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Activated carbons from lignin: kinetic modeling of the pyrolysis of Kraft
lignin activated with phosphoric acid
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Abstract

A phenomenological kinetic model has been developed for the pyrolysis at low heating rates of lignin activated with phosphoric acid. The
model is based on thermogravimetry (TG) and differential thermogravimetry (DTG) data from pyrolysis experiments and assumes that lignin
carbonization proceeds through a set of pseudo-first-order reactions. These reactions are a simplified description of the multiple reactions
involved in the process. TG experiments were performed in nitrogen atmosphere for lignin (L) impregnated with 85% phosphoric acid (PA)
at mass ratios (PA:L) from 1.0:1.0 to 1.75:1.0, a typical heating rate of 10◦C/min and a maximum carbonization temperature of 650◦C,
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ncluding isothermal stages at 150 and 300◦C in the temperature programs for some of the experiments. Analysis of the TG and DTG
ed to a kinetic model that includes an initial reaction step between lignin and phosphoric acid, water formation from the dehydra
xcess of phosphoric acid to P2O5, pyrolysis of lignin to carbon and volatiles, evaporation of water and P2O5 and finally, partial volatilizatio
f the carbon to light gases. Activation energies and the other parameters of the model were adjusted from experimental data
nergies were 26.0 kJ/mol for water desorption, 72.0 kJ/mol for the dehydration of phosphoric acid to phosphoric pentoxide, 95.0

he volatilization of P2O5, 47.7 kJ/mol for the carbonization of the activated lignin and 106.3 kJ/mol for the pyrolytic release of ligh
rom activated carbon. The model provides a good representation of the thermograms regardless of the phosphoric acid to lignin r
emperature profile along the reaction.
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. Introduction

Activated carbons are adsorbents that are used industrially
n multiple processes for product separation and purification,
nd for the treatment of liquid and gaseous effluents. Their
ersatility allows a wide range of uses if their pore size distri-
ution and surface properties are properly tailored, and new
pplications are being developed in areas such as pollution
revention, supported catalysts and the storage of gaseous

uels such as natural gas and hydrogen. Activated carbons
re produced from a wide variety of carbonaceous materi-
ls, including wood and agriculture by-products[1], but the
xpanding market for activated carbons has prompted inter-
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est in finding complementary sources of carbonaceous
cursors for their manufacture. Using carbonaceous res
and by-products from existing industrial processes as
stock for producing activated carbons is an attractive s
egy that may help reduce costs through process integr
Among several possibilities, lignin, produced as a resi
material in the manufacture of cellulose pulps, offers st
potential because it is available in high amounts at low
Lignin is the most abundant natural polymer after ce
lose. Typically, it represents around 20–30% of the ma
dry wood and is nowadays produced in huge amounts
by-product in the production of high-quality cellulose pu
mainly in the Kraft pulping process. In this process, lig
is used as fuel to provide steam for the plant, which
allows the recovery of the pulping chemicals (NaOH
Na2S). The trend towards larger plant capacities and the
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Table 1
Lignin analysis (wt.%)

Proximate analysis
(wt.%, wet basis)

Ultimate analysis
(wt.%, ash and moisture free)

Moisture 14.45 Carbon 59.46
Ash 9.50 Hydrogen 5.07
Volatile matter 44.93 Nitrogen 0.05
Fixed carbona 31.12 Sulfur 2.15

Oxygena 33.27
a Estimated by difference.

timization of the pulping process to improve cost effective-
ness have led to the plants producing more by-product lignin
than the amount that is needed to cover their energy con-
sumption. Using Kraft lignin as raw material for chemicals
has therefore attracted considerable attention. Several appli-
cations for the lignin obtained from pulping processes have
been considered. One of its main uses so far has been as a
phenol substitute in the formulation of phenol–formaldehyde
resins and adhesives, but one of the main areas for pos-
sible applications for by-product lignin is in the prepara-
tion of activated carbons. The physical activation with CO2
of pyrolyzed lignins[2,3], as well as chemical activation
of lignin with ZnCl2 [4], have been studied, but the use
of ZnCl2 is declining due to its environmental impact[5],
and phosphoric acid is the preferred activating agent. How-
ever, the activation of lignin with phosphoric acid has not
been widely investigated, though maximum surface areas of
above 1300 m2/g have been reported[6]. We recently stud-
ied the characteristics of the carbons obtained from Kraft
lignin activated with phosphoric acid at several process con-
ditions and showed that carbons with high surface areas
and good properties can be obtained[7]. In this paper, we
study the rates of carbonization of Kraft lignin activated
with phosphoric acid in a thermobalance and propose and
test a phenomenological kinetic model with the experimen-
t

