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a  b  s  t  r  a  c  t

The  potential  of  vacuum  pyrolysis  to  convert  sugar  cane  bagasse  into  char  materials  for  wastewater
treatment  and  soil amendment  is  the  focus  of  this  research  paper.  Vacuum  pyrolysis  produces  both
bio-oil  and  char  in  similar  quantities.  Vacuum  pyrolysis  has  the potential  to  produce  high  quality  chars
for  wastewater  treatment  and  soil amendment  directly  during  the  conversion  process,  with  no  further
upgrading  required.  In  the  present  study,  chars  with  the  required  porous  structure  was  obtained  directly
from the  vacuum  pyrolysis  process,  making  it very  efficient  as  adsorbent  both  in  terms  of methylene  blue
(MB)  adsorption  with  a N2-BET  surface  area  of  418  m2 g−1.  Further  steam  activation  of  the  chars  benefited
the  development  of  meso-  and macroporosity,  although  this  upgrading  step  was  not  essential  to  achieve
ctivated carbon
iochar

the required  performance  of  char  as  an  MB  adsorbent.  The  development  of  large  pores  during  the  vacuum
pyrolysis  favored  physisorption  of  MB,  rather  than  chemisorption.  The  chemical  nature  of  the  vacuum
pyrolysis  char  resulted  in a slightly  acidic  surface  (pH  6.56).  The  biochar  from  vacuum  pyrolysis  can  be
considered  as a highly  beneficial  soil  amendment,  as  it would  enhance  soil  nutrient  and  water  holding
capacity,  due  to its  high  cation exchange  capacity  (122  cmolc kg−1) and  high  surface  area.  It is  also  a  good
source  of beneficial  plant  macro-  and  micronutrients  and  contains  negligible  levels  of toxic  elements.
. Introduction

Sugar cane bagasse (SB) is one of the main biomass wastes from
ugar production and represents 30–40 wt.% of these wastes [1].  In
008, South Africa produced 7.9 million tonnes of bagasse [2].  This
aluable waste is intensively used in different contexts in South
frica. For the sugar industries, this waste is mainly converted into
nergy through combustion [3].  Applications in pulping [4],  acti-
ated carbon production [5,6], cellulosic ethanol production [7] and
nergy production through pyrolysis [8] and gasification [9] have
een considered in South Africa.

Pyrolysis is a thermochemical process used to convert
iomass into energy-dense bio-fuels namely biochar, bio-oil
nd non-condensable gases. Different types of thermochemical
ecomposition such as gasification, pyrolysis, torrefaction and
ombustion produce different product qualities and ratios by con-
rolling the process conditions. Fast pyrolysis is optimized for
igh liquid yields; gasification maximizes gas production; vacuum
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

yrolysis gives a more even spread of products; slow pyrolysis
nd torrefaction give char as main product; and finally com-
ustion produces heat [10]. A previous study demonstrated the
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advantages of vacuum pyrolysis, compared to conventional slow
pyrolysis [8].  Bio-oil production increased during vacuum pyroly-
sis, reaching 23.6 ± 4.3 wt.% compared to 18.7 ± 5.0 wt.% from slow
pyrolysis, while the opposite trend was  observed for char pro-
duction, 18.8 ± 0.3 wt.% and 29.4 ± 0.3 wt.% for vacuum and slow
pyrolysis, respectively [8].  Slow pyrolysis typically produces three
valuable products in the following ranges: 35% of char, 30% of liq-
uid (oil + water) and 35% of gas, compared to 10% of char, 65% of
liquid and 25% of gas for fast pyrolysis [11]. In the case of vacuum
and slow pyrolysis, the production of three valuable products is
expected while the production of liquid is maximized in fast pyrol-
ysis. These last products from fast [12,13],  slow [8,14] and vacuum
[8,15,16] pyrolysis of SB have been used to produce bio-oil, char
and gases for chemicals, adsorbents, soil amendments and energy.
In particular, the production of activated carbon (AC) from SB has
been extensively investigated [5,14,17–21], while the utilization of
SB biochar as a soil amendment has not received much attention
[22].

The present study will focus on the characterization of char
from vacuum pyrolysis for possible application as soil amendment
and will compare its adsorptive properties to activated carbon
 from vacuum pyrolysis of South-African sugar cane bagasse and
l. (2012), doi:10.1016/j.jaap.2012.02.016

produced by steam gasification of the same char. This comparison
should conclude whether a single step vacuum pyrolysis process
would be sufficient to produce chars with properties required
for soil amendment, or whether a second steam activation step
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s required. Currently research scientists are using a large range
f analytical techniques to determine the physico-chemical
roperties of char materials, aimed at explaining the adsorption
henomena. There are two kinds of adsorption, namely physisorp-
ion which is caused by van der Waals – and electrostatic forces
nd chemisorption, which involves formation of a chemical. Many
tudies have been carried out on the MB adsorption on low-cost
dsorbents [23]. Most of the studies on Methylene Blue (MB)
dsorption combined the experimental results with BET measure-
ents and adsorption models to point out possible mechanisms

24,25]. Rafatullah et al. [23] speculated on the possibility of the
on exchange mechanism (physisorption) involved in MB  uptake.
n the second part of the paper, the materials produced will
e considered as soil amendments. The mechanisms of biochar
eactions on soils are really complex as discussed by Joseph et al.
26]. The initial reactions of biochar when placed in soil, can
e classified as dissolution-precipitation reactions (pH, cation
xchange capacity, electrical conductivity, ash content, acidity and
lkalinity properties involved), redox reactions (carbon content
nvolved), acidic and basic surface charge of biochars, sorption of
rganic compounds on biochar surfaces (BET and MB  involved),
iochar–soil mineral–soil organic–matter interactions, macrop-
re filling and interactions with micro-organisms and dissolved
rganic matter and minerals. However, a series of analyses have
een selected to point out the basic biochar characteristics which
re critical to obtain a valuable soil amendment [27].

