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Highly mesoporous activated carbons (ACs) with a mesopore fraction ranging from 42 to 73% were
obtained by activation of rice straw (RS) with ortho-phosphoric acid (PA). Due to such a high mesoporos-
ity, these ACs can be successfully used for pollutant removal in aqueous phase. The ACs were prepared
at activation temperatures (T) ranging from 350 to 500 °C, using PA to RS weight ratios (R) from 0 to 1.6
and activation times from O to 2 h. They were characterised by nitrogen adsorption at —196 °C, SEM-EDX,
and methylene blue adsorption. RS is a very heterogeneous material with a variable content of mineral
matter: using the product of activated carbon yield multiplied by surface area (C x Sger) as the perfor-
mance criterion, the best AC was produced at T=450°C and R > 1. These conditions lead to Sger higher
than 500m? g~' and a C x Sger around 270m? g~'.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Three million tons of rice straws (RS) are produced annually in
Egypt. So far, such a resource is mainly considered as a waste, and
consequently burnt without any profit, except in a few cases of
domestic uses for cooking and heating. Worse, biomass burning is
a major source of atmospheric pollution [1], especially through the
fumes and the very fine silica particles thus produced, both having
a suffocating effect. Although wildfires are prohibited in cultivation
fields of most countries, farmers usually keep on burning their crop
by-products.

Rice-derived wastes comprise two different materials: husks
and straws. Rice husks have been commonly investigated as poten-
tial precursors of ACs [2-4]. By contrast, straws have been seldom
suggested for this application, whereas other routes of valorisation
have been considered in the past, e.g., pulp and paper, construction
materials, compost, fuel, production of chemicals such as ethanol
and bio-adsorbents [5] and references therein.

To the best knowledge of the present authors, only three works
have been carried out using RS as AC precursor, based on chem-
ical activation by potassium hydroxide on one hand [5,6], and by
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sodium hydroxide on the other hand [7]. In our previous paper [5],
three pre-treatment protocols were tested: mechanical, chemical
(by NaOH pulping), and a combination of both, followed by a further
activation with KOH according to either one or two steps. Employ-
ing the combined mechanical-chemical pre-treatment method
and a 2-steps KOH activation process, surface areas as high as
1917m2g~! could be obtained. However, the use of such com-
plex activation protocol working at temperatures as high as 800°C
makes RS-based AC production rather expensive.
Ortho-phosphoric acid (PA), H3POg4, is a common activating
agent whose use has been extensively reported for preparing acti-
vated carbons from agricultural by-products [8-12], wood [13,14],
natural [15,16] as well as synthetic [17,18] carbons. PA promotes
the bond cleavage in the biopolymers and dehydration at low
temperatures [19], followed by extensive cross-linking that binds
volatile matter into the carbon product and thus increases the car-
bon yield. Benaddi et al. [20] showed that the mechanism of PA
activation of biomass feedstock occurs through various steps: cel-
lulose depolymerisation, biopolymers dehydration, formation of
aromatic rings and elimination of phosphate groups. This allows
activated carbons to be prepared with good yields and high sur-
face areas. Activation conditions thus depend on the nature of the
precursor, i.e., on the relative amounts of cellulose, hemicellulose,
lignin and ashes. For example, the present authors already prepared
ACs from lignin (L) by activation with H3PO4, and the optimum
PA/L weight ratio allowing complete reaction of lignin has been


dx.doi.org/10.1016/j.jhazmat.2010.04.062
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Vanessa.Fierro@lcsm-uhp.nancy.fr
dx.doi.org/10.1016/j.jhazmat.2010.04.062

28 V. Fierro et al. / Journal of Hazardous Materials 181 (2010) 27-34

Table 1
Activation conditions for RS impregnated with H3PO4.

