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Conversion of agricultural residues into activated carbons for 
water purification: Application to arsenate removal
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2LUNAM Université, Ecole des Mines de Nantes, CNRS, GEPEA, Nantes, France

The conversion of two agricultural wastes, sugar beet pulp and peanut hulls, into sustainable activated carbons is presented and their
potential application for the treatment of arsenate solution is investigated. A direct and physical activation is selected as well as a simple
chemical treatment of the adsorbents. The material properties, such as BET surface areas, porous volumes, elemental analysis, ash
contents and pHPZC, of these alternative carbonaceous porous materials are determined and compared with a commercial granular
activated carbon. An adsorption study based on experimental kinetic and equilibrium data is conducted in a batch reactor and
completed by the use of different models (intraparticle diffusion, pseudo–second-order, Langmuir and Freundlich) and by isotherms
carried out in natural waters. It is thus demonstrated that sugar beet pulp and peanut hulls are good precursors to obtain activated
carbons for arsenate removal.

Keywords: Activated carbon, adsorption, arsenate, iron impregnation, residue valorization, water treatment.

Introduction

Activated carbon (AC) is currently one of the most used
adsorbents for water and air purification on an industrial
scale. The production process is commonly divided in 2
steps: pyrolysis of the precursor (coal, coconut, wood, etc.)
followed by its activation to create porosity. The first step
is often conducted where the precursor is locally produced
while the second occurs in another place from where the
ACs are distributed all around the world.

In 2007, Ioannidou and Zabaniotou[1] published a review
documenting more than 100 references about activated car-
bon production from agricultural residues on a laboratory
scale. They concluded that steam or CO2 activation is eas-
ier to handle, cleaner and cheaper than chemical activation.
Moreover, if this treatment is conducted in a one-step pro-
cess (direct activation), there is also an economic benefit.
However, depending on the nature of the precursors, these
ACs exhibit less satisfactory characteristics for further use
as adsorbents or filters.[1] In terms of residue valorization,
the main idea of this work is to prepare sustainable ACs
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from local resources by direct and physical activation using
steam.

Two agricultural residues were selected: sugar beet pulp,
a typical French waste accounting for 33 million tons per
year, and peanut hulls, a Mexican waste with an annual
production of 70,000 tons. As for arsenic contamination of
surface and ground water, this is a worldwide problem due
to its established toxicity and its presence in overcrowded
areas.[2] In 1993, the guideline concentration limit in drink-
ing water recommended by the WHO was fixed at 10 µg.
L−1. The European Union has accepted this value in their
regulatory systems but in Mexico, for example, it is still 25
µg.L−1.[3]

Two predominant species found in natural waters are
inorganic forms of arsenic, namely arsenate, As (V), and
arsenite, As (III), and their presence depends on the pH and
redox conditions. As (V) is the thermodynamically stable
form, found in oxic surface waters, rivers and lakes, and
presents three pKa: 2.2, 7 and 11.6. This means that in most
natural waters, arsenic (V) is mainly in the H2AsO4

− form
(at 3 < pH < 6) or associated with the HAsO4

2− form (at 6.5
< pH < 7.5). Above pH 8, HAsO4

2− is the predominant
species.[4] Although various technologies are well known
for the removal of arsenic from waters, adsorption is one
of the best available to achieve the lowest concentration in
the effluent after treatment.[5]

The most widely studied media for adsorption processes
include iron hydroxide and oxide, such as amorphous
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Table 1. Selection of papers reporting the adsorption of arsenic onto activated carbons.

Steam-activated carbons from agricultural residues

Precursor Activation conditions qm of As (III) µg g−1 qm of As (V) µg g−1 Ref.

Oat hulls H2O, Fast pyrolysis (500◦C, 1.5 s). — 3100 [12]
Olive pulp H2O, 800◦C, 2 h. 1390 — [13]
Bean pod waste H2O, 700◦C, 1h. 1010 — [14]

Commercial activated carbons modified with iron

Impregnation conditions Iron content% qm of As (V) µg g−1 Ref.

NC100 0.05 M FeCl3 solution in acidic media for 6 hours. 2.2 28 [15]
NC100 0.05 M FeCl3 solution in acidic media for 24 hours. 9.4 8 [15]
Lignite-based GC Iron impregnation with Fe (III). 7.0 4500 [16]
Commercial

(UltraCarb)
By evaporation of Fe(NO3)3·9H2O solution at pH 6,

no Fe precipitation was observed.
11.7 51,300 [17]

Commercial
(UltraCarb)

By evaporation of Fe(NO)3·9H2O solution at pH 8,
no Fe precipitation was observed.

11.17 43,600 [17]

Commercial granular
(Super Darco)

0.5–1 g mL−1 [Fe(NO3)3·9H2O] solution dispersed on
carbon followed by evaporation for Fe
oxide/hydroxide precipitation.

