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Abstract Activated carbon from sugarcane residues, ba-

gasse and straw was obtained with phosphoric acid acti-

vation. All samples were characterized by N2 adsorption–

desorption isotherm, scanning electron microscopy, cou-

pled with energy dispersive microscopy, X-ray photoelec-

tron spectroscopy and thermal analysis. The advantages of

using a ball or hammer milling process were investigated,

together with the effect of the impregnation ratio and its

influence on the final activated carbon porosity. The results

show that all samples exhibit a high surface area and well

developed porosity, but those which were ball-milled have

a greater gas adsorbed amount, especially those which had

straw (1415 m2/g) as precursor material. Furthermore, the

results suggest that the process may have an optimum

impregnation ratio, which should be around 2 or 3, irre-

spectively of the lignocellulosic source material. The

mechanochemical process seems to be more relevant than

the percentage of cellulose in the raw material. According

with spectroscopy results, the homogeneous distribution of

phosphorus throughout the sample was verified, even after

repeated washing steps. Surface phosphate linkages like

C–O–PO3 and C–PO3 were also detected.
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Introduction

The present work aims at synthesizing an active carbon

from sugar cane straw with high specific surface area and

mesoporous structure, envisioning its application as a cat-

alyst support. Studies involving synthesis variables such as

impregnation ratios [R = H3PO4/precursor (w/w)] and the

milling process will be presented here and sugarcane ba-

gasse will be used for comparison. Sugar cane straw and

bagasse were chosen for their obvious abundance as resi-

dues and the environmental benefits of their application.

In Brazil, agro industry generates around 597 million

tons of residue per year [1], more especially the sugarcane

sector, which represents around 25 % of the gross cul-

tivable area in the country. Bagasse and straw are impor-

tant by-products that should deserve attention as local

renewable feedstock. Straw residue is becoming consider-

ably important, especially when one takes into account the

fact that it was usually burned prior to the sugarcane hand-

cutting harvesting process, a practice that has recently been

banned. As a matter of fact, full mechanical harvesting will

result in more straw residue by 2017. A recent study [2]

predicts a continuous economic growth, with an improve-

ment of cane productivity up to 2020. Furthermore, ac-

cording with Federal Law 2661 and State of São Paulo Law

No. 11241 dated 19 September 2002 [3, 4]; sugarcane

harvesting will have been fully converted from hand-cut-

ting to mechanical method by the end of 2017. The switch
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is being forced by the government as a way to reducing air

pollution and greenhouse gas emissions. Among other

various applications [1–30], including production of (2G)

ethanol [6], renewable biomass has also been employed as

a source of activated carbon [18–21].