Sample name Impregnation ratio Impregnation time (h)

Heating rate (°Cmin—") Activation time (h) Temperature (°C)

R effect (t,=2h and T=450°C)

RO00O 0 1
RO25 0.25 1
RO50 0.5 1
RO75 0.75 1
Reference 1 1
R120 1.2 1
R140 14 1
R160 1.6 1
t, effect (R=1 and T=450°C)
ATO 1
AT1 1
Teffect (R=1and t,=2h)
T350 1 1
T375 1 1
T400 1 1
T425 1 1
T475 1 1
T500 1 1
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evidenced at a value around 1.0. Further increase of PA/L did not
produce changes of weight loss during pyrolysis, and hence no
change of carbon yield occurred [21]. From the point of view of
porosity development, the optimal PA/L weight ratio was found
to range from 1.2 to 1.4, leading to ACs having high surface areas
(1300m2 g~1) and porosity (0.7cm3 g~1) [22].

Given the composition of RS, rich in cellulose and ashes, rather
different optimal experimental conditions are thus expected for
preparing the best possible adsorbents. The objective of this work
was to describe for the first time the properties of RS chemically
activated with ortho-phosphoric, and to find the best experimental
conditions for obtaining ACs having both with high surface areas
and carbon yields.

2. Experimental
2.1. Rice straw characterisation

The contents of a-cellulose, pentosan and lignin have been
determined according to methods detailed elsewhere [5]. The aver-
age ash content in RS was calculated by weighing a number of
samples before and after all the organic matter was burnt by heating
in a muffle furnace up to 600°C (ASTM E1755-01).

2.2. Synthesis of ACs

Rice straw (RS) was impregnated with phosphoric acid (PA) for
1h using PA to RS weight ratios, R, ranging from 0.25 to 1.6. The
resultant mixture was introduced in a quartz tube and placed inside
a quartz tubular reactor. The latter was placed in a vertical oven,
heated at 5°Cmin~! up to the final activation temperature, which
was held for activation times, tq, ranging from 0 to 2 h under nitro-
gen flow. Once the activation was finished, the oven was switched
off and the carbonised material let to cool under nitrogen flow.
The resultant AC was washed with distilled water in a Soxhlet for 5
days, and then dried overnight in an oven at 105 °C. Table 1 lists the
activation conditions and the corresponding name of the ACs thus
prepared. The sample synthesised at 450 °C with an activation time
of 2h and a ratio PA/RS of 1 is referred to as the “reference” sample
in the following. It is the one to which any other material prepared
in different experimental conditions will be compared. According
to the nomenclature of Table 1, the reference sample might be also
called R100, AT2, or T450.

2.3. Characterisation of ACs

2.3.1. Electron microscopy

The morphology of activated RS samples has been observed by
Scanning Electron Microscopy (FEG-SEM Hitachi S 4800) equipped
with an EDX (Energy Dispersion of X-rays) instrument. The latter
was used for the semi-quantitative analysis of the ashes.

2.3.2. Nitrogen adsorption at —196°C

The pore texture parameters have been determined from
the corresponding nitrogen adsorption-desorption isotherms
obtained at —196°C with an automatic instrument (ASAP 2020,
Micromeritics). The samples were previously outgassed at 250°C
for 24h. The surface areas were determined by the BET cal-
culation method [23] applied to the adsorption branch of the
isotherms. The micropore volume, Vpg, was calculated according
to the Dubinin-Radushkevitch method [24]. The total pore vol-
ume, sometimes referred to as the so-called Gurvitch volume, V{ g9,
was defined as the volume of liquid nitrogen corresponding to
the amount adsorbed at a relative pressure p/pg=0.99 [25]; the
Gurvitch volume is assumed to be the sum micropore + mesopore
volumes. The mesopore volume, Vieso, Was thus calculated as the
difference between V(g9 and Vpp.

2.3.3. Ash content determination

Ash content in ACs was determined in a thermogravimetric
device (TAG 1750, Setaram). 20 mg of AC were heated in air accord-
ing to the following temperature program:

(i) Moisture was measured by the weight loss of the sample
heated at 5°Cmin~! up to 105 °C, the final temperature being
held for 30 min.

(ii) Ash content was next determined on a dry basis by heating the
resultant sample at 5°Cmin~! from 105 to 650°C. The latter
temperature, chosen according to the D2866-94 ASTM stan-
dard (i.e., relevant to activated carbons), was maintained for
60 min.

(iii) Finally, additional heating at5°C min~! from 650 to 815 °C was
carried out, the latter temperature being maintained for 60 min
and now chosen on the basis of the ISO standard 1171 (i.e.,
corresponding to mineral carbons).
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Table 2

Solid yield (i.e., pure activated carbon +ashes), ash content, and textural parameters determined by nitrogen adsorption at —196°C.