The pH, cation exchange capacity (CEC) [28,29] and electri-
al conductivity (EC) [30] of the biochar depend on both the
ontent and composition of the mineral fraction [31,32]. The
ater and citric acid-extractable nutrients give an indication of

iochar’s essential nutrient and toxic element content. The content
f water-soluble sodium may  affect clay dispersion (ultimately soil
tructure) and plant growth [33]. The water and citric acid avail-
bilities of nutrients in biochars are related to the type of bonds
ssociated with the elements involved. The presence of this range
f reactive functional groups can be qualitatively identified by FT-IR
34] and quantified by the determination of the acidity and alkalin-
ty of the surfaces [35,36].

This study is intended for a rapid characterization of materi-
ls, char and activated carbons from vacuum pyrolysis and steam
asification, respectively, and will compare their adsorptive char-
cteristics in the first part while the char from vacuum pyrolysis
ill be considered as soil amendment in the second part.

. Materials and methods

.1. Biomass

The sugar cane bagasse was provided by the Sugar Milling
esearch Institute in Durban (South Africa). The bagasse was stored

ndoors while the experiments were conducted. The bagasse was
ried for three days at ambient temperature. Before vacuum pyrol-
sis, the material was milled in a Retsch ZM200 mill and sieved
hrough a JEL (J. Engelsmann) sieve machine for 10 min. Fractions
ith particle diameters in the range of 425–850 �m were selected

or experimental work.

.2. Vacuum pyrolysis set-up

The pyrolysis reactor consisted of a 1 m long, 60 mm OD quartz
ube, heated by six well insulated, computer controlled heating
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

lements. The heated chamber was connected to a condensation
rain and a vacuum pump. The pipes leading from the reactor to
he condensation train was maintained at 100–120 ◦C to limit con-
ensation before the traps. The vacuum pump removed the organic
 PRESS
pplied Pyrolysis xxx (2012) xxx–xxx

vapors and gas products from the reactor through the condensation
train. The condensable gasses were then condensed in the vacuum
traps and recovered as liquid, which were later weighed and ana-
lyzed. The condensation train consisted of five condensers; the first
was held at room temperature, the second and third at −10 ◦C and
the last two  at −55 ◦C (dry ice temperature). A control program
was designed to control the heating rate, pyrolysis time and final
pyrolysis temperature. Once the reaction finished, the set-up was
allowed to cool under vacuum until the sample temperature was
below 120 ◦C. The sample holder was  then removed and weighed,
after which the residue (char) was  removed and stored for anal-
ysis. A typical run would last between 2 and 3 h, after which the
reactor was  allowed to cool for ±2 h depending on the pyroly-
sis temperature employed. A good compromise between yield and
quality of products from SB (40 g) pyrolysis has been obtained with
the following experimental conditions: a temperature of 460 ◦C,
a heating rate of 17 ◦C min−1, a pressure of 8 kPaabs and a hold
time of 1 h. These experimental conditions allowed maximizing the
Brunauer, Emmett and Teller (BET) surface area of the chars [8]. The
yields of char, bio-oil, pyrolytic water and gas from vacuum pyrol-
ysis of sugar cane bagasse are 18.1 ± 2.7, 22.0 ± 3.1, 19.1 ± 2.3 and
30.8 ± 4.9 wt.%, respectively [8].

2.3. Activation set-up

For activation experiments, an apparatus based on the thermo-
gravimetric analysis (TGA) principle at Potchefstroom Campus of
North-West University (South Africa) was used. Isothermal thermal
gasification experiments of in situ chars were conducted during the
study. A mixture of 60 mol% steam and nitrogen flow of 350 L h−1

were introduced into the TGA. After the apparatus was  stabilized
under the desired operating conditions, the furnace was  elevated
and the biochar sample was  placed into the sample holder. Due
to the high heterogeneity of biochars and despite their low den-
sity, a sample weight of 1 g was  used during each experiment.
After a part of the carbon content was  converted (approximately
1 h) the char sample was  cooled in an inert atmosphere. Blank
experiments were carried out to determine the effects of heating
alone. Char placed in a nitrogen atmosphere was heated under the
same experimental conditions as those adapted for the activation
experiments.

In the gasification step, the steam reacts with the carbon to
produce CO, CO2, H2 and CH4. This process is referred as ‘burn-
off’, where the carbon content of the char is reduced by reaction
with the steam. Consequently, the amount of carbon produced was
markedly reduced during activation. Heat treatment alone led to
burn-off of about 22.5% and 37.7% at 800 and 900 ◦C respectively in
comparison to 54.5, 61.7 and 65.1% with steam at temperatures of
700, 800 and 900 ◦C, respectively.

2.4. Physical and chemical characterization of char as activated
carbon and soil amendment

2.4.1. Moisture and ash contents
Moisture and ash contents analyses were done by heating the

samples in air to 105 ◦C for 24 h and to 575 ± 20 ◦C for 4 h, respec-
tively, and weighing the residue.

2.4.2. Total elemental analysis
The total content of C, N and H were determined using a dry-

combustion method using Eurovector CNH analyzer. The O + S
content was determined by subtracting the ash and C, N and H
 from vacuum pyrolysis of South-African sugar cane bagasse and
l. (2012), doi:10.1016/j.jaap.2012.02.016

contents from the total mass of the sample. Major (Na, Mg,  Si, K, Ca,
Ti, Mn,  P, Al, Cr and Fe) and trace elements (Cr, Ni, Zn, As, Ga, Co, V,
Rb, Sr, Y, Zr, Nb, Ce, Nd, La, Th, U, Ba, S and Cl) of the raw materials
were determined by X-ray fluorescence (XRF, PANalyticalAxios).

dx.doi.org/10.1016/j.jaap.2012.02.016
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.4.3. Proximate analysis
Proximate analysis was performed with a thermogravimetric

ethod (PerkinElmer Pyris TGA 7). The sample was  heated from
5 ◦C to 600 ◦C at 10 ◦C min−1 and then from 600 ◦C to 900 ◦C at
0 ◦C min−1 under nitrogen. After 7 min, oxygen at a 15 mL  min−1

ow rate was introduced for the combustion stage during 1 h at
00 ◦C.

