe/C-B adsor-
bents on the adsorption removal rates were insignificant.
For the adsorption of As(V) on the pulverized HPA-Fe/C-B
adsorbents at the initial As(V) concentrations of 5, 10 and
50 mg/L, the minimum adsorption capacity and removal
efficiency of arsenic were observed for the pulverized HPA-
Fe/C-B sample of 60~40 mesh (0.25~0.4 mm) to be 0.23~1.41
mg/g and 28.30%~46.54%, respectively. The highest As(V)
adsorption capacity and removal rate were determined for
the pulverized HPA-Fe/C-B adsorbent of <0.149 mm (<100
mesh) to be 0.50~3.16 mg/g and 63.21~99.91%, respectively.
Comparatively, the un-pulverized HPA-Fe/C-B adsor-
bent (chip, >3 mm) also had a high adsorption capacity
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Fig. 9. Adsorption of As(V) by the HPA-Fe/C-B adsorbent (differ-
ent grain sizes), the bamboo charcoal, the charcoal from bamboo

saw dust and the Fe,O, powder (initial pH = 3; initial concentra-
tion 5, 10 and 50 mg/L; adsorbent dose 0.5 g/50 mL; 25°C).

(0.45~3.02 mg/g) and removal rate (61.24%~90.75%) for the
adsorption at the initial As(V) concentration of 5~50 mg/L,
owing to the hierarchical porous microstructure of the HPA-
Fe/C-B adsorbent prepared with bamboo bio-template.

3.3. Comparison of max adsorption capacity of As(V) by
iron oxides adsorbents

Table 1 presents a comparison of the HPA-Fe/C-B
adsorbent with some iron oxides and iron-oxide-coated
adsorbents for the arsenate adsorption removal from water
in literatures [10,12,27-34].

The adsorption capacity of As(V) of the un-pulverized
HPA-Fe/C-B adsorbent (chip, >3 mm) was higher than
those of natural and synthetic iron oxide based adsorbents.
The As(V) adsorption onto natural hematite, magnetite and
goethite was examined comprehensively [29]. The As(V)
adsorption capacities were determined to be 0.10 mg/g for
natural hematite (particle size 0.25 mm, specific surface area
0.38 m*/g), 0.12 mg/g for natural magnetite (particle size
0.10 mm, specific surface area 0.89 m*/g) and 0.20 mg/g for
natural goethite (particle size 0.25 mm, specific surface area
2.01 m?/g) [29]. Additionally, the maximum As(V) adsorp-
tion capacities were measured to be 0.85,0.41 and 1.22 mg/g
for three commercial mineral adsorbents, i.e.,, magnetite
(specific surface area 1.6 m?/g), hematite (particle size 0.05
mm, specific surface area 1.66 m?/g) and goethite (particle
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Table 1
Comparison of adsorption capacity of the HPA-Fe/C-B adsorbent with some iron oxides for As(V) removal
Adsorbent pH Concentr. Surface Grainsize T (°C) Capacity Ref.
(mg/L) area (m?/g) (mm) (mg/g)
HPA-Fe/C-B 3 5 198.1 >3 25 045 This study
HPA-Fe/C-B 3 10 198.1 >3 25 0.86 This study
HPA-Fe/C-B 3 50 198.1 >3 25 3.02 This study
HPA-Fe/C-B 3 5-100 - <0.149 25 4.50 This study
HPA-Fe/C-B 3 5-100 - <0.149 35 5.23 This study
HPA-Fe/C-B 3 5-100 - <0.149 45 490 This study
o-Fe O, 3 5 - <0.25 25 0.33 This study
o-Fe O, 3 10 - <0.25 25 0.54 This study
o-Fe,O, 3 50 - <0.25 25 1.63 This study
Magnetite 6.5 0.075-75 0.89 0.1 room 0.12 [29]
Magnetite 6 0.075-15 1.6 - room 0.85 [31]
Magnetite 4 0.5 - 28 nm - 1.58 [30]
Magnetite 6 0.3-100 - 17 nm - 4.78 [33]
Magnetite 48-61 0-33.71 37 300 nm room 0.75-1.08 [10]
Magnetite 4.8-8 0-33.71 60 20 nm room 5.95-11.41 [10]
Magnetite 98%, minor Hematite 5 5 6.58 - - 0.05 [32]
Hematite 7.3 0.075-75 0.38 0.25 room 0.10 [29]
Hematite 0.075-15 1.66 0.05 room 0.41 [31]
Hematite 0.3-100 - 12 nm - 490 [33]
Hematite 96%-98%, minor Quartz 5 5 3.77 - - 0.21 [32]
Hematite 80.8% 4.2 10 144 0.200 30 0.20 [27]
Goethite 7.5 0.075-75 2.01 0.25 room 0.20 [29]
Goethite 0.075-15 1161 0.01 room 1.218 [31]
Goethite 99% 5 12.1 - - 0.05 [32]
Iron oxide pillared clays 0.2-2 275 - 28 0.026 [7]
Iron-impregnated biochar 5.8 0.1-55 16 - 20 2.16 [35]
Fe-hydrotalcite supported 9 0.1~2 - 50 nm - 1.28 [36]
magnetite nanoparticle
ACs modified with Fe hydro(oxide) 6-8 0.025-1.5 1045 3-36 nm - 0.37-1.25 [37]