Sample name Solid yield, C (%) Ash content (%) Sper (M2 g=1)

Cx Sger (m? g=1) Vogo (cm? g~1) Vpg (cm® g~1) Vineso (cm® g=1)

R effect (t,=2h and T=450°C)

R0O00 41.0 413 27 11.1 0.04 0.01 0.03
R0O25 422 33.8 359 151.5 0.24 0.14 0.10
RO50 35.3 17.4 571 201.4 0.50 0.21 0.29
RO75 493 36.0 448 220.9 0.41 0.17 0.24
Reference 51.9 33.0 522 270.7 0.55 0.18 0.37
R120 49.9 36.1 540 269.4 0.53 0.19 0.34
R140 459 34,5 598 274.0 0.75 0.21 0.54
R160 33.9 16.7 786 266.0 1.05 0.28 0.77
t, effect (R=1 and T=450°C)
ATO 34.6 52,6 664 229.8 0.72 0.24 0.48
AT1 44.4 34.1 588 260.9 0.65 0.21 0.44
Reference 51.9 33.0 522 270.7 0.55 0.18 0.37
Teffect (R=1and t;=2h)
T350 36.3 20.3 551 200.0 0.57 0.205 0.36
T375 33.9 18.5 576 193.9 0.62 0.213 0.41
T400 39.7 21.4 635 251.9 0.64 0.23 0.41
T425 37.5 27.9 685 257.0 0.75 0.25 0.50
Reference 51.9 33.0 522 270.7 0.55 0.18 0.37
T475 53.2 53.3 378 201.0 0.45 0.14 0.31
T500 39.4 28.5 466 183.70 0.57 0.17 0.39
2.3.4. Methylene blue adsorption 3. Results

Methylene blue (MB) adsorption is frequently used to test the

adsorption performances of ACs [26-28]. Five different amounts
of dry powdered AC (typically from 0.05 to 0.5g) were added to
25 mL of MB of concentration 0.6 gL~! in distilled water. The sus-
pensions were kept in a shaker at a fixed temperature of 30°C
during 24 h. According to a number of previous trials, such a time
is enough for guaranteeing adsorption equilibrium of MB over AC
surface. The AC suspensions were next filtered, and the residual MB
contained in the solution was quantified by UV-vis spectrometry
(Lambda 3B UV-vis Spectrophotometer, Perkin Elmer) working at
a fixed wavelength of 625 nm. Freundlich and Langmuir equations
were applied to the adsorption data at equilibrium. The main dif-
ference between these two equations concerns the way the heat
of adsorption decreases with surface coverage: Langmuir assumes
no decrease, whereas Freundlich assumes a logarithmic decrease.
Freundlich’s equation [29] reads:
Ge =kiC" (1)
where ¢ is the amount of MB adsorbed per unit mass of adsor-
bent (mgg1), kr is Freundlich’s constant related to the adsorption
capacity (mgg~!-(mgL-1)"), C. is the equilibrium concentration of
adsorbate in the solution (mgL~1), and n is the empirical parame-
ter representing the energetic heterogeneity of the adsorption sites
(dimensionless).

Langmuir’s equation [30] can be written as:
G_1 .G
ge QB Q
where C, and g, have the same meaning as before; Qg is the
maximum uptake per unit mass of adsorbent (mgg~!), and 8 is
Langmuir's constant related to the adsorption energy (Lmg1).
The efficiency of the adsorption process can be predicted by the
dimensionless equilibrium parameter E;, which is defined by the
following equation:

_ 1
T 148G

where (Cj is the initial concentration of methylene blue in the
solution (mgL-1). The adsorption is considered as irreversible
when E; =0, favourable when 0<E; <1, linear when E; =1, and
unfavourable when E; > 1.