7.5–11 4000–19000 [18]

Commercial granular 2.5% Fe+3 ferric chloride solution at pH 12. 4.8 25 [19]
Commercial (NC100) 0.05 M FeCl3 and 3 M HCl solution. 0.5–0.75 25–30 [20]
Commercial (NC100) 0.05 M FeCl3 and 0.5 M HCl solution. 1.3–1.5 15–20 [20]

hydrous ferric oxide, ferrihydrite and goethite, activated
alumina, zeolites and chitosan.[6–11] As far as activated car-
bons are concerned, only a few recent publications have
shown that physical activation of agricultural residues by
steam leads to carbonaceous materials which are effective
for As removal.[12–14] On the other hand, in the last decade
more than 10 papers have reported that arsenic sorption
capacities are enhanced when ACs are impregnated with
iron salt solutions, with or without a preliminary oxidation
step.[15–20]

The combination of activated carbon and iron loading
is attractive: AC is as an ideal support medium for iron
preloading due to its high BET surface area while iron
has a high affinity for arsenate and arsenite. However, all
these modifications have only been conducted on commer-
cial materials. Table 1 reports a selection of these papers
and focuses on (i) physically activated carbons prepared
from agricultural residues and (ii) commercial activated
carbons modified with iron for arsenic removal. Regard-
ing arsenate removal, only one study[12] describes activated
carbons obtained from steam activation of oat hulls with
a maximum capacity, deduced from the Langmuir model,
of 3100 µg.g−1. As far as commercial activated carbons
are concerned, different impregnations are possible lead-
ing to an iron content ranging between 2.2 and 11.7% and
qm values for arsenate are very scattered from 0.008 to
51.3 µg.g−1.[15, 17]

This work thus has two main objectives. First, the con-
version of cheap and renewable agricultural residues into
sustainable ACs is studied in a one-step process with steam
activation. The second aim is to show the value of these

ACs for As (V) removal, including the improved and tai-
lored AC after iron impregnation. After a physical and
chemical characterization of the porous materials, adsorp-
tion experiments are performed in terms of contact time
experiments, adsorption isotherms in deionized and natu-
ral waters and the effect of a preliminary oxidation. Dif-
ferent models are presented: intraparticle diffusion and
pseudo–second-order equations for kinetic data, and Lang-
muir and Freundlich models for equilibrium data.

Materials and methods

All chemicals were of reagent grade from Sigma. Arsenic
solutions were made from Na2HAsO4-7H2O. Sugar beet
pulp was commercially supplied by Lyven (Cagny, France)
and peanut hulls were obtained from a local market. In
a previous study, a complete characterization of the raw
sugar beet pulp revealed that polysaccharides accounted
for 72.5% of the dry matter, ash for 3.9% and calcium for
1.1%.[21] Raw peanut hulls had an ash content of 1.7%. In
addition, a commercial granular activated carbon (GAC),
also produced from a biomass (coconut) and physically ac-
tivated with steam, was used as a reference for the physico-
chemical characterization and for comparison of sorption
performances.

Activated carbon production

The sugar beet pulp (BP) and peanut hulls (PH) were first
dried at 110◦C for 24 hours before being heated at 10◦C
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min−1 up to 850◦C under a nitrogen flow rate of 0.5 L
min−1. At 850◦C, steam was also introduced into the fur-
nace at 0.7 mL min−1 for 80 min. Then, heating was stopped
and the fall in temperature occurred while still under the ni-
trogen atmosphere. These conditions were optimized from
a previous study,[22] and they are resolutely placed in the
field of sustainable production because (i) only local re-
sources are investigated, (ii) direct activation is used and
(iii) no chemicals are employed as activating agents.

The activated carbonaceous materials thus obtained
from beet pulp and peanut hulls were called BP-H2O and
PH-H2O, respectively. Next, they were crushed in a ham-
mer mill and the particles were sieved so that only particle
sizes of 0.50–1.00 mm were used for the arsenic adsorption
experiments. This fraction was washed with deionized wa-
ter (10 g L−1) until the pH remained constant, filtered and
dried at 110◦C. Mass yields were 16 and 24% for BP-H2O
and PH-H2O, respectively. To obtain iron-modified ACs,
1 g of BP-H2O and PH-H2O were also placed in a FeCl3-
6H2O solution (0.1 M and pH = 1.7) and the mixture was
shaken for 24 hours at room temperature.

Once again, this modification is in agreement with sus-
tainable development since no toxic chemicals are used
(only FeCl3-6H2O), with no added oxidant and no addi-
tional heating.[15–20] Iron-impregnated beet pulp activated
carbon (BP-H2O-Fe) and iron-impregnated peanut hull
carbon (PH-H2O-Fe) were then washed several times with
deionized water until water was free of iron. The iron con-
tent of BP-H2O-Fe and PH-H2O-Fe was measured after an
acid digestion (concentrated HCl), by an atomic absorption
spectrophotometer with flame atomization (AAS Analyst
400, Perkin Elmer). Finally, the adsorbents were dried at
105◦C.