.4.4. BET specific surface area and microporosity
The surface area of the charcoal was determined using the mul-

ipoint BET analysis on a Micrometrics ASAP 2010 system. Once
egassed on a VacPrep 061 system at 300 ◦C, the sample was

ntroduced to the N2 adsorption equipment.

.4.5. Methylene blue adsorption
Concentrations of 1.0–20.0 mg  L−1 of methylene blue (MB) were

ade up and their absorbance measured at 630 nm on a Biochrom
ystem Ultrospec 1000 UV/visible spectrophotometer. The max-
mum absorbance of MB  is obtained at 630 nm at a pH around

 [33]. The calibration curve of absorbance against concentration
f MB  was determined and indicated that the Beer–Lambert law
s obeyed up to a concentration of 20 mg  L−1. To determine the
dsorption of MB  on activated carbon, on average 0.2 g (weighed
ith precision on a Denver Instrument balance) of material were

dded to 50 mL  of 20 mg  L−1 MB  solution and stirred on a mag-
etic stirrer (MSH 300 Boeco model) at a speed of 6 rpm. Aliquots
ere taken at intervals during a 15 min  period, filtered on What-
an filter paper, introduced in disposable cuvettes (PMMA  2.5 mL
acro, PlastiBrand) and the absorbance of the suspensions deter-
ined. An absorbance value of 2.06 ± 0.02 was obtained for the

nitial solution of MB.  The temperature and pH were measured
uring the adsorption experiments using a 827 Metrohm pH lab
ystem. The char and activated carbons were compared to two
ommercial activated carbons, Diahope CQ Cane activated carbon
Iodine number: 1050 mg  g−1; specific surface area: 1150 m2 g−1)
nd Chemviron Cane CAL (Iodine number: 1000 mg  g−1; specific
urface area: 1050–1100 m2 g−1), produced from selected grades
f bituminous coals.

.4.6. pH of biochar in water and 1 M KCl
The pH of biochar was determined according to Novak et al. [35]

nd Cheng and Lehmann [36]. Two grams of biochar were shaken
IKA®KS 260) with 40 mL  distilled water or 1 M KCl (99% of purity,

erck Chemicals Ltd.) solution for 30 min. This suspension was
llowed to stand for 10 min  before measuring the pH with a pH
lectrode 827 pH Lab (Metrohm).

.4.7. Cation exchange capacity (CEC)
Determination of the CEC of char gives an indication of the abun-

ance of negatively charged sites on the biochar which can retain
xchangeable cations that are essential plant macronutrients, e.g.
H4

+ and Ca2+. It is based on the method by Rhoades [29] as it is
uitable for materials with a wide pH range. Firstly, the biochar is
aturated with a buffered solution of NaCl (99.9% of purity, Hop-
in & Williams Ltd.) adjusted to pH 7.0. This involves placing 1 g of
round biochar in a 30 mL  centrifuge tube and adding 20 mL  of the
aturating solution (0.4 N NaOAc-0.1 N NaCl, 60% ethanol solution
99.9% of purity, United Scientific Ltd.) adjusted to pH 7.0 using 3 M
Cl (Merck Chemicals Ltd.)). The tube is sealed and shaken for 1 h. It

s then centrifuged to separate the biochar from the liquid, and the
upernatant is discarded. This procedure is repeated three times to
nsure complete saturation of cation exchange sites with Na+. The
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

a/Cl molar ratio of the saturating solution has to be determined
sing ion chromatography (Dionex DX-120 Ion Chromatograph).

Secondly, the Na is exchanged with Mg.  This involves adding
0 mL  of extracting solution 0.25 M Mg(NO3) (99.9 of purity, United
 PRESS
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Scientific Ltd.) to the Na saturated biochar and shaking for an
hour. The suspension is then centrifuged and the supernatant is
decanted into a 100 mL  volumetric flask. This extraction procedure
is repeated twice with fresh extracting solution to ensure that all
Na is exchanged and extracted. The collected supernatants are then
made up to a volume of 100 mL  using distilled water. The Na (Nat)
and Cl (Clt) concentration in the solution is determined using ion
chromatography. The CEC (cmolc kg−1) is calculated by determin-
ing the total amount of exchangeable Na as follows:

Exchangeable Na (cmolc kg−1)

= [(Clt) × (Na/Cl) saturating solution]

2.4.8. Surface acidity and alkalinity using Boehm titration method
Boehm titration provides an indication of the total surface acid-

ity and alkalinity of the biochar, and is based on the method
described by Cheng and Lehmann [36]. A 0.15 g subsample of
biochar was  added to 15 mL  of either 0.1 N NaOH or 0.1 N HCl
solution (Merck Chemicals Ltd.) and shaken with an end-over-end
shaker for 30 h. The biochar slurry was  then filtered using a What-
man  no. 40 filter paper. An aliquot of 5 mL  of the NaOH filtrate was
transferred to a 10 mL  0.1 N HCl solution that neutralized the unre-
acted base. The solution was back-titrated with 0.1 N NaOH with
a phenolphthalein (PAL Chemicals) indicator. Surface basicity was
measured similarly to the measurement of surface acidity and an
aliquot of 5 mL  of the HCl filtrate was  directly titrated with 0.1 N
NaOH. The base or acid uptake of BC was  converted into the content
of surface acidity or surface basicity (mmol  g−1), respectively.

2.4.9. Water soluble nutrients and electrical conductivity
The water soluble anions (NO3

−, PO4
3−, Cl−, F−, SO4

2−) and
cations (Ca2+, Mg2+, Na2+, K+) were extracted using a 1:20 (w/w)
mixture of biochar in distilled water. The solution was shaken for
1 h and the suspension filtered. The electrical conductivity was
measured (Jenway, 4510 conductimeter) and anion and cation
concentrations determined using an ion chromatograph (Dionex
DX-120 Ion Chromatograph).