(2)

Ep (3)

3.1. Rice straw characterisation

Raw rice straw (RS) has very high ash content (mainly silica)
of 18.2%, on average, much higher than in any other kind of cereal
straw. Given that heat-treatment unavoidably induces the release
of volatiles, the fraction of ashes in the final activated carbon is
expected to be even higher. a-Cellulose, pentosan and Klason lignin
contents are found to be 51.3, 12.7 and 17.8%, respectively. It is
well known that such components have different carbon yields,
typically 20% for cellulose and even below for hemicellulose, and
40% for lignin. The fraction of lignin being lower than 20%, rather
low carbon yields are foreseen, even in PA activation hinders the
formation of volatiles and thereby leads to higher yields than
what is obtained by simple pyrolysis at the same temperature (see
below).

3.2. Activated carbon yield and textural properties

Table 2 presents the yield (C) of as-prepared activated carbon
and the corresponding ash content, as well as some physical param-
eters determined by nitrogen adsorption at —196 °C such as Sgr,
Vo.99, Vpr and Vipeso. The product C x Sggr is also given. By “yield of
as-prepared activated carbon”, we mean the weight ratio of final
to initial solid, i.e., including the ashes. The true carbon yield, i.e.,
only taking into account the carbon present inside the solid, is thus
lower. No difference in ash content could be experimentally found,
whatever the final temperature used for burning the organic mat-
ter (see Section 2.3.3). Thus, heating at 815 °C instead of 650 °C just
allowed checking our results.

The ash content is strongly modified through chemical activa-
tion, indeed varying in a very wide range of values: from 16.7 to
53.3% (see 3rd column of Table 2), without any logical correlation
with the synthesis parameters. Each line of Table 2 represents the
data for one given sample (in other words, not averages of a set
of values), consequently such high differences may be ascribed to
significant heterogeneity in the composition of rice straw. By con-
trast, in the figures of the present manuscript, several different
samples have been tested for giving one’s idea about the scattering
of the results. The assumption of heterogeneity of composition is
strongly supported as soon as the results are analysed on the basis



30 V. Fierro et al. / Journal of Hazardous Materials 181 (2010) 27-34

Fig. 1. Effect of the impregnation ratio on solid (i.e., activated carbon +ashes) and
carbon (i.e., without ashes) yields (t, =2 h and T=450°C).

of either total solid (i.e., whole, as-prepared, activated carbon, thus
comprising pure carbon+ashes) or carbon alone. Removing the
contribution of the ashes from the weight of as-prepared activated
carbons, the true carbon yield and other specific properties can be
deduced. In some of the following figures, the results are thus pre-
sented for both as-obtained and pure activated carbons (i.e., with
and without ashes, respectively). Such double representations shed
light on the activation mechanism of RS.

3.2.1. Effect of the impregnation ratio

As a first example, Fig. 1 shows the dependence of both solid
yield (i.e., the as-prepared activated carbon: full symbols) and pure
carbon yield (empty symbols) on the impregnation ratio, R. The
solid yield presents an uneven curve having a maximum at approx-
imately 50% for R=1. By contrast, the changes of carbon yield are
much lower, increasingly slowly up to R =1, then being roughly con-
stant within the uncertainties of the measurements. Such trends
may be explained on the basis of both activation conditions and
ash contents. As suggested in Section 1, phosphate and polyphos-
phate bridges are created when PA reacts with RS, increasing the
carbon yield through the hindrance of volatilisation. The carbon
yield is thus seen to increase by typically 10% when the amount of
PA increases from R=0 to R=1. However, beyond a critical value
of R, here close to 1, no additional organic matter is able to react

with PA. Therefore, adding more phosphoric acid has no effect on
the carbon yield that cannot further increase. The excess of PA thus
alsoreacts with the ashes (mainly silica), leading to the formation of
silico-phosphates and other salts. Several compositions and struc-
tures are possible for silico-phosphates, e.g., SiP, 07, SisO(PO4)g, or
Si(HPO4),, H20 [31], some of them being soluble in water. These
compounds are extracted by boiling water in the Soxhlet wherein
the activated carbons are washed, thus decreasing the solid yield.
The ash content is thus seen to vary between 41% for RS carbonised
without H3PO4 to 33% and 17% at R=1 and R= 1.6, respectively (see
Table 2).

Fig. 2 presents SEM pictures of R120 AC at different magnifica-
tions. Activation does not modify the morphology of the original
particles, and the structure of the vegetal cells is fully maintained.
Observation at the highest magnification revealed that the outer
surface of RS is covered with small silico-phosphate crystals, whose
qualitative composition was indeed revealed by EDX analysis.