2. Experimental

A sample of Kraft lignin was obtained from Lignotech
Ibérica S.A. (Spain) and used to prepare activated carbons
as received (seeTable 1for composition). Elemental anal-
ysis was performed in a EA1108 Carlo Erba analyzer and
the proximate analysis was developed according to ISO stan-
dards for moisture (100◦C in air), volatile matter (900◦C in
nitrogen atmosphere) and ash (incineration at 815◦C in air).

Phosphoric acid (85% solution, Panreac, Spain) was used
as activating agent. Lignin and phosphoric acid were mixed
at the desired ratio and the mixture was left for 1 h to allow
a complete impregnation of the lignin[8]. A small sample
(around 30–50 mg) of the mixture was then transferred to the
thermobalance (Perkin-Elmer TGA-7), where pyrolysis was
carried out in nitrogen at a constant flow rate of 50 mL/s.
Table 2lists all the other specific conditions for the exper-
iments, which were performed randomly except for a first
series, which was performed to establish the reproducibility
of the TG results.

3. Results and discussion

Our first set of experiments tested the reproducibility of
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able 2
xperimental conditions used for the TGA experiments

un ID H3PO4 (85%) to
lignin mass ratio

Initial
temperature (◦C)

Heating
(◦C/min

xp #10/3 1.4 25 10
xp #10/4 1.4 25 10
xp #10/5 1.4 25 10
xp #2 1.4 25 10
xp #3 1.4 25 10
xp #5 1.4 25 10
xp #13 1.4 25 10
xp #18 1.4 25 10
xp #20 1.4 25 10
xp #21 1.4 25 10
xp #24 1.4 150 150
xp #10 (L/P 1:1.0) 1.0 25 10
xp #14 (L/P 1:1.4) 1.4 25 10
xp #18 (L/P 1:1.75) 1.75 25 10
ur experimental procedure.Fig. 1shows the thermogramsf
ersust) and the differential thermograms (df/dt versust) for
eplicated experiments on the carbonization of a samp
ignin impregnated with a phosphoric acid to lignin mass r
PA/L) of 1.4, a heating rate of 10◦/min and a final tempe
ture of 650◦C for 120 min (experiments #10/3, #10/4 a
10/5 inTable 2). Since our experiments included isoth
al periods, either at the end of the heating ramp or i

alated in it, we preferred time instead of temperature a
ndependent variable for our calculations. The average
or the final mass fraction was 0.384± 0.014 (95% probabi
ty level), which shows the good reproducibility of the

First stage Second stage Third stage

T (◦C) Time (min) T (◦C) Time (min) T (◦C) Time (min)

650 120 – – – –
650 120 – – – –
650 120 – – – –
150 15 650 0 – –
150 30 650 30 – –
150 60 650 120 – –
150 60 650 120 – –
300 60 650 120 – –
150 60 300 60 650 120
300 60 500 60 750 60
650 120 – – – –
650 30 – – – –
600 120 – – – –
650 120 – – – –
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Fig. 1. Effect of the addition of intermediate isothermal stages on the final solid yield and the TG and DTG curves for experiments #5, #10/4 and #20
(experimental conditions listed inTable 2).

periments. The differential thermograms also show excellent
agreement among the three experiments throughout the reac-
tion time, since the values of the maximum rates of mass loss
and the time at which they are observed are almost identical
for the three runs. The differential thermogram shows two
peaks for the rate of mass loss. The first starts at low temper-
ature, reaches the maximum rate at around 175–180◦C and
extends to 450◦C. The second peak starts at around 500◦C
and reaches the maximum rate of mass loss when the isother-
mal segment at 650◦C starts.