Activated carbon industry and market are well estab-

lished [22] where performance materials are used in mul-

tiple high-end applications. This allows its widespread use

in the environmental, industrial and other sectors for re-

moving, recovering, separating and modifying a variety of

species in liquid- and gas-phase applications. The use of

activated carbon in liquid media has been intensively

studied by environmental scientists [23–25]. However,

though not new [18], there has been renewed interest in

gas-phase reactions by using it as a catalyst carrier [19, 20],

especially in oxidation reactions. Charcoal (activated car-

bon) can be obtained from numerous biomass precursors

[7–9, 17, 20], but studies dealing with sugarcane straw

application are quite scarce. Besides, the need for the

valuation of residues, especially those related to abundant

and relatively low-value agricultural residue [18–21] such

as bagasse and sugarcane straw, added to the physico-

chemical characteristics of the active carbon, has motivated

recent studies involving its synthesis and application in

different catalytic processes [19, 20]. In this sense, prop-

erties such as a high surface area and an appropriate por-

osity are the most important characteristics and are the first

steps towards obtaining a proper carrier. Macro and me-

sopores can generally be regarded as the highways into the

carbon particle, and are crucial for kinetics. Most of the

chemical processes make use of a catalyst and, from this

point of view, a porous high surface area activated carbon

can be used as support for novel catalyst (metal catalyst

carriers). The internal surface is an excellent base for finely

distributed active sites and provides a huge surface area for

catalytic reactions. The available macropores increase the

transport of reactants to and from the catalytic surface. In

comparison with other carriers, activated carbon carriers

have the advantage of inertness in relation to most acidic

and alkaline solutions, easy recovery of precious metals,

less coke production from reacting compounds (catalytic

metals and the activated carbon do not form mixed com-

pounds, and therefore do not interfere with selectivity or

activity). Studies using different lignocellulosic materials

[20, 26] have shown the beneficial effects of phosphorus as

activation agent, coupled with its mesoporosity. In fact,

resistance towards oxidation has been attributed to the

presence of thermally stable phosphorus complexes that

remain on the carbon surface after the activation process.

The use of phosphorous activated carbon is especially in-

teresting when one has in mind its future use in the

oxidation reaction, also because of its thermal stability

[20].

Materials and Methods

Sugarcane straw is an important and abundant residue. In

this section we will describe the methodology to prepare an

activate carbon from straw by using phosphorous as an

activation agent. Moreover, two types of mechanical mil-

ling process (hammer and ball mill) were used. Reports by

using different lignocellulosic materials [20, 26] have

shown the beneficial effects of phosphorus as an activation

agent, coupled with its mesoporosity. The use of phos-

phorous activated carbon is especially interesting when one

has in mind its future use in the oxidation reaction, also

because its thermal stability [20].

Preparation of Activated Carbon

Straw from sugar cane, supplied by Complexo Bioen-

ergético Itarumã S.A, Goiás, Brasil, was used as a starting

material for obtaining high surface area activated carbons.

The lignocelullosic source has the following chemical

composition (average values) [5]: cellulose (29.3 %),

hemicellulose (30.3 %), soluble lignin (9.7 %), insoluble

lignin (20.2 %), extractives (10.7 %) and ashes (2.7 %).

The straw was processed in a hammer-mill and sieved,

which resulted in fractions around 2 mm. Another milling

process was performed using a ball mill in order to reduce

the particle size and to investigate the mechanical influence

on the final activated carbon porosity. The ball milling

process generates fractions around 1 mm.

For the impregnating and activating processes, the same

procedure was used for both straw’s particle sizes. The

precursor was impregnated with 85 % (w/w) H3PO4 (Sigma

Aldrich) aqueous solution at room temperature for 2 h, and

dried in a rotary evaporator for 24 h, at 60 �C. Two im-

pregnation ratios were used [R = H3PO4/precursor (w/w)]:

named SBM2 and SBM3 (‘‘Straw Ball Milled’’), for R = 2

and 3, respectively. The one named SHM9 (‘‘Hammer-

Milled Straw’’) refers to the hammer-milled straw with a

ratio of 9. The obtained materials were kept in an oven at

100 �C for 72 h. After drying, the impregnated straws were

activated at 500 �C, under continuous N2 flow (60 mL/

min), in a conventional tubular reactor. The activation

temperature was reached at a heating rate of 10 �C/min and

maintained for 2 h.

The activated samples were cooled in N2 flow. After

that, the samples were washed and filtered with distilled

hot water (60 �C) until neutral pH. The resulting activated

charcoal was dried at 100 �C for 24 h and stocked, prior to

characterization analysis.

The same experiment was also carried out with bagasse

as raw material, which was supplied by Cooperativa

Agroindustrial do Rio de Janeiro Ltda (COAGRO, RJ).

Bagasse was milled sequentially, first in a hammer mill and
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then in a ball mill (BBM3). This sample was prepared with

ratio equal to R = 3.

Characterization

Characterization Technics such as N2 adsorption–desorp-

tion (BET), X-ray photoelectron spectroscopy (XPS), in-

frared spectroscopy (FTIR) and scanning electron

spectroscopy coupled with energy dispersion spectroscopy

(EDS) were used to characterize the prepared samples. In

this section we present the experimental details of each

technique. The obtained results will be presented and dis-

cussed in the ‘‘Results and Discussion’’ Section. Properties

such as a high surface area and an appropriate porosity are

the most important characteristics and are the first steps

towards obtaining a proper catalyst carrier. Macro and

mesopores can generally be regarded as the highways into

the carbon particle, and are crucial for kinetics.