Fig. 3a shows the effect of the impregnation ratio on the specific
surface area, Sger, which was again calculated on the basis of either
total solid (full symbols) or pure activated carbon (empty symbols).
Obviously, the surface area is the lowest in the absence of activat-
ing agent (R=0), and quickly increases as soon as R> 0. As far as the
total solid is concerned, Sggr values are stable, around 520m2 g1,
for R ranging from 0.5 to 1.2. Then, the surface area increases grad-
ually for R> 1.2 due to the progressive consumption of ashes by
the excess of PA. Assuming that only the carbonaceous part of the
material provides surface area, the corresponding Sger can be calcu-
lated from the (pure) carbon yield. This assumptionis quite realistic,
given the following calculation. After heat-treatment, silica grains
are not expected to be smaller than 100 nm. Assuming a spherical
shape and a density of 2.2 for silica particles, and a density of 1.8 for
carbon, a silica content as high as 50 wt.% of the total solid would
lead to an additional surface area of 14 m? g~!, much lower than the
BET values reported in Table 2. The BET surface area of pyrolysed
(non-activated) RS is, however, of the same order of magnitude of
the aforementioned calculation, thereby supporting its relevance.
The contribution of pure activated carbon to the global surface area
of the solid is thus seen to increase monotonously with R in Fig. 3a,
leading to Sger=940 m2 g~! for R=1.6. Such a monotonous increase
of (pure) carbon surface area is readily explained by the opening
and development of the porosity, due to simultaneous activation
and progressive elimination of silico-phosphates.

Fig. 3b shows the evolution with R of nitrogen
adsorption-desorption isotherms at —196°C. At low relative

Fig. 2. SEM pictures of ACs prepared from RS activated with phosphoric acid (R=1.2, T=450°C, t, =2 h) at different magnifications: (a) 45x; (b) 400x; (c) 2000x; (d) 10,000 x;

(€)30,000x.
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Fig. 3. Effect of the impregnation ratio on: (a) BET surface area basing on either
total solid (full symbols) or pure activated carbon (empty symbols); (b) nitrogen
adsorption (full symbols) and desorption (empty symbols) isotherms; (c) micropore
(circles) and total pore volumes (triangles) on one hand, and micropore fraction (full
squares) on the other hand, all based on total solid (t, =2 h and T=450°C).

pressures, all the ACs except the one without PA (i.e., correspond-
ing to pyrolysed, non-activated, RS) present a sharp increase in the
N, uptake due to the existence of micropores. As R increases, the
elbow of the isotherms widens, evidencing the broadening of the
micropore size distribution. The slopes of the plateaus increase as
well, and the hysteresis loops are increasingly enlarged. The latter
findings are related to the development of mesoporosity.
Deduced from Fig. 3b, Fig. 3c shows the effect of impregna-
tion ratio, R, on total and micropore volumes on one hand, and
on the micropore fraction on the other hand, defined as the ratio
Vpr/Vo.99. These pore volumes are those of the as-produced solid:
carbon +ashes. However, given the aforementioned postulation
about the contribution of ashes to surface area, the pore volumes
reported here most probably also correspond to those of the pure
carbonaceous matter. Vpg and Vg9 both increase steadily with R,
though Vpg tends to stabilise from R=0.5 to R=1.5. Since the total
pore volume continuously increases, so does the mesopore vol-
ume. The ratio Vpg/Vyg9 consequently shows a maximum, at an
impregnation ratio as low as R=0.25. The action of PA on RS thus

essentially leads to mesoporous activated carbons. For example, the
reference sample (R=1) is 67% mesoporous. It seems that microp-
orosity can further develop only after the ashes that may block the
pores are removed with high amounts of phosphoric acid, i.e., at
impregnation ratios higher than 1.5 (see Fig. 3c).