nanoparticles

size 1.22 mm, specific surface area 11.61 m?/g), respectively
[31]. The Langmuir isotherm model fitted well the arsenate
adsorption data for all adsorbents, indicating a monolayer
adsorption of arsenate onto the iron oxide adsorbents [31].
The As(V) adsorption capacities of the un-pulverized HPA-
Fe/C-B adsorbent at the initial As(V) concentrations of 5,
10 and 50 mg/L were 0.32, 0.63 and 1.58 times 1.575 mg/g,
respectively, which was reported to be the As(V) adsorption
capacity for the synthetic magnetite nano-adsorbent (parti-
cle size of 28 nm) [30].

These natural iron oxide minerals showed similar
adsorption capacities for arsenate to synthetic iron oxide
based adsorbents. The difference in the adsorption capac-
ities of natural and synthetic magnetite adsorbents might
result from the difference in their specific surface areas. The
BET surface areas of the 300 and 20 nm magnetites were 3.7

m?/g and 60 m?/g, respectively [10]. The As(V) adsorption
capacity of the commercially obtainable 20-nm magnetite
(5.95~11.41 mg/g) was nearly 8~10 times that of the commer-
cially obtainable 300-nm magnetite (0.75~1.08 mg/g) [10].

The smaller sizes of magnetite (Fe,O,) nano-adsorbents
were favourable for the diffusion of arsenate anions from
water to the active sites on the adsorbents. Nevertheless,
nano-materials tend to aggregate in water, which might
limit their adsorption effectiveness. In general, in order to
enhance mobility and reactivity, nano-materials should be
stable in water to avoid aggregation and sedimentation,
which may limit the large-scale application [34]. Although
the removal rate was the highest with the smallest particle
size, it is not suitable for column application, due to poten-
tial clogging and serious hydraulic obstruction when waste
streams flow through columns [24].
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Additionally, the un-pulverized HPA-Fe/C-B adsor-
bent exhibited also a higher arsenate adsorption capacity
than iron-oxide-coated adsorbents in the literatures, such as
iron oxide pillared clays [7], iron-impregnated biochar [35],
Fe-hydrotalcite supported magnetite nanoparticle [36] and
activated carbons modified with iron hydro (oxide) nanopar-
ticles [37]. A decreasing of the specific surface areas from 256
m?/g for biochar to 16.0 m?/g for Fe-impregnated biochar
suggested that Fe-impregnation could clog pore-openings or
fill pores on biochar surfaces [35]. The soaking-drying pro-
cess of the present work has overcome this disadvantage.

3.4. Adsorption kinetics

3.4.1. Pseudo-first-order kinetic model

The pseudo-first-order kinetic model is expressed by
the following equation [38]:

1)

where g, is the equilibrium adsorption capacity (mg/g), g,
the amount of As(V) adsorbed (mg/g) at time ¢ (min), and k,
the rate constant of the pseudo-first-order kinetics (min™).

In(q,-q,) = Ing,— k;t
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Plotting of In(q,— q,) versus t yields a straight line with
intercept Ing, and slope -k, (Fig. 10). The k, and g, values
for the As(V) adsorption onto the HPA-Fe/C-B adsorbent
are listed in Table 2. As showed in Table 2, the correla-
tion coefficients (R?) were 0.5798, 0.8285 and 0.9243 for
the adsorption at the initial As(V) concentrations of 5,
10 and 50 mg/L, respectively. This means that the pseu-
do-first-order kinetic model did not fit well to the exper-
imental data.

3.4.2. Pseudo-second order kinetic model

The pseudo-second-order kinetic model is described as
following [39]:
t 1 t

q k4 g

)
where k, is the pseudo-second-order constant (g/(mg-min)).