N2 Adsorption–Desorption

The porous structure of the activated carbons was charac-

terized by N2 adsorption–desorption at -196 �C and per-

formed with ASAP 2020 equipment (Micromeritics).

Samples were pretreated in vacuum at a temperature of

300 �C for 24 h. From the N2 isotherm, the specific surface

area (SBET) was obtained by the Brunauer–Emmertt–Teller

(BET) method, total pore volume (Vtotal) and average pore

diameter (Dp) by Barrett–Joyner–Halenda (BJH) method

and external area (St) and micropore volume (Vmeso) by

t-plot method. Micropore area (Smeso) corresponds to the

difference between surface area (SBET) and external area

(St).

X-Ray Photoelectron Spectroscopy (XPS)

The surface chemistry of samples was analyzed by X-ray

photoelectron spectroscopy (XPS). Analyzes were per-

formed using a hemispherical spectrometer PHOIBOS

150—SPECS, equipped with X-ray Gun (XR-50) with Al

Ka source (1486.6 eV), which is non-monochromatic. The

binding energy shifts due to surface charging were cor-

rected using the C 1s level at 284.6 eV, as an internal

standard. Spectra were Shirley background-subtracted

across the energy region and fitted using CasaXPS Version

2.3.15. The base pressure in the analysis chamber was kept

in the range 5 9 10-10–1 9 10-9 mbar.

Scanning Electron Microscopy (MEV-EDS)

The surface texture of the samples was characterized by

scanning electron microscopy (SEM) and the distribution

of the phosphorous was determined by energy dispersive

spectroscopy (EDS) analyses. Both were obtained using

SEM–EDS—Inspect S50, FEI.

Non-isothermal thermogravimetric analyses were car-

ried out in a gravimetric thermobalance system, SDT Q600

Dp union. The thermobalance automatically measures the

weight and temperature as a function of time. Experiments

were carried out in air atmosphere with the use of a sample

mass of approximately 10 mg. The sample was increased

from room temperature up 500 �C.

Infrared Spectroscopy (FTIR)

FTIR-IR spectrum of the SBM3 sample (85 mg) was ob-

tained using a spectrometer Magma-IR560 spectrometer at

room temperature by the KBr method (500:1). The nature

of the surface groups was evaluated.

Results and Discussion

This section presents some of the most relevant aspects

pertaining to the physical–chemical characterization of

straw and active carbon. The results reveal that a high

specific surface area (1415 m2/g) activated carbon can be

obtained, while using a ball milling process and a phos-

phorous activating process.

Sugar cane straw and bagasse were previously used by

our group [5], whose chemical composition is reproduced

in Table 1 [5].

As we are dealing with a lignocellulosic biomass, it is

more relevant to establish its composition in terms of its

cellulose, hemicellulose and lignin amounts. In this way,

one can distinguish among amorphous and crystalline

fractions. There are indicative studies showing that the

phosphorous linkages are preferentially formed in the

crystalline part, providing resistance and porosity [9].

The residual amounts of inorganic elements of the pre-

pared activated carbon from straw were estimated by EDS

technique and revealed relative weight% amounts of 0.1 %

(Al), 2.8 %(Si) and 12.2 % (P).

