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bstract

The preparation of activated carbons (ACs) from the thermal decomposition of mixtures of orthophosphoric acid (PA) and either as-received
oftwood Kraft lignin, KL, or demineralised one, KLd, has been investigated. Activation with PA has been studied for a PA/lignin ratio of 1 (dry
sh-free basis) and 1 h carbonisation time at final temperatures of 400, 500 and 600 ◦C. The yield, surface area, porosity, surface chemistry and
ethylene blue adsorption capacity have been determined. All ACs were found to be essentially microporous, with surface areas higher than

00 m2/g and a maximum value of nearly 1200 m2/g for the carbon prepared at 600 ◦C from KL. In order to study the influence of temperature
n the properties of the ACs prepared from KL and KLd, the latter precursors were analysed by Fourier transform infrared spectroscopy (FT-IR),

canning electron microscopy (SEM) and X-ray diffraction (XRD). We have concluded that the very different characteristics of the ACs obtained
rom KL and KLd are due to the presence or not of mineral matter during carbonisation, but mainly to the demineralisation process itself, which
roduces polymerisation of the raw lignin. Methylene blue adsorption was found to be higher for ACs prepared from KL, mainly because of their
igher ash and sulphur contents.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The Kraft method produces black liquor, a residue comprising
ignin (30–40 wt.%) and other inorganic compounds, which is
sed as in-house fuel for the recovery of both energy and residual
norganic matter. An interesting alternative is the production of
ctivated carbons by physical [1] or chemical activation [2–4].

Kraft lignin has a high content of inorganic/mineral matter
hat usually ranges from 6 to 15 wt.% on dry ash-free (daf) basis.
ince the mineral matter does not directly contribute to the spe-
ific surface area and porosity of the resultant active carbons,
t can be considered as an inert material which decreases the

dsorption capacity per unit mass. The demineralisation and/or
batement of inorganic compounds from carbonaceous precur-
ors are thus thought to be necessary for the production of porous

∗ Corresponding author. Tel.: +33 383684631; fax: +33 383684619.
E-mail address: Vanessa.Fierro@lcsm.uhp-nancy.fr (V. Fierro).
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arbons with high surface areas [5]. This is particularly true for
iomass, having higher inorganic contents than other precur-
ors like synthetic polymers, and being recognised as a good
eedstock for the production of cheap porous carbon materials.
hus, commercial activated carbons with low ash contents are
repared either by acid washing of the products, or by a suitable
election of the raw precursors [6]. Hence, in the case of pre-
ursors loaded with mineral matter, it may be wondered if the
shes should be removed before (i.e., in the precursor) or after
i.e., in the product) carbonisation and activation.

Indeed, it is well established that the presence of alkaline and
lkaline earth elements in coals affects the reactivity of their
hars, and that the catalytic effect of inorganic matter depends
n their concentration, dispersion and chemical form in the coal
atrix [7]. It is also the case with biomass, since Fengel and

egener [8] suggested that the inorganic species naturally occur-

ing in wood catalyse its pyrolysis. Since well-dispersed cations
ike sodium or calcium are helpful for activation of carbon by
team or CO2 [9,10] and are abundant in lignin [11], a deminer-

mailto:Vanessa.Fierro@lcsm.uhp-nancy.fr
dx.doi.org/10.1016/j.jhazmat.2007.03.056
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lisation pre-treatment would be a priori harmful for obtaining
fficient adsorbents.

It has been reported that sodium promotes demethoxylation,
emethylation and dehydration of lignin [12,13], so the absence
f such reactions could affect the final char yield. Furthermore, it
as been recently shown [14] that, when lignin is demineralised
rom 5.7 to 1 wt.% and subsequently pyrolysed at 300 ◦C, the
har yield decreases from ca. 71 to 51% (on a daf basis), respec-
ively. Authors indicated that the partial removal of sodium and
otassium enhanced the de-volatilisation of lignin at the expense
f char formation. DeGroot and Shafizadeh [15] observed a sim-
lar decrease in the char yield of wood after acid-washing of the
atter. However, the presence of inorganic matter in lignin was
ound to be useful in reducing its plasticity and hindering its
welling in the carbonisation stage when pyrolysed under N2
tmosphere [1].