Activated carbon characterization

Physical characterization – BET surface area analysis

Textural parameters of the samples, like surface area
and porosity, were obtained from nitrogen adsorption
isotherms. In order to eliminate any adsorbed humidity
and/or gases, between 0.8–1.2 g of the carbon was out-
gassed at 350◦C for 24 hours. Then, N2 isotherms were
recorded at 77 K using automatic equipment (ASAP 2010,
Micromeritics). The total pore volume (Vtotal) and specific
surface area (SBET) of the adsorbents were obtained from
the Brunauer-Emmet-Teller (BET) isotherm model.

In addition, Horvath-Kawazoe (HK) and Barret, Joyner
and Halenda (BJH) models were used to evaluate the
micropore (Vmicro) and mesopore (Vmeso) volumes. The
micropores have diameters of less than 2 nm while the
mesopores have diameters between 2 and 50 nm. All the
results were duplicated but the raw materials (sugar beet
pulp and peanut hulls) were not characterized due to their
poor specific surface areas and absence of porosity. The en-

tire study was carried out with the same precursors and no
adsorption of As (V) onto the raw materials was observed.

Elemental analysis and total ash content

Each sample was ground into a fine powder for the
determination of elemental content (Flash EA 1112,
Thermofinnigan). This analysis was repeated three times
for each sample to provide an average reading. Results were
indicated as percentages of carbon, hydrogen, nitrogen
and oxygen. No sulfur content was detected. The total ash
content in percentage was calculated by the standard test
method for activated carbon.[23]

pHPZC determination

This was carried out as follows: 100 mL of 0.1 M NaCl
solution was placed in a closed Erlenmeyer flask and the
pH was adjusted to between 2 and 12 by adding solutions
of HCl or NaOH (0.1 M). Then, 0.05 g of each sample was
added and the final pH measured after 5 days under stirring
at room temperature. The pHPZC is the point where the
curve pHfinal vs. pHinitial crosses the line pHfinal = pHinitial.

[24]

EDX and SEM

The porous structure of the carbonaceous materials and
commercial activated carbons was observed using a JEOL
6400F Scanning Electron Microscope. A magnification
ranging from 100X to 500X was used for visualization of
the images. Imaging is typically achieved using secondary
electrons to obtain the best resolution of the fine surface
typographical features. An EDX analysis was carried out
to verify the presence of iron on the surface of the modified
carbons.

Arsenic removal with AC

Sorption kinetic experiments

Batch contact time experiments were conducted at 20◦C by
stirring 0.05 g of adsorbent with 100 mL of As (V) solution
(1000 µg L−1), at 200 rpm. Initial pH values were close to
6 and were recorded at the end of the experiment. For each
adsorbent, the equilibrium time between the solid and the
solution was determined by plotting Ct versus time.

To investigate the mechanism of sorption, two kinetic
models were tested. The intraparticle diffusion-controlled
adsorption model is generally applied to porous pow-
dered materials and at the beginning of the kinetic decay
curve in order to determine the intraparticle diffusion rate
constant.[25] Eq. 1 expresses the adsorption capacity as a
function of time, where ki is the intraparticle diffusion rate
constant (mg g−1 min−0.5):

qt = ki t
0.5 (1)
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The adsorbents were thus ground into powder and new
kinetic curves were carried out during the first 2 hours of
the decay, with vigorous stirring (300 rpm) at 20◦C. The ki

values for each material were deduced from the slope of the
line qt versus t0.5.

The second model is the pseudo–second-order sorption
model proposed by Ho and McKay[26] and used to describe
the whole kinetic decay curve. Its equation is the following
(Eq. 2)

dqt/dt = k2(qe − qt)
2 (2)

where qt (µg g−1) is the amount of arsenate in the material
at any time t (min), qe (µg g−1) is the amount of arsenate
sorbed at equilibrium and k2 (g µg−1 min−1) is the rate
constant of the pseudo–second-order equation. Taking into
account the boundary condition qt = 0 at t = 0, and the
initial sorption rate h (µg g−1 min−1),

h = k2q2
e (3)

Eq. 2 can be rearranged to obtain:

t/qt = 1/h + 1/qet (4)

By plotting t/qt versus t, the values of h, k2, qe calculated
were determined for all the materials.