The initial adsorption rate () (mg/(g min)) can be calcu-
lated using the following equation:

h=kg? 3
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Fig. 10. Kinetics for the As(V) adsorption onto the HPA-Fe/C-B adsorbent (initial pH 3; adsorbent dose 0.5 g/50 mL; adsorbent grain

size <100 mesh; 25°C).
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Table 2
Kinetic and isotherm parameters for the As(V) adsorption onto the HPA-Fe/C-B adsorbent
Pseudo-first-order constants
Initial As(V) concentration (mg/L) k, (1/min) q,(mg/g) R?
5 0.0072 0.0036 0.5798
10 0.0049 0.0245 0.8285
50 0.0067 0.3852 0.9243
Pseudo-second-order constants
Initial As(V) concentration (mg/L) k, (g/(mg-min)) h (g/(mg-min)) q,(mg/g) R?
5 8.3819 2.0938 0.4998 1.0000
10 0.9086 0.9079 0.9996 1.0000
50 0.0093 0.1188 3.5714 0.9989
Elovich constants
Initial As(V) concentration (mg/L) a,(mg/g-min) b,(g/mg) R?
5 4.60E+62 312.50 0.6453
10 3.65E+19 55.25 0.5674
50 1.51E+00 2.28 0.9798
Intra-particle diffusion constants (Fitting data with single straight line)
Initial As(V) concentration (mg/L) K, (mg/(g-min'?)) R?
5 0.0004 0.3796
10 0.0022 0.3304
50 0.0649 0.8134
Langmuir constants
Temperature (°C) q,(mg/g) K, (L/mg) R, R?
25 4.50 0.2856 0.0338-0.4119 0.9675
35 5.23 0.3091 0.0313-0.3928 0.9660
45 490 0.3103 0.0312-0.3920 0.9728
Freundlich constants
Temperature (°C) K, (mg"/"LV"g™) 1/n R?
25 1.7771 0.1949 0.9615
35 1.9203 0.2153 0.9682
45 2.0101 0.1711 0.9456

The pseudo-second-order constants (k,) and the equilib-
rium adsorption capacity (q,) can be determined from the
intercept and slope of a straight line of plotting t/g, versus t
(Fig. 10).

The correlation coefficients (R?= 0.9989~1.0000) were
closer to unity; therefore, the As(V) adsorption onto the
the HPA-Fe/C-B adsorbent could very well be fitted by the
pseudo-second-order kinetic model, suggesting that the
rate-limiting step is chemi-adsorption. The k, and & values
were 0.0093~8.3819 g/(mg-min) and 0.1188~2.0938 mg/
(g'min), respectively (Table 2). The calculated equilibrium
adsorption capacity (q,) was equal to the actual value.

3.4.3. Elovich adsorption model

The linear form of the Elovich adsorption equation is
expressed as follows [40]:

Inab, 1
q, =%+b—lnt 4)

e e

where a, and b, are the initial adsorption rate (mg/g min)
and the constant about surface coverage and activation
energy (g/mg), respectively.

Plotting of g, versus Int is illustrated in Fig. 10. The a,
and b, parameters for the adsorption at various initial As(V)
concentrations are calculated and listed in Table 2. The cor-
relation coefficients (R?= 0.6453~0.9798) indicated that the
As(V) adsorption on the HPA-Fe/C-B adsorbent did not
well follow the Elovich adsorption kinetics.

3.4.4. Intra-particle diffusion kinetic model

The equation to describe The intra-particle diffusion
kinetic model is given as [41]:

q,= K %4+C (5)

where K, is the rate constant of the intra-particle diffusion

kinetic model (mg/(g min'/?)). The constant C is positively
correlated with the boundary layer thickness of adsorption.
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In Fig. 10 plot of g, vs. t'/? is presented for As(V) adsorp-
tion of the HPA-Fe/C-B adsorbent. The linear plots indicated
the great pore diffusion and the instantaneous utilization of
the available adsorbing sites on the HPA-Fe/C-B surface.
The K, values calculated from the straight line slopes were
0.0004~0.0649 g/(mg-min'/?). As showed in Table 2, the cor-
relation coefficients (R*) for As(V) adsorption on the HPA-
Fe/C-B adsorbent varied within 0.3304~0.8134. The low R®
values did not indicate that the intra-particle diffusion was not
the adsorption rate-controlling step [42]. In fact, the plot of g,
versus /2 for the intra-particle transport showed a multi-lin-
earity (Fig. 10). The adsorption of arsenate on the HPA-Fe/C-B
adsorbent surface may proceed in three steps: (1) migration
of arsenate to the surface due to diffusion potential and mass
transfer across the external boundary layer of solution sur-
rounding the particles, (2) dissociation (or deprotonation) of
complexed aqueous arsenate, and (3) surface complexation
[11,43]. Generally, the rate-controlling mechanism can be one
or any combination of these three steps [25,26].