The growing interest in the use of wood and its deriva-
ives for producing alternative fuels, chemicals and products
f high added value, as activated carbons are, requires a fun-
amental understanding of the processes involved. Lignin, as
precursor of activated carbons, is the subject of an increas-

ng number of papers [1–4,16–19] and, due to the high content
f ashes in lignin, their effect on the pyrolysis process and on
he carbonisation products is worth studying. In this work, the
hysico-chemical properties of activated carbons produced from
he thermal decomposition of mixtures of orthophosphoric acid
PA) and either as-received Kraft lignin, KL, or demineralised
ne, KLd, were investigated.

. Experimental

.1. Precursor materials

Softwood Kraft lignin (KL) was supplied by Lignotech Iber-
ca S.A. (Spain) in the form of fine dark brown particles. The
norganic matter was removed from KL as follows: batches of
00 g were introduced in 2 L of water, leading to black sus-
ensions of pH 9.5. Lignin was precipitated by adding H2SO4
ntil the pH decreased to 1. The precipitate was gently washed
ith distilled water until the pH of the rinse remained constant

nd close to 6, and finally dried overnight at 105 ◦C. The lignin
repared in this way was nearly mineral-free and was termed
emineralised Kraft lignin (KLd).

.2. Activated carbon preparation

An 85 wt.% H3PO4 aqueous solution (Panreac, Spain) was
sed as activating agent. The weight ratio PA/precursor of all
ixtures was 1.0 on a daf basis. The slurry was left for 1 h

mpregnation time at room temperature in air, then transferred
nto a furnace DUM Model 10CAF where carbonisation was
arried out under air atmosphere. The furnace was heated at
0 ◦C/min, up to 150 ◦C, which temperature was held for 1 h

o allow free evolution of water. Next, the oven was heated at
0 ◦C/min up to various carbonisation temperatures: 400, 500
nd 600 ◦C, which were maintained for 1 h. The excess of H3PO4
as removed after carbonisation by thorough washing with dis-
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illed water. As shown below, the resultant activated carbons
ere nearly free of ashes.

.3. Characterisation of lignins and activated carbons

.3.1. Proximate and ultimate analysis
Analysis of C, H, S and N content in the activated car-

ons (ACs) was done using a Carlo Erba EA-1108 instrument,
nd oxygen was calculated by difference. The proximate
nalysis was carried out by thermogravimetrical analysis
n a Perkin-Elmer TGA 7 microbalance equipped with a
73–1273 K programmable temperature furnace. For that pur-
ose, the weight losses were measured at 110 ◦C/air (moisture),
00 ◦C/non-oxidising atmosphere (volatile matter), 900 ◦C/air
fixed carbon). Ash content was obtained by difference.

.3.2. FT-IR analysis
Infrared spectra of KL, KLd and their derived ACs were

ecorded in the IR region (4000–600 cm−1) with a spectral res-
lution of 4 cm−1, a scan speed of 2 mm−1 s−1 and after 200
cans. The equipment used was a Fourier transform infrared
FT-IR) spectrophotometer JASCO FT/IR-680 equipped with a
iamond-composite attenuated total reflectance (ATR) cell.

.3.3. SEM analysis
The surface morphology of KL and KLd was studied by

canning electron microscopy (SEM) with a JEOL JSM-6400.
he microscope was equipped with an energy dispersive X-ray

EDX) microanalyser that was used to observe the dispersion of
he mineral matter in KL and KLd.

.3.4. Surface area and porosity
Surface area and porosity were determined from the corre-

ponding nitrogen adsorption–desorption isotherms obtained at
7 K with an automatic instrument (ASAP 2020, Micromerit-
cs). The samples were previously outgassed at 523 K for several
ours. N2 adsorption data for relative pressures P/P0 ranging
rom 10−5 to 0.99 (in a set of values previously fixed) were anal-
sed according to: (i) the BET method for calculating the specific
urface area, ABET; (ii), the Dubinin–Radushkevich (DR) for cal-
ulating the micropore volume, VDR, the characteristic energy
f N2 with respect to carbon, E0, and the average width of the
lit-shaped micropores, L0; (iii) the αs method [20,21] for cal-
ulating the ultramicropore volume, V�ultra and the micropore
olume, V�micro. The total pore volume, V0.99, was calculated
rom nitrogen adsorption at a relative pressure of 0.99. The meso-
ore volume, Vmp was calculated as the difference between V0.99
nd VDR.