Yoon et al.[9] reported an increase in carbon yield when
the sample was maintained at constant temperature for a cer-

tain time once the volatilization of the sample had started.
Other studies, however, reported that the carbon yield did
not change when intermediate isothermal periods were in-
cluded during the pyrolysis of viscose rayon cloth[10] and
apple pulp[11]. We performed experiments #5 and #13, un-
der the same conditions as #10/3, #10/4 and #10/5 but with
an isothermal segment at 150◦C for 60 min. Again, repro-
ducibility was excellent for the TG and DTG curves (Fig. 1).
The mass fraction remaining at the end of the experiments was
0.386± 0.002, which is equivalent to that of the experiments
without intermediate isothermal period. We may therefore
conclude that including isothermal periods does not signif-
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icantly changes the final yield of solid. However, including
intermediate isothermal stages proved valuable because it re-
vealed that the peaks of the rate of mass loss in the DTG
were the result of the superposition of several reactions. For
example, if we compare the DTG plots for experiments #10/4
and #5 we can see that the broad peak observed during the
heating period in experiment #10/4 splits into two different
peaks when an intermediate isothermal period at 150◦C is
added. The new peak shows the maximum rate of mass loss
at 350–400◦C, but it appears also to be the result of the super-
position of two reactions. This is confirmed by experiment
#20, which adds two isothermal periods — one at 150◦C for
60 min and another at 300◦C for 60 min — and shows the
existence of four maximums in the rate of mass loss along
the thermogram. This experiment also had a yield of residual
solid of 0.381, which confirmed that including intermedi-
ate isothermal stages has no significant effect on the final
mass fraction if the same final temperature of carbonization
is achieved.

4. Modeling of lignin pyrolysis

Several models are available in the bibliography for the
kinetics of the thermal decomposition of biomass and its
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using several thermograms, which may combine isothermal
and non-isothermal stages, is presented in Eq.(6) for p ther-
mograms withn(i) data points each.f exp

ij are the measured

values off, andf cal
ij are those calculated with Eqs.(3)–(5)

and numerical integration of Eqs.(1) and (2):

dαLP

dt
= kLP(1 − αLP)aLP with αLP = m0LP − mLP

m0LP − m∞
(1)

dαW

dt
= kW(1 − αW) with αW = m0W − mW

m0W

(2)

fLP = fLP0 − αLP(fLP0 − f∞) (3)

fW = fW0(1 − αW) (4)

f = fLP + fW (5)

F =
p∑

i=1


∑n(i)

j=1(f cal
ij − f

exp
ij )

2

n(i)


 (6)

Fig. 2compares the thermograms and the differential ther-
mograms recorded for experiments #10/4, #5 and #20 with
those calculated with the best-fit values of the model param-
eters. The model describes the general trends of the thermo-
grams qualitatively but shows large discrepancies with the ex-
perimental results, especially when two intermediate isother-
m #20).
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ractions. The most usual approach starts with the ass
ion that the components of biomass (cellulose, hemic
ose and lignin) react simultaneously and independent
he others through a set of parallel reactions[12–15]. When
pplied to lignin activated with phosphoric acid, the mod
educed to two parallel and independent reaction proce
he volatilization of the water present in the sample and
arbonization of the phosphoric acid-activated lignin (
nto activated carbon and volatiles. Water comes from
hosphoric acid solution and the moisture of lignin. T
ystem is described mathematically by Eqs.(1)–(5), where
0LP andm0W are the initial masses of PL mixture and wa
LP andmW the actual masses of PL and water at a p
long the experiment,m∞ the residual mass of solid at t
nd of the thermogram,f the fraction of the initial mass r
aining as solid,fLP andfW the fractions of the initial mas
f phosphoric-activated lignin and water,fLP0 andfW0 the
ame at the beginning of the experiment,αLP andαW the
egrees of transformation for activated lignin and water,
LP andkW Arrheiuns rate constants for the volatilization
ctivated lignin and water.

Water volatilization was assumed to be first-order. S
hermogravimetry studies on lignin pyrolysis propose a fi
rder reaction process[15–17], but most studies conclu

hat reaction orders are higher[13,14,18,19]. We therefore
ssumed that the devolatilization of activated lignin may
e first-order and included the reaction order for activ

ignin (aLP) as one of the parameters to be optimized from
erimental data, together with the activation energies an

requency factors. A convenient least-squares objective
ion to calculate the optimal values of these parameters
al stages are included in the thermogram (experiment
e may therefore conclude that a better description o

nteractions between lignin and phosphoric acid has t
ncorporated into the model.