3.5. Adsorption isotherm
3.5.1. Langmuir isotherm

Langmuir isotherm is expressed by the following
equation:

C/q,=1/@,K)+C/q, (6)

where K, is the Langmuir adsorption constant (L/mg), C,
is the equilibrium As(V) concentration (mg/L) and g, the
adsorption capacity (mg/g).

Linear plot of C,/g, vs. C, indicated that the As(V)
adsorption on the HPA-Fe/C-B adsorbent followed the
Langmuir isotherm (Fig. 11). The g, and K, constants were
calculated from the regression line slopes and intercepts
and are listed in Table 2.

The nature of the Langmuir isotherm can be described
using the equilibrium constant or separation factor (R,):

R =1/1+KC) @)

where C_ is the initial As(V) concentration (mg/L).

The Langmuir isotherm is valid to homogeneous
adsorption, where each adsorbate molecule is adsorbed
onto the adsorbent surface with the same adsorption acti-
vation energy. The fitting result showed that the Langmuir
isotherm yielded a good fit for the As(V) adsorption onto
the HPA-Fe/C-B adsorbent, with the correlation coeffi-
cients (R?) of 0.9675, 0.9660 and 0.9728 for the adsorption at
25°C, 35°C and 45°C, respectively (Fig. 11 and Table 2). The
high R? values indicated the homogeneous character of the
adsorbent surface. R, values show the isotherm types to be
irreversible (R, < 0), linear (R, = 1), favourable (0 < R, < 1) or
unfavourable (R, > 1) [26]. The R, values of 0.2856~0.3103
confirmed the favourable adsorption uptake of As(V).

3.5.2. Freundlich isotherm

The Freundlich isotherm as an empirical model is usable
for multi-layer non-ideal adsorption that relates to hetero-
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Fig. 11. Isotherm for the As(V) adsorption onto the HPA-Fe/C-B
adsorbent (initial pH = 3; adsorbent dose 0.5 g/50 mL; adsor-
bent grain size <100 mesh)

geneous surface energy [24]. The Freundlich isotherm is
expressed as:

Ing, = InK, +1/n InC_ 8)

where K, and 1/n are the Freundlich adsorption constant
K, (mg'-'/"L""g™) and the adsorption intensity, respectively.

The K, and 1/n values were determined from the
straight-line intercepts and slope of the plots (Fig. 11,
Table 2). The Freundlich isotherm showed a good fit with
the correlation coefficients (R?) of 0.9615, 0.9682 and 0.9456
for the adsorption at 25°C, 35°C and 45°C, respectively. The
1/n values of 0.1711~0.2153, which were within 0~1, indi-
cated a chemical adsorption [26].

3.6. Arsenate adsorption mechanisms

The arsenate adsorption is strongly dependent on the
point of zero charge of adsorbents, at which the net charge
of the adsorbent surface is neutral and the solution pH is
defined as pH, .. When the pH,_,_ value is higher than the

PzC* PZC
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solution pH, the acidic solution can provide more H* ions
than the adsorbent particle surface. As a result, the particle
surface is positively charged, and it tends to attract anions
and repel cations. On the contrary, when the pH,,. value
is lower than the solution pH, the particle surface is neg-
atively charged, and it tends to attract cations and repel
anions [44]. The change of the adsorption efficiency with
the solution pH is related to the affinity of the HPA-Fe/C-B
adsorbent with the arsenate species present. The pH,,,. val-
ues of the HPA-Fe/C-B adsorbent, Fe,O,, a-Fe,O, and the
bamboo charcoal were 3.1, 5.7, 5.2 and 2.3, respectively. In
the acidic aqueous solution, the iron oxides surface is pos-
itively charged. The magnetite nanoparticle had a pH,,.
of 5.9 [45]. The magnetite particles showed a negative sur-
face charge at pH 6.8~9.5, a point of zero charge at pH 6.8,
and a positive surface charge at pH <6.8 [10]. The pH,,.
values were determined to be 6.7 for hematite and 6.5 for
magnetite [46]. In the present work, the pH,_, . of the HPA-
Fe/C-B adsorbent (3.1) was lower than that of magnetite
and hematite. Above these pH,,,, iron oxides exist in mono-
meric anionic forms, and thus show no affinity for arse-
nate anions. The HPA-Fe/C-B adsorbent can adsorb either
positively or negatively charged ions through electrostatic
attraction depending on solution pHs.