.3.5. Acidic groups titration
The total amount of acidic surface groups was determined as

ollows. About 25 mg of AC sample were placed in vials contain-
ng 25 mL of 0.05N aqueous solutions of sodium hydroxide. The

ials were sealed and stirred for 48 h. Then, the solutions were
ltrated, and 5 mL of each filtrate were taken off and titrated
ith 0.05N HCl. In order to achieve statistical soundness, at

east three titrations were carried out for each sample Average
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alues were therefore calculated, with typical errors being less
han 10% of the reported averages.

.3.6. Adsorption of methylene blue (MB)
MB is a standard compound frequently employed as a pri-

ary indicator of the adsorption capacity of ACS designed for
emoving organic pollutants from aqueous solutions. A cali-
ration curve was first built by measuring the absorbance of
queous solutions containing various amounts of MB, using an
V–vis 8500 Dinko Instruments spectrophotometer equipped
ith a tungsten lamp (working wavelength: 664.8 nm). Plotting

he absorbance versus the MB concentration led to a straight
ine, thus allowing to quantify the presence of MB after having
easured the absorbance of the investigated solution.
The analysis was performed as follows. About 33.7 mg of AC

ere introduced into a stoppered plastic bottle containing 50 mL
f a solution which concentration in MB was 3.2 × 10−3 M.
he resultant suspension was stirred for 24 h. The solution was
ubsequently filtered and analysed with the same UV–vis spec-
rophotometer. The MB concentration was deduced, and the
dsorption capacity was calculated by the difference between
he initial and the final concentration, and expressed in grams of

B per 100 g of activated carbon (g MB/100 g AC). Adsorption
ests were repeated three times, with typical errors being less
han 5% of the average value.

. Results and discussion

.1. Characterisation of KL and KLd

Table 1 shows the proximate and ultimate analyses of KL and
Ld. It may be seen that the initial ash content of KL (11.1%
ry basis) was nearly totally removed (0.2% dry basis) after the
reatment with H2SO4. The high sulphur content (2.2%) in KL
riginates both from the Kraft or sulphate process, based on the
ction of NaOH and Na2S for separating cellulose from the other
ood constituents, and from organically bound sulphur (up to
.5%) [22]. XRD studies of lignin evidenced the presence of
he phase Na2CO3·2Na2SO4, further confirmed by microprobe
nalysis. The demineralisation of lignin produced a decrease
f both S (down to 0.5%) and O (from 33.3 to 27.8%) con-
ents. This finding is not surprising since both sodium carbonate
nd sulphate are very soluble in aqueous solutions. Analysis by
EM-EDX showed that S and Na are uniformly distributed in
he lignin before and after the demineralisation treatment.
Fig. 1 shows the IR spectra of KL and KLd. The two

ignins show a broad band at 3000–3600 cm−1, attributed to
he hydroxyl groups in phenolic and aliphatic structures, and

b
o
C
8

able 1
roximate and ultimate analyses of KL and KLd (wt.%)

Proximate analysis (wt.%, dry basis)

Fixed carbon Volatile matter Ash

L 36.4 52.5 11.1
Ld 39.7 60.1 0.2

a Estimated by difference.
Fig. 1. FT-IR spectra of KL (grey line) and KLd (black line).

ands centred around 2975–2945 cm−1, predominantly arising
rom CH stretching in aromatic methoxyl groups and in methyl
nd methylene groups of side chains. Both bands decrease after
cid treatment. The very small bands centred near 2300 cm−1

re assigned to carbon–oxygen groups due to ketene [23].
The most characteristic infrared bands of lignin are found

t about 1510 and 1600 cm−1 (aromatic ring vibrations) and
etween 1470 and 1460 cm−1 (C–H deformations and aromatic
ing vibrations) [24]. The intensity of these bands, however, is
trongly influenced by neighbouring functional groups.

In the KL spectrum, the band centred at 1585 cm−1 is the
esult of aromatic ring vibrations at 1600 cm−1 and coordinated
arbonates [25], already evidenced by XRD analysis. The low
bsorption around 1650 cm−1, giving asymmetry and broaden-
ng to the more intense band at 1600 cm−1, may originate from
oth carbohydrates impurities and water associated with lignin
26]. Intense bands of the carbonyl groups appear in the range
660–1725 cm−1. These bands are below or above 1700 cm−1

f the C O groups are conjugated with the aromatic ring or not,
espectively.