Figure 1 shows the N2 adsorption–desorption isotherm

at -196 �C from the SHM9 sample and presents a

Table 1 Chemical composition of sugarcane bagasse and straw used

as raw materials to obtain activated carbon

Components% (w/w) Bagasse (%) Straw (%)

Cellulose 36.58 ± 0.73 29.25 ± 1.08

Hemicellulose 22.96 ± 2.93 30.34 ± 3.43

Lignin 27.34 ± 0.24 29.90 ± 0.28

Ashes 6.89 ± 0.01 2.67 ± 0.14

Extractives 5.62 ± 0.37 8.41 ± 2.15
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modified type II isotherm with hysteresis loop starting at

relative pressures near 0.7, suggesting a broad pore size

distribution. In fact, it is well known that activated carbons

contain micro, meso and macropores in its structure, but

the relative ratio varies considerably, depending on the

precursor and the manufacturing process used. The profiles

of isotherms of SBM2, SBM3 and BBM3 samples are

shown in Fig. 2. They are also modified type II isotherm,

however with hysteresis loops at relative pressures near

0.4, which indicates a significantly higher contribution of

micro and mesoporosity. Notwithstanding this, it is possi-

ble to realize that ball-milled samples have a greater

amount of absorbed gas, especially those which had straw

as precursor material (sample SBM2).

As proposed by Rosas et al. [7, 9, 26] activation with

phosphoric acid resulted in significant pore development

with a high contribution from mesopores, interacting with

lignocellulosic material to form phosphate and polyphos-

phate bridges.

According to this literature, these bridges connect

biopolymer fragments and promote an expansion of the

carbonaceous matrix, which suggests that the phosphate

groups are responsible for developing the porosity. The

impregnation ratio (weight of H3PO4 in solution/weight of

source) was pointed out by these authors as of some im-

portance in the mesoporosity creation mechanism. On the

other hand, Chen et al. [8] have shown that the employment

of a mechanochemical process can also contribute to de-

velopment of mesoporosity. These authors highlighted the

advantages of using a ball milling process, such as less

processing time, greater adsorption capacity and higher

adsorption volume of nitrogen. Therefore, in the present

paper, we intentionally worked with an extremely high

impregnation ratio (SHM9) and also made use of the ball

milling process, however with impregnation ratios at a

similar range (2 and 3) as used before [7–9, 20].

Notwithstanding this, we need always to bear in mind that

sugarcane straw is being used as raw material, unlike the

previously reported research. With the help of calculated

textural parameters of prepared samples (Table 2), it is

possible to see the effect of impregnation ratio and the

milling process. All samples present developed meso-

porosity, but the one that was prepared with a higher im-

pregnation ratio (SHM9) exhibits lower BET surface, a

broader pore size distribution and lower micropore volume.

These results suggest that there may be an optimum im-

pregnation ratio during the preparation process, which

should be around 2 or 3, irrespectively of the lignocellu-

losic source material used. Apart from that, a narrow pore

size distribution, with a 33–51 Å range (SBM2) can be

obtained when using impregnation ratios of 2 or 3, which

also results in higher surface areas (see Fig. 4). Rosas et al.

[9] also observe a tendency of larger pore size formation

with an increase of impregnation ratio.

The SBET to SBM2, SBM3 and BBM3, all milled in a

ball mill, are very similar and higher than SHM9 sample.

These results show the advantage of the use of a

mechanochemical process, in agreement to what has been

proposed by Chen et al. [8].

As mentioned before, t-plot method was generally used

to determine St and Vmicro and the most popular thickness

equation is the Harkins–Jura equation. However, as pro-

posed by the ASTM standardization [28], the Eq. 1 (ASTM

standard D-6556-01) would be more suitable to employ

when carbon-like materials are being analyzed. The Eq. 1,

the so-called carbon black equation, was used in the pre-

sent work, but the calculated results were quite similar to

the ones obtained when using Harkins–Jura equation. The

t-plot graphic is shown in Fig. 3.
Fig. 1 N2 adsorption–desorption isotherm at -196 �C from the

SHM9 sample

Fig. 2 N2 adsorption–desorption isotherm at -196 �C from the

SBM2, SBM3 and BBM samples
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t ¼ 0:88 P=P0ð Þ2þ6:45 P=P0ð Þ þ 2:98 ð1Þ

Pore size distribution of an activated carbon sample is

one of the most important parameters because it controls

the diffusion of reactants and products in/out the catalyst

structure. Micropores and mesopores also contribute to the

adsorption capacity of the activated carbon, while macro-

pores act as a transport way in order for the molecules to

reach other types of pores. In conclusion, ball-milled

samples presented better results, as shown in Table 2 and

Fig. 3.