Analysis of the TG and DTG plots inFig. 1reveals som
haracteristic trends of the pyrolysis of lignin in the p
nce of phosphoric acid. Since water will evaporate a

ower temperature, the broad peak observed in the DTG
ween 100 and 450◦C in experiments #10/3, #4, #5 is n
nly caused by water evaporation but also by the deco
ition of lignin and phosphoric acid. Water comes from
hosphoric acid solution, the moisture in lignin and fr
eactions of lignin and phosphoric acid at low tempera
n the presence of PA, lignin reacts through cleavage o
ryl–ether bonds, the formation of ketone groups, conde

ion and dehydration[20]. Pyrolysis of lignin in the presen
f phosphoric acid shows that CO and CO2 begin to evolve a
olatile products at a temperature as low as 100◦C [21]. The
nclusion of an isothermal stage at 150◦C for 60 min (exper
ments #5 and #20) shows that only 20% of the initial m
olatilizes at this temperature. This is attributed to the rel
f water and light compounds from lignin degradation by
ction of phosphoric acid. When a second isothermal s

s included at 350◦C for 60 min (experiment #20), the to
ass loss reaches 34%. The peak at 240–320◦C in the DTG

urve for experiments #5 and #13 is attributed to the relea
rganic volatiles formed during the carbonization of the a
ated lignin. This peak is overlapped with the peak of w
hen no intermediate isothermal stage is used (experim
10/3, #4, #5). When the sample is heated at 650◦C for 2 h,

he final mass loss is around 62% for all experiments.
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Fig. 2. Comparison between the experimental TG and DTG curves (�) and those calculated with the two parallel reactions kinetic model (–), Eqs.(1)–(5), for
experiments #5, #10/4 and #20. (Experimental conditions listed inTable 2. For better visualization, only 1 data point out of 20 is plotted in the experimental
TG and DTG curves.)

high degree of mass loss between 350 and 650◦C cannot be
attributed to volatile matter from lignin alone since the rate
of lignin pyrolysis reaches a maximum in the temperature
interval from 300 to 370◦C [14,15]. The behavior of phos-
phoric acid at elevated temperature also has to be accounted
for. The experiments presented inFig. 1 were performed at
a phosphoric acid-to-lignin mass ratio of 1.4:1, which ex-
ceeds the minimum ratio of 1.0:1.0 required to activate lignin
completely[8]. As the temperature of the sample increases,
the excess phosphoric acid is converted to pyrophosphoric
acid (H4P2O7) by condensation and dehydration. Extended
heating forms polyphosphoric acid (Hn+ 2PnO3n+ 1), which

finally decomposes to form P2O5, which sublimates above
300◦C and melts and vaporizes at 580–585◦C[22]. This tem-
perature is very close to the peak observed at 650◦C in the
DTG curves, which is therefore attributed to the volatilization
of the P2O5.

4.1. Development of a new kinetic model for the
pyrolysis of lignin activated with phosphoric acid

Qualitative interpretation of the thermograms leads us to
the development of a kinetic model that accounts for the ob-
served phenomena during the pyrolysis of lignin in the pres-
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ence of phosphoric acid. The process was modeled with the
reaction scheme described by Eqs.(7)–(12). Eq. (7) is the
formation of a complex (LP) between lignin (L) and phos-
phoric acid (PA) through linkage of the phosphoric group to
a reactive site in lignin. Based on experimental evidence we
determined that this process finishes in 1 h at room temper-
ature[8]. Therefore, this reaction was complete before the
thermal treatment was started. Eq.(8) is the drying of the
sample through water (WS) evaporation. Eq.(9) accounts for
the conversion of the excess phosphoric acid to P2O5 (POS)
when water is completely removed, and Eq.(10) describes
the evaporation of POS. Finally, pyrolysis of the lignin–PA
complex yields activated carbon (AC) and volatiles (VO), as
described by Eq.(11). The parameterα indicates the mass
fraction converted to activated carbon, and (1− α) indicates
the mass fraction converted to volatiles during carbonization.
Eq. (12) describes the partial volatilization of the activated
carbon through slow pyrolysis to yield light gases (GA). All
reaction rates were assumed to be first-order for each reactant.

L + PA → LP + WS, r1 = fast at room temperature (7)

WS → W, r2 = k2CWS (8)

PA → 1
2(POS+ 3WS), r3 = k3CPA (9)

POS→ PO, r4 = k4CPOS (10)

L

A

prop-
e com-
p

α

w
t s
o the
i
E the
A

f

df

dt
= 1

M0

5∑
j=1

dMj

dt
(20)

ki = k0i exp

(
− Ei

RT

)
(21)