3.2.2. Effect of the activation time

Fig. 4a and b shows the evolution with activation time, t4, of
yields and surface areas, respectively, at the same impregnation
ratio R=1. The reference sample corresponds to t, =2 h. Increasing
the PA/RS contact time spent in the furnace leads to higher yields
and correspondingly lower surface areas. This finding can be under-
stood on the basis of concurrent depolymerisation of cellulose and
lignin by H3PO4 and cross-linking of the resultant fragments into a
carbonaceous solid, according to the mechanism claimed in Section
1. The first step leads to oligomers that can be extracted by wash-
ing in the Soxhlet, giving lower yields at short activation times. At
higher activation times, cross-linking occurs, so more solid material
is recovered at the end of the heat-treatment. Such a phenomenon
was already observed for activation of lignin with NaOH, but was
considered as insignificant [32]; in the present case, the increase of
solid and carbon yields with activation time is clear and not negligi-
ble. As seen in Fig. 4a, at least 2 h seem to be required for getting the
maximum (pure) carbon yield, lower times leading to incomplete
(cross-linking) reaction.

According to the aforementioned mechanism of activated car-
bon formation, a material with more open porosity is obtained at
low activation time. Increasing the latter thus decrease the BET sur-
face area, as observed in Fig. 4b. An additional mechanism is the
blocking of pores by ashes. At activation time zero (i.e., the PA/RS
mixture is heated up to 450 °C and then immediately cooled), the
ashes are in the form of fine, well dispersed particles, that tend to
gather at higher activation times. With such a mechanism, more
porosity is blocked at high activation time, explaining why the sur-
face area of the pure carbon decreases faster with activation time
than that of the total solid.

Fig. 4. Effect of activation time on: (a) solid and carbon yields; (b) surface areas of
solid and carbon (R=1 and T=450°C).
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Fig. 5. Effect of activation temperature on: (a) solid and carbon yields; (b) surface
areas of solid and carbon (R=1; t,=2h).

The reference sample is thus the one having the lowest surface
area but the highest yield. Its C x Sggr product is higher than that
obtained with other activation times, and thus represents a good
compromise.

3.2.3. Effect of the activation temperature

The influence of synthesis temperature, T, is presented in Fig. 5.
As seen in Fig. 5a, an unexpected maximum yield of total solid
is reached between 450 and 475 °C. However, once the contribu-
tion of the ash content is subtracted, the obtained carbon yield
decreases slightly, and understandably, with activation tempera-
ture. The aforementioned maximum solid yield is thus due to the
strong heterogeneity of the raw material. As far as the authors
know, it is the first time that pure carbon and total solid are sepa-
rated like this, and shown to behave so differently. The low decrease
of carbon yield as a function of synthesis temperature was also
reported for lignin activated with PA [22], and is ascribed to the
improved activation process, leading to higher porosity and thereby
to lower amounts of resultant solid.

The surface areas of both as-prepared solids and pure acti-
vated carbons are plotted in Fig. 5b as a function of T. A maximum
is always obtained at 425°C, for which Sggr values of 685 and
950m2 g1 are obtained for solid and carbon, respectively (i.e.,
only slightly higher than those corresponding to the reference sam-
ple: T=450°C). This behaviour is qualitatively the same as the one
observed with lignin activation with ortho-phosphoric acid [22],
for which the highest surface areas were obtained at 600 °C. Find-
ing optimal surface areas at a much lower temperature for rice
straw should be related to its composition, i.e., to the existence of
cellulose and hemicelluloses that degrade at lower temperatures
than lignin. 450°C is indeed a rather usual temperature for the

activation of biomass (namely, comprising lignin associated to cel-
lulose and hemicellulose). Examples of references have been given
in Section 1. The observed maximum is the result of pore devel-
opment and pore widening, both favoured by temperature, and
leading to two antagonistic contributions on surface area: forma-
tion of microporosity and formation of mesoporosity. The former
increases the surface area through the formation of narrow pores,
whereas the latter decreases it through the formation of increas-
ingly wider pores. Too wide pores become macropores, almost not
contributing to the surface area. The resultant effect of both pore
creation and pore widening is a maximum observed in the total
micropore + mesopore volume at a synthesis temperature of 425 °C,
as seen in the 6th column of Table 2. Such a maximum matches the
one observed for BET surface area.