2.4.10. Citric acid-extractable nutrients
Extractable nutrients concentrations in biochar were deter-

mined by Inductively Coupled Plasma-Mass spectrometer (ICP-MS
is an Agilent 7700) for macro-elements and ICP-AES analysis for
microelements (Varian Liberty II Radial ICP instrument) after wet-
digestion in 1% citric acid (>99.7% of purity, Glenvista). Warmed
(80 ◦C) 1% citric acid (20 mL)  was  added to weighed solid sample
(1 g) into 100 mL  volumetric flasks. The solutions were heated until
80 ◦C and shaken every 10 min. Solutions were filtered through ash-
less filter (Whatman filter papers no. 40) before the ICP-MS analysis.

2.4.11. FT-IR analysis
Dried biochar samples were mixed with spectrograde KBr

(Merck Chemicals Ltd.) at the ratio of 1:200 (w/w) and the mixture
was hydraulically pressed. The pellets were analyzed by using Ther-
moelectron Nexus 6700 FTIR spectroscopy. The OMNIC® software
package which automatically corrects the medium’s background
material was  used to measure the FTIR spectra.

3. Results and discussion

3.1. Characterization of materials as activated carbon
 from vacuum pyrolysis of South-African sugar cane bagasse and
l. (2012), doi:10.1016/j.jaap.2012.02.016

3.1.1. Elemental and proximate analyses
The comparison of the elemental and proximate analyses

between initial biomasses, char and AC indicated a gradual increase
in carbon content explained by the release of the organics rich

dx.doi.org/10.1016/j.jaap.2012.02.016
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Table 1
Elemental and proximate analyses of initial bagasse, char (C) and activated carbon (AC) from vacuum pyrolysis and steam gasification. WC:  water content; VM: volatile
matter  and FC: fixed carbon.

Material Ash (900 ◦C) C (wt.%) N (wt.%) H (wt.%) O + Sa(wt.%) WC  (wt.%) Ash (850 ◦C) VM (dry,wt.%) FCa (dry, wt.%)

Bagasse 3.1–3.5 45.8–52.7 1.0 5.1–5.8 45.0–37.0 8.8 5.6 82.5 11.9
C-460 ◦C 11.9–16.4 60.4–65.3 0.8–1.0 1.5–2.2 25.4–15.1 7.7 14.8 57.3 36.2
AC-700 ◦C 22.0 73.6 0.7 0.6 3.1 2.9 22.7 21.7 58.6
AC-800 ◦C 16.1 77.9 0.9 0.6 4.5 4.6 16.9 19.0 69.0
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AC-900 ◦C 12.2 78.2 0.6 0.5 

a Obtained by difference.

n H and O contents during the volatilization and activation steps
Table 1). As the trends in ash, H and O + S contents were not consis-
ent due to the inhomogeneity of materials, it was not possible to
raw specific conclusions with regard to H and O + S contents. Nev-
rtheless, a general decrease in H and O + S contents was observed
fter both the pyrolysis and activation steps.

The high C:N ratio of the biochar, 53.4–61.5 (Table 1), would
mply that the addition of the biochar to soil would lead to the
mmobilization of soil nitrogen and a soil nitrogen deficiency
nduced by microbial assimilation of all available soil N to break
own C-rich substrate, which would have a negative impact on the
rowth of plants [37]. However, since much of the C in biochar is
ondensed, aromatic types of C that are considered as very diffi-
ult for soil microorganisms to degrade [38], it is doubtful that the
iochar would cause significant immobilization of nitrogen. How-
ver, it is recommended that biochar should not be applied to soil
ithout the addition of N fertilizer, as it is not balanced in terms of

ts elemental content. The low moisture content of char does not
ffect the adsorptive power and make it commercially viable as the
equirements are generally stipulated between 3–10 wt.% [39].

A weight loss of 80.7% took place during the pyrolytic step at
00–460 ◦C (results not shown). As reported, this low-temperature
egion coincides with the alkali metal release emitted in connec-
ion with the decomposition of the organic structure pointed out
y the release of O and H contents (Table 1) [40]. The release of
lkali and alkaline earth metals (AAEM) and subsequent decrease
f ash content with the increasing activation temperature (Table 1)
ave also been reported for the steam gasification of Eucalyptus
hips [41]. The presence of the steam at higher temperature will
herefore advance the devolatilization of inorganics, especially the
AEM, released with the tar. It is possible that the fine particles
re AAEMs produced by the cleavage of chemical bonds containing
AEM species, e.g. OM and COOM (M = K, Na, Ca, and Mg), with
team [41].

The high volatile content makes biomass chars much more reac-
ive for a steam gasification purpose than those of lignite and hard
oal [42]. Major proximate components of biomass are volatiles
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

hich are discharged during the pyrolytic step, from 82.5 wt.% to
7.3 wt.% (Table 1). The steam gasification step released a larger
mount of volatiles (Table 1), which should be correlated to the
ET surface area increase.

able 2
orous characteristics of char and activated carbons.

Bagasse BET SA
(m2 g−1)

BO (%) Micropore V (

C (460 ◦C) 259 – 0.088 

C  (800 ◦C/N2) 349 22.5 0.139 

C  (900 ◦C/N2) 452 37.7 0.168 

AC  (700 ◦C/Steam) 441 48.1 0.181 

AC  (800 ◦C/Steam) 570 61.7 0.157 

AC  (900 ◦C/Steam) 561 54.5 0.131 

Diahope 1152 – 0.254 

Chemviron 984 – 0.293 

urn-off (BO), single point (SP), char (C), activated carbon (AC), A: area, V: volume.
4.8 12.8 19.5 72.7

3.1.2. BET surface area
Any supplementary treatments applied on the char (BC), gasi-

fication or/and steam activation (gasification) increased the BET
surface areas (Table 2). The surface areas of ACs obtained at 700 ◦C
were lower than those treated at 800 and 900 ◦C. For instance,
the surface area were 391–441 m2 g−1 and 561–570 m2 g−1 for the
activated carbons from bagasse after 1 h of activation at 700 and
800–900 ◦C, respectively (Table 2).