After acid-washing, the carbonates are completely removed
rom lignin. Consequently, the intensity of the 1585 cm−1 band
ecreases and is shifted to 1600 cm−1. The KLd spectrum also
xhibits an intense band centred on 1729 cm−1, corresponding
o C O (ketones, aldehydes or carboxyl) groups not associated
ith aromatic rings.
The spectral region below 1400 cm−1 is more difficult to

nalyse, since most bands are complex, with contribution from
arious vibration modes. However, this region contains vibra-
ions that are specific to the different monolignol units and
llows the structural characterisation of lignins. The spectra of

oth KL and KLd samples show the characteristic vibrations
f the guaiacyl unit (1269 cm−1: guaiacyl ring breathing and

O stretching; 1140 cm−1: C–H in-plane deformation; 860 and
24 cm−1: C–H out-of-plane vibrations in position 2, 5 and 6 of

Ultimate analysis (wt.%, daf)

C H N S Oa

59.5 5.1 0.1 2.2 33.3
65.8 5.9 0.0 0.5 27.8



rdous

g
w
v

p
v
p
t
w

c
c
[

w

V. Fierro et al. / Journal of Haza

uaiacyl units), but the intensities of the bands vary significantly
ith the samples. The importance of guaiacyl characteristic
ibrations increased after acid washing.

Both spectra also show a small band at 1369 cm−1 due to
henolic OH and aliphatic C–H in methyl groups, and a strong

ibration at 1215–1220 cm−1 that can be associated with C–C
lus C–O plus C O stretching. The aromatic C–H deforma-
ion at 1031 cm−1 appears as a complex vibration associated
ith the C–O, C–C stretching and C–OH bending in polysac-

t
w
fi
m

Fig. 2. SEM images of KL (a, c and e) and KL
Materials 149 (2007) 126–133 129

harides. Carbohydrates that remained in KL could be also the
ause of the vibrations in the spectral region 1000–1300 cm−1

26].
In summary, the most important changes introduced by acid-

ashing is the reduction of the amount of hydroxyl groups with

he concomitant increase of the number of C O functions, as
ell as the elimination of carbonates. In agreement with these
ndings, Yasuda et al. [27,28] demonstrated that the acid treat-
ent of lignin produces its cross-linking, an increase of the

d (b, d and f) at different magnifications.
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Table 2
Carbon yield on daf basis, and proximate and ultimate analyses of the ACs prepared from KL and KLd

T (◦C) Yielda Proximate analysis (wt.%, dry basis) Ultimate analysis (wt.%, daf)

Volatile matter Fixed carbon Ash C H N S O

KL
400 87.6 35.08 64.14 0.78 65.3 1.2 0.0 1.0 32.5
500 85.0 31.23 67.11 1.66 70.2 1.1 0.0 1.1 27.6
600 65.7 30.99 58.15 3.00 72.7 0.5 0.0 1.2 25.6

KLd

400 80.9 35.90 64.06 0.04 61.4 1.2 0.0 1.0 36.4
500 73.3 34.52 65.42 0.06 62.7 1.1 0.0 0.7 35.5
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800 m2/g, but the observed temperature dependences are very
different for carbons prepared from KL and KLd. The surface
areas increase with carbonisation temperature for KL-based car-
bons while the opposite is observed for those prepared from
600 61.3 32.42 67.48 0

a Dry ash-free basis.

henol to aliphatic hydroxyl ratio, and a decrease of the total
ydroxyl content of the lignin.

Fig. 2 shows SEM images of KL and KLd at different mag-
ifications. Differences in particle shapes and sizes may be
bserved. KL particles are smaller, and have a rounded (even
pherical) shape with widely open volumes inside. Such a mor-
hology is probably a result of the concentration process of
ignin from black liquors, which is done by evaporation; due
o their surface tension, the particles take a spherical – ther-

odynamically more stable – form. After acid washing, the
Ld particles are much bigger and sharp, and look broken. A
ore detailed observation reveals that the surface of the KL

articles is rough, whereas that of the KLd is nearly smooth.
uch a different morphology between KL and KLd is proba-
ly due to the method used for lignin separation (evaporation
r sedimentation–filtration) although changes in the polymer
tructure due to the demineralisation process cannot be excluded.