Adsorption isotherms

Batch adsorption isotherms were conducted with 100 mL
of synthetic solutions from 100 to 5000 µg L−1 of arsenate
and 0.05 g of activated carbons. The bottles were sealed
and put on a shaker for 5 days at 20◦C. After shaking, the
equilibrium pH was measured and recorded, the samples
were filtered through a 0.45-µm regenerated cellulose filter
and the concentration of arsenic in the filtrate was deter-
mined by atomic absorption spectroscopy with a graphite
tube (AAS Analyst 600, Perkin Elmer). Analytical mea-
surements were obtained with a quantification limit of 4 µg
L−1 and a detection limit of 2 µg L−1. It was verified when
necessary that no adsorption occurred on the walls of the
plastic bottles or on the filters. Langmuir and Freundlich
models were applied to describe the experimental results.
The Langmuir equation[27] is the following (Equation 5):

qe =
bqmCe

1 + bCe

(5)

where qe (µg g−1) and Ce (µg L−1) are the amount of arsenic
at equilibrium in the solid and liquid phase, respectively. qm

and b are the parameters representing the maximum sorp-
tion capacity (µg g−1) and the sorption constant (L µg−1),
respectively. According to the Langmuir model assump-
tions, adsorption occurs in a monolayer coverage charac-
terized by the qm value, on homogeneous adsorption sites
of constant energy, and adsorbed species do not interact
with each other. The empirical Freundlich model[28] is for-
mulated as:

qe = K f C
n

e (6)

Kf (µg1-1/n L1/n g−1) and n are the Freundlich constants
that indicate the adsorption capacity and the heterogeneity
factor, respectively. The assumptions are (i) the adsorption
sites of different energy are heterogeneous; (ii) the adsorbed
species could interact with each other; and, (iii) there is no
upper limit to adsorption, which restricts its use to diluted
media.

In adsorption processes, it is well known that the pres-
ence of other ions in solution can greatly modify the
sorption capacities. To determine this effect, sorption
isotherms were also conducted in two natural spring wa-
ters, called HMC and LMC for high mineral content
water and low mineral content water respectively, whose
compositions are shown in Table 2. The main differ-
ences are in their anion concentrations, especially SO4

2−,
HCO3

− and Cl−, which can potentially lead to compe-
tition with arsenate species and, to a lesser extent, the
cation content like Ca2+, Mg2+ and Na+. These spring wa-
ters were spiked with arsenic from 100 to 5000 µg L−1

and the same protocol was followed for the adsorption
isotherms.

Results and discussion

Characterization of the activated carbons

Before the sorption experiments, the four activated car-
bons produced at lab scale from sugar beet pulp (BP-H2O
and BP-H2O-Fe) and peanut hulls (PH-H2O and PH-H2O-
Fe) were characterized in terms of their textural properties
(BET surface area, porous volumes, micro/mesoporosity
percentage), chemical composition (elemental analysis, ash
content, pHPZC) and SEM pictures. GAC was used as a
reference.

Table 2. Mineral content of spring waters used for As (V) adsorption.

Water Ca2+ Mg2+ Na+ K+ Cl− NO3
− HCO3

− SO4
2− pH

HMC (mg.L−1)∗ 230 66 40 8 58 < 1 280 620 7.2

LMC (mg.L−1)∗∗ 4.1 1.7 2.7 0.9 0.9 0.8 25.8 1.1 7.3

∗Spring water with a high mineral content (HMC), ∗∗Spring water with a low mineral content (LMC).
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Table 3. Characterization of activated carbons produced from sugar beet pulp, peanut hulls and commercial GAC.

BP-H2O BP-H2O-Fe PH-H2O PH-H2O-Fe GAC

SBET (m2 g−1) 821 762 829 718 1138

Vmicro (cm3 g−1) 0.3478 0.3227 0.3551 0.3084 0.4852

Vmeso (cm3 g−1) 0.3612 0.3227 0.0699 0.0569 0.1761
Microporosity% 49 50 84 84 73
Mesoporosity% 51 50 16 16 27

Total porous volume (cm3

g−1)
0.6430 0.5778 0.4028 0.3446 0.6230

C% 77.9 67.8 91.2 83.9 90.1
H% 0.9 1.0 0.8 0.6 0.2
N% 0.6 0.7 0.2 0.4 ns
O% 7 16 6 14 9
Fe% 0.1 4.8 ns 0.5 ns
Ash% 13.6 13.9 1.3 1.5 0.4
pHPZC 9.8 9 9.8 6 8

ns: not significant.

Physical characterization – BET surface area analysis

The results provided by nitrogen adsorption isotherms are
presented in Table 3. The BET surface areas are 821 and 762
m2 g−1 for BP-H2O and BP-H2O-Fe, and 829 and 718 m2

g−1 for PH-H2O and PH-H2O-Fe, respectively. Previously,
determinations of BET surface area were done on a char
(without activation) from sugar beet pulp and on the raw
precursor (data not shown) but the results revealed very
low values of 6.6 m2 g−1 and 0.2 m2 g−1, respectively.[21]

These values confirm that activation is necessary to create
porosity in a carbonaceous material.

Another point to note is that the iron impregnation on
BP-H2O and PH-H2O only causes a slight reduction in the
BET surface area, leading to 762 m2 g−1 for BP-H2O-Fe
and 718 m2 g−1 for PH-H2O-Fe. Although the precipitation
of iron is difficult to control because of the complexity
and black color of the mixture, it can be deduced that
iron impregnation is probably not a homogeneous coating
that closes the porosity but rather an amount of iron oxide
probably fixed in specific sites. The SEM pictures and EDX
spectra confirm this assumption (Fig. 1). The BET surface
areas developed by BP-H2O and PH-H2O are 25% lower
than for GAC.