Rosas et al. [7, 9] evaluated the porosity of activated

carbons with hemp fibers and monoliths from hemp cane as

precursors. It is suggested that the hemp fibers have more

potential for dilation because it contains significantly

higher amounts of cellulose than hemicellulose and lignin.

According to the study, the presence of cellulose induces

the formation of mesopores. In this work, the influence of

the cellulose percentage present in the raw material is not

significant as compared to the effect of the mechan-

ochemical process.

Figure 4a, b shows SEM micrographs of straw in nature

and activated carbon (SHM sample). Figure 4a shows the

straw as received and as expected. Moreover, it exhibits the

uniform and fibrous structure of the untreated raw material

as described by Moutta et al. [5]. Figure 4b illustrates the

structure of the activated carbon, which allows the identi-

fication of morphological differences, once the activated

carbon no longer shows the previously well-defined

structure as in the untreated straw. This demonstrates the

complete disruption of the material structure. The energy

dispersive spectroscopy (EDS) analysis reveals an homo-

geneous phosphorous distribution throughout the studied

area. The semi-quantitative analysis indicates that a value

of about 12 % (weight%) of phosphorous is present, which

demonstrates that phosphorous still remains, even after

repeated washing. The presence of inorganic elements,

such as Al (0.1 % weight) and Si (2.8 % weight) were also

verified.

The results of thermogravimetric analysis of SBM and

BBM samples are shown in Fig. 5. As can be seen, acti-

vated carbon is resistant in air up to 750 �C. Above this

temperature, the material is completely degraded. The

profile of the weight-loss curve is very similar for all

samples. At temperatures lower than 350 �C, samples ex-

hibit a small weight loss that can be attributed to the release

of moisture. The abrupt weight loss at temperatures be-

tween 200 and 500 �C can be related to decomposition of

major biopolymers and, at temperatures higher than

500 �C, to a deeper degradation of the more stable volatile

matter. As can be seen, impregnation with phosphoric acid

gives a higher thermal resistance to the prepared materials.

There are few papers presenting XPS surface chemistry

characterization of activated carbons from lignocellulosic

materials [7, 9, 19], but not of an activated carbon obtained

from sugarcane straw. The surface chemistry composition

of sample SBM3 was investigated by XPS analysis. As

expected for the other lignocellulosic materials, the survey

spectrum revealed the presence of carbon (C), oxygen

(O) and phosphorous (P). The presence of fluorine (F) and

silicon (Si) was also detected. The presence of phosphorus

(about 7 % atomic percent) on the surface could be ver-

ified, even after successive washes to remove excessive

Table 2 Texture properties of prepared activated carbon samples

Sample SBET
a (m2/g) Smeso

a (m2/g) Smicro
b (m2/g) Vmicro

a (cm3/g) Vmeso
a (cm3/g) Dp

a (Å)

Straw—hammer mill (SHM9) 875 683 192 0.09 19.34 78.63

Straw—ball mill (SBM2) 1415 894 521 0.24 15.02 37.08

Straw—ball mill (SBM3) 1279 819 460 0.21 13.53 45.52

Bagasse—ball mill (SBB3) 1236 853 383 0.17 13.06 34.24

a SBET refer to BET surface area, Smeso refer to mesopore area, Smicro refer to micropore area, Vmp refer to micropore volume, Vmeso refer to

mesopore volume and Dp refer to average pore diameter
b Correspond to the difference between surface area (SBET) and external area (St)

Fig. 3 Pore size distributions of SHM, SBM and BBM samples
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acid and ash. The high resolution P2p spectrum for the

activated carbon (SBM3 sample) is presented in Fig. 6.