.2. Characterisation of the produced activated carbons

.2.1. Carbon yield and elemental composition
Table 2 shows the carbon yield (daf basis) and the proxi-

ate and ultimate analyses of the prepared activated carbons.
ields in carbon are always higher from KL than from KLd, rang-

ng from 65.7 to 87.6% and from 61.3 to 80.9%, respectively.
dditionally, their dependence on temperature is not the same.

ncreasing the temperature from 400 to 500 ◦C makes the carbon
ield decrease by 2.6 and 7.6% for KL and KLd, respectively.
n the contrary, within the range 500–600 ◦C, the carbon yield
ecreases much more for KL (19.3%) than for KLd (12.0%).

PA promotes dehydration, producing an important reordering
f the structure [29], decreasing the amount of volatile com-
ounds emitted during decomposition and hence increasing the
arbon yield. Our previous works [30,31] also showed that, dur-
ng thermal decomposition, the PA-impregnated lignin follows
reaction path which is different from that observed with pure

ignin, and that the carbon yield is higher. PA promotes bond
leavage in the biopolymers and dehydration at low tempera-

ures [32] followed by extensive cross-linking that binds volatile

atter into the carbon product, and thus increases the carbon
ield. Consequently, activated carbons may be prepared with
ood yields and high surface areas using chemical activation

F
K

63.5 0.8 0.0 0.6 35.1

ith PA. Since demineralisation decreases the hydroxyl content
f lignin, the reaction of PA with lignin – and so the subsequent
ross-linking – are clearly lowered. Therefore, the aromaticity
f the activated carbons and the carbon yield also decrease.

Fig. 3 shows the Van Krevelen diagram, plotting H/C ver-
us O/C ratios, for activated carbons derived from KL and KLd
ithin the temperature range of this study. The ACs become

ncreasingly more aromatic when the temperature increases, but
uch a variation depends on the precursor. At constant pyroly-
is temperature, ACs derived from KL have lower H/C and O/C
atios than those prepared from KLd, suggesting a higher aro-
atic nature that increases with temperature. The Van Krevelen

iagram confirms the lower aromaticity of the ACs prepared
rom KLd. Furthermore, it is not excluded that the acid pretreat-
ent could form new polymeric structures that would be ther-
ally less resistant, resulting in a decrease of the carbon yield.

.2.2. Surface area and porosity
Table 3 shows the BET surface area and the porosity of car-

ons produced from KL and KLd at 400, 500 and 600 ◦C. The
aximum surface area determined in this work, 1189 m2/g, cor-

esponds to the carbon prepared from KL at 600 ◦C. All the
urface areas determined by the BET method are higher than
ig. 3. Van Krevelen diagram for ACs prepared from KL (full symbols) and
Ld (open symbols) at 400, 500 and 600 ◦C.
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Table 3
Textural parameters of activated carbons prepared from KL and KLd, deduced from N2 adsorption at 77 K

T (◦C) ABET (m2/g) V0.99 (cm3/g) DR equation αs method

VDR (cm3/g) E0 (kJ/mol) L0 (nm) V�micro (cm3/g) V�ultra (cm3/g)

KL as carbon precursor
400 815 0.40 0.38 22.2 1.0 0.34 0.18
500 1004 0.49 0.45 19.7 1.3 0.43 0.13
600 1189 0.59 0.51 18.9 1.5 0.49 0.11

KLd as carbon precursor
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a porous carbon comes into contact with a MB solution, water
first adsorbs on the hydrophilic polar oxygen groups, including
those located at the micropore entrance [34,35]. Water molecules
indeed can form H-bonding with surface oxygen groups [36,37],
400 1008 0.47 0.45
500 960 0.46 0.40
600 890 0.44 0.37

Ld. The same trends are observed for the variation of VDR and
�micro. However, the volume of pores narrower than 0.7 nm
etermined by the αs method, V�ultra, decreases with increasing
emperature for all the carbons prepared. V�ultra is always the
ighest for carbons prepared from KL, and its decrease (from
.18 to 0.11 cm3/g) is less than that observed for carbons pre-
ared from KLd (from 0.12 to 0.04 cm3/g) when the temperature
ncreases from 400 to 600 ◦C. Finally, the average micropore
idth derived from the DR method, L0, increases with the tem-
erature, whatever the material, although higher values were
ound with KLd.