Taking into account that our first goal was not the op-
timization of the AC production, in terms of activation
temperature, nature of activating gas, temperature ramp
and dwell time, these values are considered acceptable for
activated carbons produced at laboratory scale. To demon-
strate this, a selection of papers is reported in Table 4 based
on agricultural residues, the conditions of physical activa-
tion, BET surface areas and total porous volumes of the
obtained ACs.[29–34] It is clear that the BET surface area
depends on the precursor, the nature of the activating gas
and the activation temperature.

In a study by El-Hendawy et al.,[29] the corncob was
first carbonized at 500◦C for 2 hours and a portion of this

char was steam-activated at different temperatures (from
600◦C to 850◦C) and times (1 to 2 hours). The resulting
BET surface areas ranged between 607 and 786 m2 g−1.
In another case, an increase of 90◦C in activation temper-
ature induced an enhancement of BET surface area from
446 to 607 m2 g−1 on an AC produced from bagasse.[31]

On the other hand, CO2 activation led to the highest BET
surface areas in the same range of temperatures.[32] Nev-
ertheless, in all cases, the BET surface areas determined
in this work, from sugar beet pulp and peanut hulls, are
quite high in comparison with the data from this literature
review.

Considering the experimental total porous volumes, the
value obtained with sugar beet pulp (BP-H2O) is similar
to those of GAC: 0.643 cm3 g−1 compared to 0.623 cm3

g−1, respectively, while PH-H2O presents a lower volume of
0.403 cm3 g−1. Once again, iron impregnation causes little
effect on the porous volumes (−10% in BP-H2O and −14%
in PH-H2O). They are also greatly improved in comparison
with the values shown in Table 3. Looking at the balance
between microporous and mesoporous volumes, PH-H2O
is the highest microporous carbon (84%), followed by GAC
(73%) and then BP-H2O (50%).

However, BP-H2O and PH-H2O have similar micro-
porous volumes (0.35 cm3 g−1). As far as iron-modified
activated carbons are concerned, impregnation does not
modify the percentage in terms of micro- and mesoporosity.
In the composition of raw sugar beet pulp, a high percent-
age of ash was observed (4%) corresponding to the natural
presence of calcium ions.[21] Consequently, the ash content
of the carbon obtained is also high at 14% (Table 3). More
generally, high ash content in the precursor tends to de-
crease the microporous volume balance. This observation
has already been made in a previous work where activated
carbons produced from raw bagasse with a high ash content
(15%) by physical activation had some inorganic oxides
filling or blocking a part of the microporous volume.[34]
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Fig. 1. SEM micrographs and EDX spectra of BP-H2O (a-b), BP-H2O-Fe (c-d), PH-H2O (e-f), PH-H2O-Fe (g-h) (color figure
available online).
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Table 4. Selection of papers dealing with the production of activated carbons from agricultural residues, in similar conditions to this
work.

Material Activation conditions SBET (m2 g−1) Total porous volume (cm3 g−1) Reference

Corncob Steam/850◦C (1 h) 607 0.296 [29]
Steam/600◦C (2 h) 618 0.321
Steam/700◦C (2 h) 786 0.430

Sawdust Steam/800◦C (1 h) 516 – [30]
Bagasse Steam/750◦C (2 h) 446 0.287 [31]

Steam/840 ◦C (2 h) 607 0.445
Pistachio nut-shells CO2/800◦C(1 h) 884 – [32]

CO2/800◦C(2.5 h) 964
Macadamia nut-shells CO2/500◦C(4 h) 750 – [33]
Bagasse CO2/900◦C(1 h) 614 0.310 [34]
Beet pulp Steam/850◦C(1.3 h) 821 0.643 This work
Peanut hulls Steam/850◦C(1.3 h) 829 0.403 This work

Another study using activated sludge with more than 20%
ash as the precursor led to the same result.[35]

Chemical characterization: Elemental analysis and pHPZC

The major element contents, C, H, N and O, are given
in Table 3. The carbon percentage is 78% and 68% for
BP-H2O and BP-H2O-Fe and 91% and 84% for PH-H2O
and PH-H2O-Fe, respectively. These values depend on
the precursor but are still comparable to the carbon
content of a commercial GAC (90%). In that sense, the
adsorbents produced from sugar beet pulp and peanut
hulls are really activated carbons, with a high carbon
content. The second major element is oxygen. Although
the determination by elemental analysis is sometimes
tricky, it gives an order of magnitude confirmed by
triplicates.