The amount of the positively charged sites on the adsor-
bent particle surface together with arsenate speciation deter-
mined the pH reliance of arsenate adsorption by magnetite
and hematite. In the aqueous solution of pH 1~10, As(V)
occurs mainly as H;AsO,, H,AsO; and HAsOZ, which can
be strongly adsorbed onto the positively charged surface
sites of iron oxides when the solution pH is lower than their
pH,,. (Fig. 12). Magnetite releases Fe** and various hydroly-
sis species (Fe(OH);, Fe(OH),’ and FeOH*) will form depend-
ing on the solution pH [28,47]. When pH < 5.6 (pK ,), main
functional groups on the solid surface are Fe** or FeOH*, i.e.,
magnetite can attract negatively charged species. When pH >
5.6, the main functional hydroxyl groups on the solid surface
are Fe(OH); and Fe(OH),’, the negatively charged adsorbent
surface repelled negatively charged species [28,47].

The As(V) adsorption onto magnetite and hematite
may involve three kinds of chemical reactions [47,48], i.e.,
forming of the mono-dentate inner sphere complexes on
iron oxides through replacing of the singly coordinated sur-
face hydroxyl groups by the arsenate species HAsOZ (9);
protonation of the arsenate species adsorbed (10,11), and
deprotonation and protonation of the singly coordinated
surface hydroxyl (12,13). In the present work, the protona-
tion reactions (10), (11) and (12) occurred when pH < 5.5~6.5
and the H* consumption caused a pH increase. When pH
> 5.5~6.5, the deprotonation reaction (15) occurred and the
solution pH decreased (Fig. 12).

=Fe-OH + HAsO? = =Fe-AsO? + H,0 ©)
=Fe-AsO?> + H* = =Fe-AsO,H- (10)
=Fe-AsO,H~ + H* = =Fe-AsO,H, )
=Fe-OH + H* = =Fe-OH,’ (12)
=Fe-OH ==Fe-O" + H* (13)
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Fig. 12. Variation of the solution pH during the As(V) adsorp-
tion onto the HPA-Fe/C-B adsorbent.

4. Conclusions

The HPA-Fe/C-B adsorbent retained the hierarchi-
cal porous microstructure of bamboo bio-template with
three kinds of pores (widths 50~75 pm, 1~30 pm and
0.0017~0.2891 pm) originating from vessels, fibres or
parenchyma cells and pits on the walls of the vessels and
parenchyma cells, respectively. The BET surface area of the
HPA-Fe/C-B adsorbent was 198.1 m?/g.

The HPA-Fe/C-B adsorbent could effectively remove
arsenate oxyanions from water. The As(V) adsorption onto
the pulverized HPA-Fe/C-B adsorbent (<0.149 mm) at 25°C
and pH 3 attained equilibrium after 20, 360 and 720 min for
the initial As(V) concentrations of 5, 10 and 50 mg/L, respec-
tively. For the adsorption onto the pulverized HPA-Fe/C-B
adsorbent (<0.149 mm), with the increasing initial As(V)
concentration from 5 to 100 mg/L, the amounts of As(V)
adsorbed increased from 0.50 mg/g to 4.55 mg/g at 25°C,
0.50 mg/g to 533 mg/g at 35°C and 0.50 mg/g to 4.89 mg/g
at 45°C. The removal percentages decreased from 99.97%
to 45.58% at 25°C, 99.98% to 53.30% at 35°C and 100.00% to
48.94% at 45°C. For the adsorption onto the un-pulverized
HPA-Fe/C-B adsorbent (>0.841 mm) with the initial As(V)
concentrations of 5, 10 and 50 mg/L, the adsorption capaci-
ties were 0.45, 0.86 and 3.02 mg/g, the removal percentages
were 90.75%, 86.66% and 61.24%, respectively.
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The pseudo-second-order kinetic model fitted the
experimental data very well with regression coefficients
(R?) >0.9989. The adsorption followed both Langmuir
and Freundlich isotherms. The q_values calculated from
the models were also in consistent with the experimental
data.
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