The BET surface areas of AC obtained from activation of chars
were lower than those reported previously, including Devnarain
[5] (806 m2 g−1; pyrolysis 500 ◦C, 10 ◦C min−1; activation: steam
13 g min−1, 800 ◦C, 20 min), Bernardo et al. [19] (761 m2 g−1; pyrol-
ysis 680 ◦C, 10 ◦C min−1, 1 h; activation: steam 6.4 g min−1, 800 ◦C,
4 h) and Jaguaribe et al. [43] (931–1397 m2 g−1; pyrolysis 300 ◦C,
1 h; activation: steam 3 g min−1, 800 ◦C, 1.5 h). The maximum BET
surface area reached in this study is 570 m2 g−1 from the vac-
uum pyrolysis of milled and sieved bagasse (pyrolysis 460 ◦C,
17 ◦C min−1, 8 kPa; activation: steam 6.4 g min−1, 800 ◦C, 1 h). As
illustrated above, wide variations exist in the experimental con-
ditions that are employed in the different studies, which make
comparisons difficult. Pyrolysis conditions (temperature, pressure
and heating rate) also affected the properties and reactivity of
biomass chars [44], especially the nature and content of inorgan-
ics. The low BET surface areas obtained in the present study may
be attributed to the presence of AAEMs, which can decrease the
surface area by blocking pores [14].

In addition, control experiments (results not shown) with
pyrolytic char were carried out to determine the effect of heating,
in the absence of steam. Char placed in a nitrogen atmosphere was
heated under the same experimental conditions as those obtained
from the activation experiments. Under these conditions a substan-
tial reduction in the burn-off was observed at 22.5% and 37.7% at
800 and 900 ◦C, respectively (Table 2). Under steam gasification,
the BET surface areas increased with an increase in the burn-off
at various temperatures (Table 2). The extent of the burn-off dur-
ing char activation significantly increased the surface area of the
resulting activated char till reaching a plateau (Fig. 1). The surface
 from vacuum pyrolysis of South-African sugar cane bagasse and
l. (2012), doi:10.1016/j.jaap.2012.02.016

areas and total pore volumes of the ACs resulting from heat treat-
ment alone were significantly lower than those of ACs obtained
through steam activation, whereas the micropore volumes are
slightly higher (Table 2). The activation of char with steam could

cm3 g−1) Micropore A (m2 g−1) SP Total V. of pores (cm3 g−1)

194.0 0.136
306.0 0.174
369.0 0.258
399.9 0.189
345.6 0.356
289.0 0.526
578.7 0.705
646.8 0.590

dx.doi.org/10.1016/j.jaap.2012.02.016
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Fig. 1. Optimum burn-off based on BET surface area of the activated carbons at
various temperatures.
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e associated with additional chemical reactions leading to the
emoval of carbon atoms and also causing the burn-off, thereby
ontributing to the development of micropore structure [45] and
esopore structure depending on temperature. To illustrate the

hange of structure the microporisity and mesoporisity percent-
ges have been plotted against the temperature (Fig. 2). Only the
ET surface area increased with an increase in activation temper-
ture whereas the micropore volume decreased (Table 2). This
ecrease should lead to an increase of mesopore and macropore
olumes. The higher temperature apparently caused micropores
o widen, by destroying the wall between adjacent pores, thereby
esulting in the enlargement of pores by the decrease of micro-
ore volume and an increase in the total pore volume (Table 2)
39]. This last trend was  not observed for CO2 activation leading to
he conclusion that CO2 activation should favor micropore struc-
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

ure development and steam activation macropore and mesopore
tructure development [46]. Commercially available AC typically
ave average surface areas of about 1500 m2 g−1, although actual
alues may  vary from 400 to over 2000 m2 g−1, depending on the

able 3
nfluence of activation temperature on activated carbon pore diameters from bagasse.

Bagasse BET average pore diameter (Å) BJH*

C (460 ◦C) 21.1 58.3 

C  (900 ◦C/N2) 20.0–23.0 62.8–
C  (800 ◦C/N2) 19.9 73.8 

AC  (900 ◦C/Steam) 30.4–37.5 57.4–
AC  (800 ◦C/Steam) 25.0–26.1 44.2–
AC  (700 ◦C/Steam) 20.4 45.8 

Diahope 24.5 67.5 

Chemviron 24.0 60.4 

* Barret–Joyner–Halenda (BJH).
Fig. 3. Influence of steam activation temperature on N2 adsorption by activated
carbons (AC) and chars (C).

degree of burn-off, initial feedstock used and process conditions
[39]. Consequently, the ACs produced in this work were in the mid
to lower range of AC in terms of surface area, ranging from 391 to
570 m2 g−1.

Fig. 3 shows the N2 adsorption isotherms for the BC and ACs
resulting from pyrolysis and steam activation at activation tem-
peratures of 700, 800 and 900 ◦C respectively. The isotherms
corresponding to the biochar after 700 ◦C-activation are clearly of
Type I that are typical of microporous materials whereas the 900 ◦C-
isotherm closely resembles a Type IV isotherm in the Brunauer,
Deming and Teller classification consisting of both micro and meso-
pores, while the 800 ◦C-isotherm corresponds to a type in between
[39]. The flatter the isotherm, the more dominant the micropores
[39].

The development of mesoporosity relative to that of microp-
orosity became appreciable at an activation temperature between
700 and 800 ◦C: the higher the temperature, the steeper the
isotherm branches expected at the very low relative pressures
(approximately less than the pressure ratio of 0.1) (Fig. 3). This is
also evident from the higher values of V0/V (ratio of micropore vol-
ume  to total pore volume) of the ACs obtained at 700 ◦C compared
to those obtained at 800 and 900 ◦C, on average 0.83, 0.44 and 0.32,
respectively (Fig. 2).