BP-H2O, PH-H2O and GAC present similar percentages
(7%, 6% and 9%, respectively) and these increase in both
BP-H2O-Fe and PH-H2O-Fe after iron impregnation (16%
and 14%, respectively). It should be noted that the FeCl3
solution has an acidic pH of 1.7, which probably favored
some surface oxidation of the sorbents and consequently
the oxygen content. In BP-H2O-Fe and PH-H2O-Fe, the
iron concentration was determined after an acid digestion
of the sorbents and measured by atomic absorption spec-
trometry. The iron content deduced from this methodology
is 4.8 and 0.5% for BP-H2O-Fe and PH-H2O-Fe, respec-
tively.

The efficiency of this impregnation method depends
on the nature of the precursor but leads to an increase
in iron content compared with BP-H2O (0.1%) and
PH-H2O (not significant). From the state of the art
process (Table 1), modified commercial ACs can exhibit
higher iron concentrations because the methodologies
employed are often either preceded by an oxidation
step or followed by solution evaporation or thermal
treatment.

A methodology adapted from Faria et al.[24] and based on
pH measurement was used to determine the pH of point
of zero charge (pHPZC). It depends on the chemical and
electronic properties of the functional groups on the surface
and so is a good indicator of these properties. After an
optimized contact time of 5 days, if the final pH of the
solution is the same as before the AC introduction, then
this is the pHPZC.

Moreover, it is generally admitted that (i) at pH
< pHPZC, the overall surface charge of the solid
is mostly protonated thus positively charged, (ii)
at pH = pHPZC, the surface presents an equal positive and
negative charge, and (iii) at pH > pHPZC, the overall surface
charge of the solid is mostly deprotonated thus negatively
charged.[36] BP-H2O, BP-H2O-Fe, PH-H2O and GAC re-
veal strong basic behavior with pHPZC ranging from 8 to 9.8
(Table 3).

This means that when placed in solution, they will in-
duce a basic pH, which is useful because it gives an idea
of the pH variation during the sorption experiments. After
iron impregnation, it has been shown that O content in-
creases after a partial oxidation of the surface. However,
it probably also leads to an increase in the oxygenated
chemical moieties like carboxyl, lactone, lactol or hydroxyl
groups. Thus, pHPZC decreases from 9.8 to 9 for BP-H2O
and BP-H2O-Fe and from 9.8 to 6 for PH-H2O and PH-
H2O-Fe. The latter acidic value is surprising and needs to
be confirmed by further experiments on surface chemical
moieties.

Scanning electron microscopy (SEM)

Surface images of the carbonaceous materials were ana-
lyzed by scanning electron microscopy as shown in Figure
1 (a, c, e and g). From these pictures, it is possible to appre-
ciate the rough edges of the surface of the materials. Only
Figure 1(c) (BP-H2O-Fe) shows clearly the presence of iron
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traces and just in specific spots on the surface. To complete
these pictures, EDX spectra were carried out on BP-H2O,
BP-H2O-Fe, PH-H2O and PH-H2O-Fe (Fig. 1(b, d, f and
h)). These were only used for a qualitative analysis: carbon
and oxygen are the major elements present in all samples,
no iron is observed on BP-H2O and PH-H2O, and its con-
tent in BP-H2O-Fe is higher than in PH-H2O-Fe because
of the size of the peak which was confirmed in the previous
section.

Arsenic removal with carbonaceous materials and GAC

Sorption kinetics

Batch contact experiments were conducted on BP-H2O,
BP-H2O-Fe, PH-H2O, PH-H2O-Fe and GAC and the ki-
netic decay curves are plotted in Figures 2a and 2b. It has
previously been verified that no adsorption occurs on raw
beet pulp and the corresponding char (data not shown) so

Fig. 2. Kinetic decay curves for removal of As (V) on (a) BP-H2O, PH-H2O and GAC and (b) BP H2O-Fe, PH-H2O-Fe and GAC.
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Table 5. Parameters of intraparticle diffusion and pseudo–second-order kinetic models.

Intraparticle diffusion Pseudo–second-order

Material kid (µg g−1 min−0.5) R2 h (µg g−1 min−1) qe, calc. (µg g−1) qe, exp (µg g−1) k2 (g µg−1 min−1) R2

BP-H2O 31 0.939 0.50 188.7 194.5 1.42 × 10−5 0.990

BP-H2O-Fe 84 0.947 7.06 833.3 853.8 1.02 × 10−5 1.000

PH-H2O 24 0.983 1.91 909.1 875.6 2.31 × 10−6 0.999

PH-H2O-Fe 88 0.959 14.27 909.1 928.4 1.73 × 10−5 1.000

GAC 41 0.988 1.42 833.3 832.5 2.04 × 10−6 0.996

that activation is essential for arsenate adsorption. The op-
timal contact time deduced from the curves and common
to all the materials is 120 h (5 days). The comparison of
kinetic data obtained with BP-H2O, PH-H2O and GAC
(Fig. 2a) shows that PH-H2O and GAC have a similar be-
havior in terms of rate and uptake amounts. After iron
impregnation (Fig. 2b), the capacities are undoubtedly en-
hanced and kinetic rates seem to be faster. As this chemical
treatment slightly affects the porous structure, a chemisorp-
tion reaction is probably involved.