3.3. Methylene blue adsorption

The adsorption behaviour of the RS-derived activated carbons
has been studied by evaluating the removal efficiency of methy-
lene blue (MB) according to the conditions detailed in Section 2.
MB, a rather big, heterocyclic, dye molecule soluble in water, is a
good choice for testing adsorbents whose mesoporosity suggests
their application for pollutant adsorption in liquid phase. MB, hav-
ing the formula (C;gH1gN3S)", CI~ once dissolved in water indeed
possesses a molecular size of 0.7 nm x 1.6 nm based on Van der
Waals radii [33]; the hydrated form is expected to be even bigger,
thus having affinity for carbon mesopores possessing an aromatic
nature.

Table 3 gathers Freundlich and Langmuir parameters for MB
removal, obtained by fitting Eqs. (1) and (2), respectively, to the
adsorption data of nine selected activated carbons. Langmuir’s
model better fits the experimental data than does Freundlich’s
model, given that the corresponding correlation coefficient of the
former, R2, was found to be most of times equal to 1.00. Adsorption
is usually considered as satisfactory when Freundlich’s constant n
takes values within the range 1-10. n was lower than 10 for all the
ACs tested, suggesting good adsorption properties. The values of
Qo B, E; and R?, derived from application of Langmuir’s model, are
also listed in Table 3. The values of E; are always lower than 1 for
all the ACs, the lowest ones indicating a more favourable behaviour
toward MB adsorption. The values of maximum uptake, Qq, are
found to vary from 21.4mg g, for the non-activated material (i.e.,
RS just pyrolysed at 450°C), up to values around 110mgg-! for
the ACs prepared at the highest temperatures with an impregna-
tion ratio of 1. The reference material is among the ones leading
to the highest maximum uptake Q. Table 3 shows that activation
temperature and activation time have a rather low effect on the
adsorption properties, as far as the values of Qg are compared. By
contrast, the impregnation ratio has a major influence, and val-
ues of R lower than 1 lead to poor adsorbents. These findings are
obviously related to the changes of pore texture already discussed
above. However, the magnitude of their impact on the adsorption
performance is hardly predicted, hence the importance of having
carried out these experiments.

Fig. 6a shows the relationship between Qg and Sggr for ACs
prepared from RS by H3PO,4 activation (present study) and those
prepared by KOH activation [5]. The present ACs exhibit a limit
Qo close to 110mgg~', much lower than the values reached by
KOH-activated carbons (up to 529 mgg~'). This finding is due to
the corresponding lower surface areas and pore volumes of mate-
rials prepared with phosphoric acid. However, as emphasised in
Section 1, the present ACs are much cheaper to produce. Therefore,
their comparatively lower performances should be easily compen-
sated by using higher amounts in water treatment. In the case of
KOH-activated rice straw, the maximum uptake was directly pro-
portional to the surface area in the whole range of Sggr studied:
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Table 3
Freundlich and Langmuir parameters for MB removal by ACs prepared from H3POj, activation of raw rice straw under different activation conditions.
Freundlich Langmuir
kr(mgg')(mgL')" n R? Q (mgg 1) B(Lmg1) E; x 100 R2
RO00 5.08 3.04 0.96 21.38 0.023 6.76 0.98
RO25 20.27 1.00 0.92 87.72 44 %104 78.89 0.93
RO75 25.29 4.72 0.90 88.65 0.063 2.58 0.97
Reference 1.02 6.19 0.99 109.11 0.232 0.71 1.00
ATO 34.70 4.94 0.92 91.32 0411 0.40 1.00
T350 56.98 7.12 0.80 103.20 7.02 0.02 1.00
T375 26.19 4.02 0.89 101.01 0.08 2.04 0.95
T400 47.09 522 0.80 110.38 0.88 0.19 1.00
T500 1.40 1.15 0.87 111.48 0.398 0.42 1.00

Fig. 6. Maximum MB uptake at equilibrium (30°C) as a function of (a) BET surface
area, and (b) product of solid yield by surface area, of ACs prepared from RS: in the
present study using phosphoric acid (full squares), and in the work of Basta et al. [5]
using potassium hydroxide (1-step process: empty triangles and 2-steps process:
full triangles). (c) Pore size distribution of the AC samples #1, #2 and #3 indicated
in (b).

from 420 to 1917 m2 g~1. Such a linear relationship is not so well
followed by H3PO4-derived ACs, suggesting that their pore size dis-
tribution is not so suitable (too broad and centred on too wide pore
sizes) for adsorbing efficiency of the dye molecule.