Table 3 indicates the different pore diameters determined
by two  different methods (BET and BJH). In general the
pore diameters varied in the range of 20–88 Å, indicating a
mesoporous–macroporous structure. The pore size of the chars
and ACs indicated their potential for use as wastewater adsor-
bents rather than potential application for gas cleaning [39]. In
comparison to a previous study [27], the biochars produced in
 from vacuum pyrolysis of South-African sugar cane bagasse and
l. (2012), doi:10.1016/j.jaap.2012.02.016

this study have sufficiently large specific surface areas on which
reactions can take place, and a high density of chemical reaction
sites where nutrients can be adsorbed [27]. Indeed, Brewer et al.

adsorption pore diameter (Å) BJH* desorption pore diameter (Å)

35.1
80.5 39.8–56.0

44.9
70.0 48.8–60.1
45.3 39.1–39.8

34.8
46.6
48.0

dx.doi.org/10.1016/j.jaap.2012.02.016
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Table 4
Influence of the adsorbent type on a MB  concentration of a 20 mg −1.

Material MB  adsorbed (g/g)-5 min

C-460 ◦C 4.34 ± 0.15
AC-700 ◦C 3.89 ± 0.53
AC-800 ◦C 5.22 ± 0.01
AC-900 ◦C 5.11 ± 0.08
Diahope 1.99 ± 0.24
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Table 5
The pH, surface acidity, surface alkalinity and cation exchangeable capacity of
biochar (BC) obtained from vacuum pyrolysis of bagasse.

Properties Values

pH(H2O) bagasse 6.19
pH(H2O) BC 6.56
pH(KCl) BC 5.15
Surface acidity (mmol  g−1) 2.30

indicated the presence of carboxylic groups and chelated ketones.
A search for the C O stretching vibration (1300–1000 cm−1) indi-
cated two small bands at 1220 cm−1 and 1092 cm−1. These bands
Chemviron 2.22 ± 0.34

27] determined the BET surface areas of 17 materials varying
etween 3.3 and 61.6 m2 g−1 for corn stover from fast-pyrolysis at
00 ◦C and switchgrass from steam gasification at 796 ◦C.

.1.3. Methylene blue (MB) adsorption
Adsorption from solution is a more complex phenomenon than

hat of gases since the attraction between the solute and carbon is
omplicated by forces exerted by the solvent [39]. Table 4 shows
he absorbance of MB  solution on different materials: the two
ommercial ACs (Diahope and Chemviron), the char and AC (steam-
ctivated char) produced in the present study. It can be seen that
he char and AC from bagasse were better adsorbents for MB  than
he two commercial ACs. The activation step improved the effi-
iency of chars in terms of MB  adsorption slightly. The ACs obtained
rom 800 ◦C and 900 ◦C activation steps had a higher adsorption
fficiency than ones from a 700 ◦C activation step and commercial
ranulated ACs.

The addition of SB biochar did not change the pH of the methy-
ene blue solution which is equivalent to pH 5–6. Many researchers
tudied the effect of initial solution pH on adsorption of methylene
lue and concluded that high pH increases the attraction between
ations and negatively charged surfaces hence adsorption capacity
ncreased [47–49].  Low adsorption of MB  at acidic pH was  sug-
ested to be due to the presence of an excess of protons that
ompete with the dye cation for adsorption sites [23]. Increasing the
H should improve the MB  adsorption as the number of positively
harged sites decreases while the number of negatively charged
ites increases [23].

If the MB  adsorption was mainly due to the electrostatic attrac-
ions, then their pH of zero point charge (pHZPC), which controls
he repartition between the presence of positive and negative
harges on the surface, should be lower for AC-800 and AC-900
or the acidic conditions to improve the affinity between the acti-
ated carbon and the cationic dye. Uchimiya et al. [50] showed
hat an increase in pyrolysis temperature (200–800 ◦C) led to a
oss of oxygen functionality resulting from dehydratation, decar-
oxylation and condensation reactions and higher pHPZC’s values,
hich is not in accordance with the previous explanation. Then

he slight increase in MB adsorption for AC-800 and AC-900 could
e explained by the oxidant treatment of BC through the steam
asification, which should favor the adsorption of polar molecules
ue to the formation of surface oxygen groups [51]. In addition,
he introduction of steam during the activation increased both the
ET surface area (Table 2) and enlarged the pore diameter reach-

ng 3.04–3.75 nm,  which is larger than the minimum 1.3 nm pore
iameter of an adsorbent that MB  molecules can enter [52]. This
nlargement of pores or the development of mesoporous struc-
ures (Fig. 2) by mineral devolatilization apparently improved the
dsorption capacities leading to a greater access to the internal
urface of adsorbent materials without changing the pH.

The comparison of chars and ACs from vacuum pyrolysis indi-
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

ated that the char’s adsorptive properties were as good as the AC
roduced from the char by activation at 700 ◦C. For water treatment
pplications, the adsorbent obtained from the single step vacuum
Surface alkalinity (mmol g−1) 0.31
CEC (cmolc kg−1) 122

pyrolysis process could meet all the requirements necessary to be
as efficient as some commercial activated carbons (Table 4).

3.2. Characterization of the char as soil amendment

3.2.1. pH, surface acidity, surface alkalinity and FT-IR
The pH of the SB biochar in water is slightly acidic, 6.56 (Table 3).

This is in strong contrast to other biochars, which are usually quite
alkaline (pH ranging from 7.5 to 9.4) [35,53].  The pH of the biochar
in 1 M KCl is more than 1 pH unit lower, which indicated substan-
tial reserve acidity on KCl (neutral salt) exchangeable functional
groups. The acidic pH and high degree of exchangeable acidity
of the SB biochar could be attributed to its high surface acidity
(2.3 mmol  g−1) and low surface alkalinity (0.31 mmol g−1) (Table 5).

The surface acidity of the SB biochar is significantly higher
than that previously reported for biochar produced from oak wood
(0.1 mmol  g−1) [36] using slow pyrolysis. The high surface acidity of
char indicated a greater content of acidic functional groups such as
carboxylic and phenolic groups which are confirmed on the FT-IR
spectrum at about 1598 cm−1 and 1092 cm−1, respectively (Fig. 4).
On the other hand, the presence of pyrones, carbonates and ash will
cause the surface alkalinity [51].