To investigate the mechanism of sorption and po-
tential rate-controlling steps, kinetic models were used
to describe the experimental data. The intraparticle
diffusion-controlled adsorption model (Eq. 1) requires the
adsorbent to be reduced to powder and focuses on the first
hours of the kinetic curves.[25] If the rate-limiting step is
intraparticle diffusion, a plot of the sorbed solute against
the square root of contact time should yield a straight line
passing through the origin.[37] The model led to acceptable
correlation coefficients (Table 5) suggesting that intraparti-

Fig. 3. Experimental adsorption isotherms of As (V) and modeled
results using the Langmuir equation.

cle diffusion is probably a limiting step of the adsorption
reaction between activated carbons and arsenate ions. The
results also show that BP-H2O-Fe and PH-H2O-Fe exhibit
higher intraparticle diffusion constants. As diffusivity
is a function of the solute affinity for the adsorbent
material and the activated carbon site density, it can be
confirmed that As (V) has a great affinity for iron-loaded
sorbents.[38]

The pseudo–second-order model[26] (Equations 2–4) was
also tested and it described the experimental data perfectly:
as shown in Table 5, the R2 values are close to unity and the
calculated qe values are similar to the experimental ones,
demonstrating that the pseudo–second-order model can be
applied to the whole curve. This is also in agreement with a
chemisorption mechanism being the rate-controlling step.
Nevertheless, it is a pseudo-kinetic model, so a specific but
different rate constant is obtained for each change in a
system variable.

However, all the curves are obtained in the same exper-
imental conditions and the constants are compared with
each other. It is clear from Table 5 that iron impregnation
increases the initial sorption rate (h) by a factor of 14 on
BP-H2O-Fe (7.06 µg g−1 min−1) and by a factor of 7 on
PH-H2O-Fe (14.27 µg g−1 min−1). Moreover, the h val-
ues obtained with PH-H2O and GAC are similar, 1.91 and
1.42 µg g−1 min−1 respectively, and higher than BP-H2O
(0.5 µg g−1 min−1). In another work, kinetic data on ar-
senic sorption from groundwater (initial concentration of
300 µg L−1) using commercial iron-doped activated car-
bons were also presented.[15] Initial sorption rates deduced
from the pseudo–second-order model were of the same or-
der of magnitude, ranging between 0.65 and 38.1 µg g−1

min−1.

Adsorption isotherms

Adsorption isotherms were conducted with 120 h of contact
time between the arsenate solution (initial concentrations
ranged between 100 to 5000 µg L−1 and pH between 6 and
7) and ACs. Experimental points, as well as the curves mod-
eled by Langmuir and Freundlich equations, are shown in
Figures 3 and 4. The constants of each model are reported
in Table 6.
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Fig. 4. Experimental adsorption isotherms of As (V) and modeled
results using the Freundlich equation.

Based on the determination factor (Table 6), the exper-
imental data fit the Freundlich model (R2

= 0.968–0.993)
better than the Langmuir model (R2

= 0.956–0.971)
for the carbonaceous materials. The maximum capac-
ities deduced from the Langmuir model are 690 and
2820 µg g−1 for steam-activated materials (BP-H2O and
PH-H2O), 2930 and 3280 µg g−1 for iron-modified
carbons (BP-H2O-Fe and PH-H2O-Fe) and 1240 µg
g−1 for GAC. These values calculated from the model
are similar to the experimental ones. It is also clear
that iron impregnation greatly improves the uptake of
arsenate.

Regarding the Freundlich model, KF values are found to
be 5 and 30 µg1-1/n L1/n g−1 for steam-activated carbons
(BP-H2O and PH-H2O), 205 and 640 µg1-1/n L1/n g−1for
iron-loaded materials and 300 µg1-1/n L1/n g−1 for GAC.
The values for n are less than 1 in all cases, which indicates
that adsorption is favorable.[39] The pH at the end of the
isotherm depends on the AC. It is higher than initial values
(6 to 7) for BP-H2O and BP-H2O-Fe (9 to 9.5 and 8.5 to 9,
respectively), similar for PH-H2O and GAC (6.5 to 7) and
lower for PH-H2O-Fe (4.5 to 6).

This means that the main arsenate species present in so-
lution is H2AsO4

− and that this is also the main species
adsorbed on PH-H2O-Fe, PH-H2O and GAC. On the con-
trary, HAsO4

2− is probably the form sorbed on BP-H2O
and BP-H2O-Fe. In these conditions, all the sorbents are
rather protonated because all the final pH values are below
the pHPZC.