The results of the present study show that, on average, the
dsorbents made from KL have better characteristics (higher
reas and pore volumes) than those derived from KLd. Such dif-
erences between KL and KLd may be explained by the ability of
A to react with lignin. KL can react more extensively with PA
ue to its higher phenolic content. Moreover, the deashed lignin
s less reactive (much more compact, as revealed by SEM, and
ith much less hydroxyl groups with which PA can react, as

evealed by IR spectra), due to an acid-induced cross-linking
f the macromolecules. PA can penetrate easily the texture of
L, producing an increasingly high number of small microp-
res when the temperature increases. Additionally, phosphate
nd polyphosphate bridges connect cross-linked biopolymer
ragments, avoiding pore collapse. On the contrary, PA hardly
enetrates KLd, and cannot prevent pore collapse; hence, the
ctivation mainly occurs at the surface of the grains, producing
ider pores (higher L0 and lower E0 than for KL). Finally, a

atalytic effect of cations improving the activation at constant
emperature is also possible.

.2.3. Surface chemistry of the activated carbons
Fig. 4 shows the FT-IR spectra of the ACs derived from KL

nd KLd. The band around 1700 cm−1 is usually caused by the
tretching vibration of C O in ketones, aldehydes, lactones, and
arboxyl groups, and the band around 1600 cm−1 is ascribed
o aromatic ring stretching vibrations. The intensities of these
wo bands clearly show that the aromaticity and the carbonyl
roups content are much higher in ACs derived from KL than

n those prepared from KLd. The band around 1230 cm−1 is
sually attributed to C–O bonds; however, in carbons activated
y H3PO4, the bands at 1300–900 cm−1 could also be caused
y phosphorus-containing groups [33]. F
9.1 1.4 0.45 0.12
7.9 1.7 0.38 0.05
7.6 1.7 0.35 0.04

Spectra of ACs prepared from KLd are much smoother than
hose of ACs prepared from KL, evidencing a lower amount of
unctional groups. It may also be observed that, for both types of
arbons, increasing the temperature reduces the intensity of all
he bands. In a recent study [18], it has been demonstrated that the
cidic groups at the surface of carbons prepared from Kraft lignin
an be temperature-sensitive or not, depending on their chemical
omposition. The temperature-sensitive functions mainly con-
ist of carbonyl-containing groups of various acidic strengths,
hile the temperature-insensitive groups mainly comprise phos-
horus. Thus, the functional groups of the ACs prepared from
Ld would be essentially temperature-sensitive, whereas those
repared from KL would include temperature-sensitive and
emperature-insensitive (i.e., containing phosphorus) groups,
ue to the more extensive reaction of PA with KL. These find-
ngs are in good agreement with the results on MB adsorption,
iven below.

.2.4. MB adsorption
Fig. 5 shows the dependence of the MB adsorption capac-

ty of the ACs on the concentration of acidic surface functions,
xpressed in meq H+/m2. The MB adsorption capacity decreases
s the surface acidity increases, for both kinds of carbons pre-
ared from KL and KLd. Thus, increasing the number of acidic
roups or decreasing the surface area lowers the adsorption of
B.
Concerning the effect of acidic groups, it is known that when
ig. 4. FT-IR spectra of ACs prepared from KL and KLd at 400, 500 and 600 ◦C.
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ig. 5. Methylene blue (MB) adsorption capacity vs. concentration of acidic
urface functions (meq H+/m2) of the ACs prepared from KL (full symbols) and
Ld (open symbols) at 400, 500 and 600 ◦C.

nd are more strongly adsorbed than MB on such sites [38],
specially at neutral pH and extremely low concentration of MB
39]. The adsorbed water molecules further associate with each
ther to form clusters [37–40] which are remarkably stabilised in
icropores [41], causing the partial blockage of their entrance,

educing the accessible surface area [38,42], and finally hin-
ering or even preventing MB adsorption area [35,43]. Another
xplanation of the low MB adsorption capacity of ACs con-
aining a higher number of acidic surface groups is based on
lectron density considerations. The electronegativity of the
xygen atoms induces the polarisation of the carbon surface
nd the subsequent depletion of the electron density inside the
romatic rings, which leads to a decrease in the strength of the
nteractions between the aromatic rings of the organic molecule
nd the carbon basal planes. An overall effect is a decrease in
he average energy of adsorption for MB molecules and thus,
he decrease in the corresponding adsorbed amount [44,45].