The FT-IR spectrum presented a broad envelope between
1800 cm−1 and 600 cm−1 with sharper bands superimposed on it.
The presence of the following functions could explain the intensity
at different wave numbers [54]:

- The sharp and intense aromatic ring modes (1700–1500 cm−1)
showed the presence of unsaturation such as benzene rings. A
search for the out-of-plane C H bending vibration turns up a band
at 798 cm−1 accompanied by a ring-bending at 697 cm−1.

- The presence of C O stretching vibrations (1800–1600 cm−1)
 from vacuum pyrolysis of South-African sugar cane bagasse and
l. (2012), doi:10.1016/j.jaap.2012.02.016

Fig. 4. Fourier transform infrared spectrum of SB biochar.

dx.doi.org/10.1016/j.jaap.2012.02.016
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Table  6
Macro and microelements present in the milled and sieved sugar cane bagasse (XRF)
analysis).

Element wt.%

Al 0.11
Ca 0.05
Cr bd*

Fe 0.17
K 0.05
Mg 0.06
Mn 0.01
Na bd*

P 0.02
Si 0.84
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Table 7
Water soluble ions (mg  kg−1) extracted from the biochar and the EC (dS m−1) of the
water extract.

Ions mg kg−1

Ca2+ 32
Mg2+ 25
Na+ 173
K+ 560
F− 2
Cl− 84
PO4

3− 317
SO4

2− 335
NO3− 0
Ti 0.02

* bd: below detection.

could be attributed to saturated and asymmetric branched ethers
(1210–1070 cm−1).

 The vibrations between 1400 and 1250 cm−1 could correspond to
the presence of O H in phenols and carboxylic acids (1361 cm−1).

The pH of the biochar is an important parameter, as it gives
n indication of the extent to which the biochar will alter the soil
H, depending on the quantities added. If the pH of the biochar

n KCl is lower than that of the soil, it will most likely lower the
oil pH, in relation to the quantities applied. This could be of ben-
fit to slightly acidic to alkaline soils, and would enhance nutrient
vailability [28,29].  A soil pH level of around 6.3–6.8 is the opti-
um range in terms of nutrient availability for most plants and is

referred by most beneficial soil bacteria [55].
The pH of the carbonization products can be used as an impor-

ant parameter to evaluate the surface properties of biochar such
s surface electrical charge and volatiles, which depends on the
resence of ash [14]. One of the important features of biomass
aterials is the presence of significant amounts of alkali and AAEM

pecies (mainly K, Na, Mg  and Ca) in the biomass (Table 6). These
AEM species tend to volatilise during pyrolysis (and gasifica-

ion/combustion). The presence of AAEM can decrease the surface
rea by blocking pores and render the surface more alkaline at high
emperature [14]. This phenomenon was illustrated by the slight
ncrease of pH (0.3 pH units) between the raw bagasse and biochar
roduced at 460 ◦C (Table 5).

.2.2. Cation exchange capacity (CEC)
The CEC is used to describe the potential of biochar to reversibly

dsorb positively charged species (i.e. they are exchangeable and
eadily available for plants to absorb) [27]. The CEC is a function
f the presence of hard ligand functional groups in the char such
s carboxyl and phenolic groups [29]. The CEC of the SB biochar
122 cmolc kg−1) was relatively high and significantly higher than
he CEC previously reported for biochar produced from paper mill
aste (9–18 cmolc kg−1) [53] using slow pyrolysis, although similar

o the CEC reported for crop straw biochars (100–300 cmolc kg−1)
55]. The CEC of the SB biochar (122 cmolc kg−1) was  similar to that
f the common soil minerals montmorillonite (70–95 cmolc kg−1)
nd dioctahedral vermiculite (100–150 cmol kg−1). It was  much
igher than that of kaolinite (3–15 cmolc kg−1), which is the typical
lay mineral found in Mediterranean regions such as the West-
rn Cape (South Africa) [56]. However, the CEC of the SB biochar
as somewhat lower than the typical CEC values reported for soil

rganic matter (humus) (200 cmolc kg−1) [56].
The relatively high CEC of the biochar could be attributed to its
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

igh surface acidity (Table 5), and indicated that the SB biochar
ould be a very good exchange medium for cationic macro- and
icronutrients, and could thereby enhance the nutrient holding

apacity of soils, an important measure of soil fertility [28].
NO2− 0
Electrical Conductivity dS m−1 0.17

The combination of the high level of surface oxidation from the
low pyrolysis temperature (Table 2) and the high BET surface area
would make biochar less resistant to chemical oxidation and micro-
bial degradation, and hence shorten the half-life in soils, compared
to biochars produced at higher temperature [38]. Nevertheless, the
biochar produced at low temperatures was more able to increase
soil CEC values due to the combination of a high BET surface area
and charge density [34].

3.2.3. Electrical conductivity (EC) and water-soluble ions
The EC value is a measure of the total water-soluble ions (salin-

ity) present in the biochar, which can negatively affect plant growth
if very high, leading to a decrease in water uptake by plant roots
and nutrient imbalances [30]. The SB biochar had a relatively low
EC of 0.17 dS m−1 (Table 6), similar to the values reported for Euca-
lyptus biochar (0.09–0.17 dS m−1 [57]. Generally, a measured EC
above 4 dS m−1 in a soil water extract indicates saline soil. Thus,
the low salinity content of the SB biochar, as indicated by the low
EC, indicated that soil application of the SB biochar should not have
a significant negative impact on soil salinity.

The water soluble ions in the biochar (Table 7) give an indica-
tion of readily available plant nutrients in the biochar. Nitrogen,
P, K, Ca, Mg  and S are considered the universally essential plant
macronutrients [58]. Sodium is not considered as an essential plant
nutrient, and has negative effects on soil structure by promoting
clay dispersion [58]. Plants only use inorganic forms of N (ammo-
nium and nitrate), P (phosphate) and S (sulfate) as nutrients from
soils [30]. Thus the added benefit of using a water extract is that
ion chromatography can be used to quantitatively determine the
concentrations of inorganic N, P and S anionic species which are
among the most important nutrients for plants [30].