Thus, positively-charged surfaces could react favorably
with the negative species of arsenate. Iron impregnation
involves a combination of two effects: first, it strongly in-
creases the initial adsorption rates and uptake capacities
of both BP-H2O-Fe and PH-H2O-Fe, confirming the great
affinity between arsenate ions and iron-based sorbents. Sec-
ondly, and to a lesser extent, it decreases the pHPZC and sub-
sequently the solution pH. This leads to the monovalent ion
(H2AsO4

−) being the major arsenate species present whose
adsorption is the highest on PH-H2O-Fe exhibiting only
0.5% of iron.

Finally, the results of many studies (Table 1) have shown
the advantages of commercial iron-impregnated AC but
have also revealed large discrepancies between the qm values
(from 20 µg g−1 to more than 50 000 µg g−1). Nevertheless,
the latter seem to be correlated with the iron content. The
results obtained in this work are correctly placed within
this field if we consider activated carbons produced from
agricultural wastes at laboratory scale thus trying to in-
crease the iron content of the proposed sorbent should be
an interesting perspective.

To show the potential effect of competing ions, adsorp-
tion isotherms were conducted in natural waters (Fig. 5a
and 5b) whose major components are shown in Table 2 and
to which arsenic was added. PH-H2O and PH-H2O-Fe, the
best activated carbons in terms of adsorption capacities,
were selected for this experiment. From Figure 5b, it is clear
that in high mineral content water, PH-H2O loses its ad-
sorptive properties completely. On the contrary, isotherms
carried out with PH-H2O-Fe on both natural waters (Fig.
5a) exhibit weakened but useful capacities compared to
GAC. The isotherm curves clearly show some waves that
prevented the Langmuir or Freundlich models from being
tested. Iron impregnation seems to moderate the competi-
tive effect of anion or cationic, monovalent or divalent ions
and is necessary for the adsorbents to keep their capacities
in natural waters.

Table 6. Adsorption constants for Langmuir and Freundlich models.

Langmuir Freundlich

Material qm (µg g−1) bL (L µg−1) R2 KF (µg1-1/n L1/n g−1) n R2

BP-H2O 690 0.00066 0.956 5 0.56 0.968
BP-H2O-Fe 2930 0.00312 0.964 205 0.33 0.990
PH-H2O 2820 0.00066 0.971 30 0.52 0.993
PH-H2O-Fe 3280 0.00089 0.945 640 0.21 0.991
GAC 1240 0.01454 0.966 300 0.18 0.968
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Fig. 5. Sorption isotherm of arsenic (V) onto: (a) PH-H2O-Fe and (b) PH-H2O in deionized water (DW) and spring water with a
high (HMC) or low (LMC) mineral content.

11



Conclusions

The aim of this work was to prepare sustainable activated
carbons from agricultural wastes, namely sugar beet pulp
and peanut hulls, and to use them to remove arsenate from
water. A direct physical activation by steam led to activated
carbons, called BP-H2O and PH-H2O, with respective mass
yields of 16% and 24%. A chemical treatment by iron im-
pregnation was performed leading to 4.8% and 0.5% of iron
in BP-H2O and PH-H2O. An investigation of the porous
structure showed that the BET surface area is close to 800
m2 g−1 for both adsorbents, total porous volume is higher
in BP-H2O (0.64 cm3 g−1) than in PH-H2O (0.40 cm3 g−1)
but microporous volumes are similar (0.35 cm3 g−1).

Moreover, BP-H2O-Fe and PH-H2O-Fe keep their
porous properties after iron impregnation. Carbon con-
tents are up to 70% and ash contents depend greatly on
the precursor. pHPZC measurements reveal a clear basic be-
havior, except for PH-H2O-Fe. Based on these results, the
production of activated carbons from agricultural residues
is clearly successful at lab scale. In terms of arsenic removal,
the carbonaceous sorbents need first to be steam-activated
and then iron-impregnated to increase adsorption capaci-
ties. From kinetic studies, the equilibrium time is close to
120 hours and the rate-controlling steps are probably re-
lated to intraparticle diffusion and chemisorption.

Regarding equilibrium data, experimental isotherms are
correctly described by the Langmuir and Freundlich mod-
els. The best fit is obtained with the Freundlich equation
while the best qm values provided by Langmuir are 3280 µg
g−1 for PH-H2O-Fe, 2930 µg g−1 for BP-H2O-Fe, 2820 µg
g−1 for PH-H2O and 690 µg g−1 for BP-H2O. In natural
waters, the results also confirm the good performances of
iron-rich materials. Iron impregnation creates a double ef-
fect: first, it strongly increases the initial adsorption rates
and uptake capacities for both BP-H2O-Fe and PH-H2O-
Fe. Secondly, it decreases the pHPZC of the adsorbents and
subsequently the solution pH leading to a majority of the
adsorbable arsenate species H2AsO4

−. This study displays
that sustainable AC produced at laboratory scale, improved
by a simple chemical treatment and successfully applied to
arsenate removal, could be used in a continuous process.
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