From a practical and economical point of view, as important
as the surface area, Sggr, is the material yield, C. Table 2 gives the
values of the product C x Sger for ACs prepared from RS activated by
H3POy, ranging from 152 to 274 m2 g~ 1. ACs prepared by 1-step and
2-steps KOH activation processes led to values of C x Sggr within the
ranges 36-74 and 210-451m2 g1, respectively [5]. Because of the
rather high solid yield, compared to that obtained with activation
by KOH, the present product C x Sggr therefore takes intermediary
values. Fig. 6b shows the relationship between Qg and C x Sggr for
the same ACs as in Fig. 6a. Again, a linear correlation is found for
ACs made by KOH activation, whether the process had one (empty
symbols) or two steps (full symbols). Such linear relationship is not
observed for ACs prepared by H3PO4 activation except, maybe, at
low C x Sggr values. Above 150 m2 g~1, the maximum adsorption
uptake Qg saturates near 100 mgg~!. This finding suggests that,
whatever the activation condition, RS heat-treated with PA is not
able to lead to better adsorbents. The synthesis parameters should
thus uppermost be chosen for obtaining the highest yield. This very
important conclusion makes the reference material among the best
compromise for being used in water treatment.

Fig. 6¢ shows the pore size distribution (PSD) of three selected
ACs referred to as #1, #2 and #3 in both Fig. 6b and d. These mate-
rials have been chosen for comparison because of the following
reasons: #1 and #2 are ACs presenting the same value of the prod-
uct Cx Sger, i.e., around 250m?2 g~!, but have been prepared by
activation with H3PO4 and KOH, respectively. #3 is the best AC
obtained in Basta et al. [5], having a C x Sger equal to 459 mZ g1,
Despite having nearly the same value of C x Sggr, samples #1 and
#2 present very different PSDs: on one hand, #2 is only 30% meso-
porous and most of this porosity is narrower than 5 nm; on the other
hand, #1 is 64% mesoporous, and most of its mesopores are wider
than 5 nm. Finally, #3 has a much higher surface area (1917 m2 g~1)
than #2 (1444 m?2 g-1), but the PSDs are qualitatively similar.

The pore size distributions given in Fig. 6¢ account for the
observed adsorption properties, and support all the aforemen-
tioned statements about them. As evidenced by the PSD of #1,
a too broad porosity has indeed no effect on the adsorption
performances. Increasing the amount of such porosity through sup-
plementary activation is thereby useless, and explains why the
values of Qg saturate. Pores having the suitable width, below 5 nm
in the present case, present superior adsorption performances. #2
is thus much better than #1 from that point of view, as evidenced
in Fig. 6b. Finally, increasing the pore volume without significant
broadening of the porosity further improves the adsorption prop-
erties, explaining why #3 is even better than #2. In the case of RS
activation with PA, it is not possible to develop the porosity without
broadeningit at the same time. Therefore, adsorption performances
will be definitely limited.
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It should be stressed that the production of PA-derived ACs is
far less expensive than that of better materials obtained by 2-steps
KOH activation. The present process based on H3PO4 indeed com-
prises only one single step process achieved at a temperature as
low as 450°C, and which could probably be also carried out under
self-generated atmosphere, i.e., without any continuous flow of
inert gas. Therefore, H3PO,4 activation has unquestionable inter-
est compared to KOH activation, even if the performances of the
resultant adsorbents are comparatively lower. Because of their low
cost, it should not be a problem for using PA-derived adsorbents in
higher amounts for reaching adsorption uptakes of more expensive
materials.

4. Conclusion

The first systematic study for preparing ACs by chemical activa-
tion of RS with PA has been carried out. Separating the contributions
ofashes and carbon allowed explaining unexpected behaviours that
were ascribed to heterogeneity of raw RS composition. Besides, the
own properties of pure carbon could be determined. The experi-
mental conditions: T=450°C, t;=2h, R=1, are a good compromise
for getting a correct carbon yield x Sggr product. The highest pos-
sible adsorption performances were indeed obtained with this
reference material. Modifying the synthesis parameters only broad-
ens the porosity, and therefore do not improve the adsorption
properties.
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