Increasing the preparation temperature of the ACs leads to
aterials having less oxygen-containing groups. The opportu-

ity of forming water clusters is thus lowered, giving a higher
ccessibility of the pores to MB molecules, and improving the
nteraction potential between MB molecules and the carbon
urface. Consequently, the adsorption of water on the surface
f samples prepared at higher temperature is lower, while that
f MB molecules is improved. However, in Section 3.2.2,
he temperature was shown to produce opposite effects on
he change of pore texture, depending on how the activated
arbons were prepared (see again Table 3). The surface area of
arbons prepared from KLd was indeed seen to decrease with
he temperature, while that of materials made from KL was
een to increase. As a consequence, MB adsorption increases
ith the activation temperature for carbons prepared from KL,
hereas the opposite trend is observed, in average, for those
repared from KLd (see Fig. 5).

Moreover, carbons from KL present higher MB adsorption
apacities that those from KLd, even when having similar surface
reas. Fig. 5 shows that straight and almost parallel lines may be

tted to the data of MB adsorption capacities of both kinds of
Cs. Such a behaviour could be ascribed to the different nature
f the acidic surface groups (carbons from KL presenting more
hosphoric acidic groups), but also to the higher aromaticity

(
A
V
C
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f the ACs from KL promoting dispersive interactions between
romatic rings of MB molecules and basal (also aromatic) planes
f carbon. However, as showed by Karaca et al. [46], the effect
f the ash content may play an even more important role on
B adsorption. These authors showed that carbonate and sil-

cate minerals, together with the presence of organic sulphur
nside the carbon matrix, have a positive effect on methylene
lue adsorption. Improvement of MB adsorption due to the sul-
hur present in chars derived from the carbonisation of tires has
lso been observed by Helleur et al. [47]. Table 2 indeed con-
rms that ACs prepared from KL, presenting the highest MB
dsorption capacity, are also those containing the highest level
f sulphur (up to two times the S content of ACs derived from
Ld, when prepared at 600 ◦C).

. Conclusions

The objective of this work was to study the effect of the ash
ontent of softwood Kraft lignin on the properties of the acti-
ated carbons produced by activation with H3PO4 (PA). SEM
bservations and IR studies suggest that the demineralisation
rocess produces lignin polymerisation and reduces its ability
o react with PA.

The results have shown that carbon yield, surface area, poros-
ty and surface chemistry are affected by the removal of the

ineral matter. The activated carbons prepared by activation
f KL and KLd are essentially microporous with surface areas
igher than 800 m2/g, the highest one being close to 1200 m2/g
nd corresponding to the AC prepared from KL at 600 ◦C. The
arbon yield and the aromaticity are the highest for activated
arbons derived from the raw Kraft lignin (KL). The surface
rea increases with temperature for ACs prepared from KL, but
he opposite trend is observed for those prepared from KLd.
he number of functional groups decreases when temperature

ncreases, and is the highest for the ACs prepared from KL,
robably because they contain more phosphorus-based groups,
hich have been recently described as temperature-insensitive.
B adsorption is higher for ACs prepared from KL, mainly

ecause of their higher ash and sulphur contents.
In other words, it may be concluded that the very differ-

nt characteristics of the KL- or KLd-based ACs may clearly
e attributed to the demineralisation process itself. However, a
avourable catalytic effect of the ashes on the activation process
ould not be discarded.

The main conclusion of this work is then the following: since
etter active carbons are produced from raw lignin, the deminer-
lisation – if required – should be carried out on the products
nd not on the precursors.
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[4] V. Fierro, V. Torné-Fernández, A. Celzard, Kraft lignin as a precur-
sor for microporous activated carbons prepared by impregnation with
ortho-phosphoric acid: synthesis and textural characterisation, Micropor.
Mesopor. Mater. 92 (2006) 243–250.
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position of kraft lignin impregnated with orthophosphoric acid, Therm.
Acta 433 (2005) 142–148.

32] M. Jagtoyen, F. Derbyshire, Some considerations of the origins of poros-
ity in carbons from chemically activated wood, Carbon 31 (1993) 1185–
1192.

33] M. Puziy, O.I. Poddubnaya, A. Martı́nez-Alonso, F. Suárez-Garcı́a, J.M.D.
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