The P2p spectrum of phosphorus shows contribution of two

peaks at binding energies of 134.4 and 133.6 eV. Like the

activated carbon obtained from other lignocellulosic ma-

terials, the high energy peak could be related to the pres-

ence of C–O–PO3, while the one at a lower binding energy

to C–PO3 groups. Rosas et al. [26] made a comparative

study of the oxidation kinetics of the chars and activated

carbons of different biomass residues (lignin, hemp stem

and olive stone). They concluded that the activation with

phosphoric acid really produces activated carbons with

oxidation resistance, which can be attributed to the phos-

phorus groups present on the surface. They show that these

groups are produced during the preparation process and

remain stable even after the surface washing process. They

suggest that the phosphorus groups, mainly C–O–PO3, act

as inhibitors of carbon gasification, because they stabilize

the carbon active sites and act as a physical barrier to

oxygen. Guerrero-Pérez et al. [20] while working with

orange skin as an activated carbon source, have also ob-

served surface groups such as COP3, C3P and CPO3.These

groups are formed and stabilized on the surface conferring

resistance towards oxidation, an important property when

one plans to employ water in the reaction medium, as is the

case of oxidation reactions [20, 29]. It is generally accepted

that phosphoric acid acts both by forming phosphate link-

ages and broadening porous structures in activated carbons.

The present work shows that activated carbon prepared

from sugarcane straw has a similar behavior while forming

phosphate linkages and that it can be used as an auspicious

support for metal to catalyze oxidation reaction and others.

Fig. 4 SEM micrographs of raw material-sugarcane straw (a) and sugarcane straw-derived activated carbon: SHM (b)

Fig. 5 Thermogravimetric analysis in air atmosphere for sugarcane

bagasse and straw treated and untreated with phosphoric acid Fig. 6 Photoelectron P2p spectrum of sample SBM3
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As expected, FTIR of prepared SBM3 sample result

show a typical spectrum [30] and reveals a wide trans-

mission band at 3200–3600 cm-1. This band can be as-

signed to the O–H stretching mode of hydroxyl groups and

adsorbed water. The weak bands around 2900 and

2859 cm-1 can be assigned to aliphatic, C–H stretching in

–CH2–. The weak band observed at 1451 cm-1 can be

related to –CH2– deformation. The presence of this last

band suggests a low oxidized surface. The contributions of

Aromatic structures vibration are irrelevant.

Conclusion

The main conclusion that can be drawn from this work is

that a high surface area (1415 m2/g) activated carbon from

sugarcane residues, especially sugarcane straw, can be

obtained. In this work, the creation of such high surface

area was favored by the use of a ball milling process before

the chemical activation with phosphoric acid. Surface

properties of these activated carbon materials were sig-

nificantly influenced by the impregnation ratio and by the

milling process as well. The ball milling process is par-

ticularly advantageous, once it helps developing a narrower

mesopore size distribution. The use of an extremely high

impregnation ratio gives a broad range of mesopore size

distribution, which suggests that there is an optimum im-

pregnation ratio. Such ratio should be around 2 or 3, which

results in a narrower mesopore distribution. The presence

of phosphorus is homogeneously distributed throughout the

sample, even after repeated washing steps. The presence of

surface phosphorous like C–O–PO3 and C–PO3 was also

detected on the surface of the activated carbon prepared

from sugarcane residues. This promising material will be

further used as a catalyst support towards oxidation

reactions.
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Garcı́a, F., Tascón, J.M.D.: Synthetic carbons activated with

phosphoric acid III. Carbons prepared in air. Carbon 41,

1181–1191 (2003)

440 Waste Biomass Valor (2015) 6:433–440

123

http://www.wcponline.com/pdf/June_2014_Schaeffer.pdf
http://www.wcponline.com/pdf/June_2014_Schaeffer.pdf

	High Surface Area Activated Carbon from Sugar Cane Straw
	Abstract
	Introduction
	Materials and Methods
	Preparation of Activated Carbon
	Characterization
	N2 Adsorption--Desorption
	X-Ray Photoelectron Spectroscopy (XPS)
	Scanning Electron Microscopy (MEV-EDS)
	Infrared Spectroscopy (FTIR)

	Results and Discussion
	Conclusion
	Acknowledgments
	References