The Ca and Mg  concentrations are much lower than that of K
and Na in the water extract (Table 7) while the total concentra-
tions are similar (Table 8). This can be attributed to the fact that
K and Na carbonates and oxides are much more soluble in water
than the corresponding Ca and Mg  compounds [59]. These basic
cation carbonates and oxides tend to form in the ash fraction of the
char (Table 1). The water soluble phosphate and sulfate concentra-
tions of the biochar are relatively high, which would be beneficial
to plant growth [28]. The water soluble phosphate concentration
is high due to the relatively acidic pH of the char, which makes
it the most readily available as opposed to being co-precipitated
with Ca or Mg  under alkaline conditions. The char contains little or
no NO3

− which is a vital plant nutrient, and thus it is highly rec-
ommended that N fertilizer be supplemented when applying the
biochar [60]. In comparison to biochar, a commercial NPK fertilizer
such as 2:3:4 (30) contains water soluble nutrients at the follow-
 from vacuum pyrolysis of South-African sugar cane bagasse and
l. (2012), doi:10.1016/j.jaap.2012.02.016

ing levels: 67 g N kg−1, 100 g P kg−1 and 133 g K kg−1 [60]. Thus, the
biochar cannot be considered as a balanced fertilizer, as it contains
relatively low levels of water soluble nutrients and is lacking the
most vital nitrogen element. The absence of any detectable nitrites

dx.doi.org/10.1016/j.jaap.2012.02.016
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Table 8
Plant available nutrients and non-essential elements in the biochar (1% citric acid
extraction).

Element Concentrations (mg  kg−1) Authorized limit (mg kg−1)

Macro and micro nutrients
P 451
Ca 2181
Mg 1158
K 3464
Fe 3953
Mn 162
Zn 42 7500
Cu 9 4300
Co 1.9
Mo  0.01

Non-essential elements and toxins
Na 48.70
As 0.41 75
Cd 0.03 85
Cr  13.00 3000
Pb 3.60 840
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Ni 4.49 420
Se  n/d 100

nd nitrates in the biochar water extract (Table 7) indicates that the
ow amount of N detected by elemental analysis (Table 1) is proba-
ly in the form of condensed, heterocyclic-N containing structures
61]. Thus, the nitrogen in the biochar is mostly in a recalcitrant,
lant-unavailable form [34].

.2.4. Citric acid-extractable nutrients
The SB biochar contained moderate amounts of the essential

lant nutrient, P (451 mg  kg−1), as well as substantial amounts
f plant-available macronutrients, K, Ca and Mg  (3.46, 2.18 and
.16 g kg−1, respectively) (Table 8). The biochar also contained a
emarkably high amount of Fe (3.95 g kg−1). This is most likely
ue to the treatment process of the sugar cane, and is not likely
o be due to the uptake of Fe by the sugar cane plant during its
ormal growth process. The high concentration of iron could be
ue to the treatment of sugar cane bagasse by ferrous sulfate used
gainst disease [62]. In addition, the presence of this iron could be
xplained by the preparation process, where the knives and ham-
ers wear, and some iron is picked up by corrosion of the steelwork

y the slightly acidic juice (pH around 5.0). The SB biochar also con-
ained trace amounts of plant micronutrients, Mn,  Zn, Cu, Co and

o  (Table 8). Based on the usual recommended biochar application
ate of 10 tonnes per hectare [30], the SB biochar should be able to
upply half of the K, Ca, and Mg  and a tenth of the P requirement
f a crop such as wheat. The plant-available toxic elements such as
s, Cr, Pb and Cd are present in trace amounts and are below the
uthorized limits for organic soil amendments [63].

. Conclusions

This study focussed on the potential of char from the vac-
um pyrolysis of sugar cane bagasse (460 ◦C, 8 kPa, 17 ◦C min−1)
s an activated carbon and a soil amendment. The analyses used to
escribe adsorption and soil amendment qualities highlighted the
igh potential of char from bagasse to decolorize wastewaters and

ncrease the soil nutrient levels and nutrient holding capacity.
For the adsorption of cationic dyes the performance of char from

acuum pyrolysis was equivalent to that of activated carbons pro-
uced by steam gasification of the same materials, implying that the
ctivation step was not essential for this application. The extended
Please cite this article in press as: M.  Carrier, et al., Production of char
its characterization as activated carbon and biochar, J. Anal. Appl. Pyro

tudy on the porous structure of the raw and activated chars, using
ET surface area determination, pointed out the greater develop-
ent of meso and macropore structures in both materials, which

ppears mainly to be involved in MB’s adsorption. In addition,

[

[
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the importance of the chemical nature of the char’s surface has
been pointed out and should be composed of negatively charged
functional groups that retain MB by electrostatic attractions. The
determination of pH in water and salt solutions, surface acidity,
FT-IR spectroscopic analysis and CEC confirm the presence of neg-
atively charged, hard Lewis ligand functional groups in the char
such as carboxyl groups.

Moreover the adsorption properties make the biochar an
excellent exchange medium for cationic plant macro- and micronu-
trients. The relatively high CEC of the biochar (122 cmolc kg−1) was
similar to that of reactive soil clays such as vermiculite and mont-
morillonite. In addition, the biochar from the pyrolysis of sugar cane
bagasse was  slightly acidic, a remarkable property considering that
the majority of reported biochars are alkaline. This indicated that
the biochar is already at the optimum pH for plants and microbes
in soils, making it a much more widely useable biochar than the
alkaline biochar. The biochar was also a good source of beneficial
plant macro- and micronutrients and contained negligible levels of
toxic elements. Unfortunately, the biochar could not be considered
as a balanced fertilizer on its own, as it contains relatively low lev-
els of water soluble nutrients and is lacking the most vital element,
N. Therefore, it should be applied together with an NPK fertilizer
when using it as a soil amendment. The highly porous nature of the
biochar, especially the micro and mesoporosity, indicated that the
biochar would effectively improve the water retention in soils [64],
which is especially desirable in sandy soils. Plants can only take up
nutrients if the soil is wet, so this would also contribute to improved
nutrient uptake in a soil. Furthermore the microporous structure
would serve as an excellent, moist habitat for soil microorganisms
[65].
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