The initial mass-fraction composition of the sample was cal-
culated from the amounts of phosphoric acid and lignin, the
moisture content of the latter, and accounting for the water
originated through reaction (1) (Eqs.(22)–(24))

fPA,0 =

(
mass of anhydrous H3PO4

− mass of dry lignin
(

MWPA
MWL

))
total mass

(22)

fLP,0 =
(
mass of dry lignin

(
MWL+MWPA−MWW

MWL

))
total mass

(23)

fWS,0 =
(
mass of water+ mass of dry lignin

(
MWPA
MWL

))
total mass
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4 mall
P → αAC + (1 − α)VO, r5 = k5CLP (11)

C → GA, r6 = k6CAC (12)

Assuming that the reacting solid has homogeneous
rties, individual mass balances are developed for each
onent of the solid:

dfWS

dt
= −k2fWS + 3

2
k3

MWWS

MWPA
fPA (13)

dfPA

dt
= −k3fPA (14)

dfPO

dt
= −k4fPO + 1

2
k3

MWPO

MWPA
fPA (15)

dfLP

dt
= −k5fLP (16)

dfAC

dt
= α′k5fLP − k6fAC (17)

′ = α
MWAC

MWLP
(18)

here fj denotes the mass fraction of speciesj referred to
he initial mass of the sample (M0), MWj is the molar mas
f speciesj, and the rate of decrease of the fraction of

nitial mass that remains in the solid (df/dt) is obtained from
q. (20). All the rate constants were assumed to follow
rrhenius relationship Eq.(21).

j = Mj

M0
(19)
(24)

The optimal values for the 12 unknown parameters in
odel (k0j , Ej , α′ and MWL) were estimated from the min
ization of the least squares objective functionF, Eq. (25),
heren is the number of thermograms andp(i) is the numbe
f data points recorded for theith thermogram (time, tempe
ture fraction of the initial mass remaining and rate of m

oss). This objective function was chosen to simultaneo
inimize the squared differences in the fraction of the in
ass remaining in the solid and the rate of mass loss.
as needed because it was observed that an objective

ion that was only based on the fraction of the initial m
ave optimal values that adjusted the data for the isothe
tages correctly, but gave poor results for the non-isothe
tages where the rates of mass loss were higher. Simila
bjective function based on the rate of mass loss misr
ented the isothermal stages where the rate of mass los
mall.

The fraction of the initial mass remaining predicted by
odel,f(i,k)model, was calculated with Eqs.(13)–(21), which
ere integrated numerically by an explicit Euler method.

emperature recorded at each sampling time along the
ogram was used to calculate the instantaneous rate

tants. The rates of mass loss were evaluated numer
rom the values off(i,k). This method provided a sufficient d
ree of accuracy because, as the thermograms were rec
t a high sampling frequency (typically one data point e
s), the time increments used in the calculations were s
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Fig. 3. Comparison between the experimental TG and DTG curves (�) and those calculated with the complete kinetic model (–), Eqs.(13)–(24), for experiments
#2, #3, #5 and #10/4. (Experimental conditions listed inTable 2. Continuous thin lines are mass fractions calculated for lignin–phosphoric acid complex (LP),
phosphoric acid (PA), water (WS), activated carbon (AC) and P2O5 (POS). For better visualization, only 1 data point out of 20 is plotted in the experimental
TG and DTG curves.)
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Fig. 4. Comparison between the experimental TG and DTG curves (�) and those calculated with the two parallel reactions kinetic model (–), Eqs.(13)–(24),
for experiments #18, #20, #21 and #24. (Experimental conditions listed inTable 2. Continuous thin lines are mass fractions calculated for lignin–phosphoric
acid complex (LP), phosphoric acid (PA), water (WS), activated carbon (AC) and P2O5 (POS). For better visualization, only 1 data point out of 20 is plotted
in the experimental TG and DTG curves.)
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Table 3
Least-squares best-fit values for the model parameters

Reaction k0j
(s−1) Ej (kJ/mol) MWL (g/mol) α′ Minimum F

(2) 4.20 26.0 135.3 0.736 2.205× 10−2

(3) 395.9 72.0
(4) 326.4 95.0
(5) 73.9 47.7
(6) 11.1 106.3

enough to avoid numerical instability.

F =




n∑
i=1




p(i)∑
k=1

(
f (i,k)experimental−f (i,k)model

f (i,k)model

)2

p(i)




n∑
i=1




p(i)∑
k=1

((
df (i,k)

dt

)
experimental

−
(

df (i,k)
dt

)
model(

df (i,k)
dt

)
model

)2

p(i)







0.5

(25)

The optimal values calculated for the activation energies
(Ej), the frequency factors (k0j ), the stoichiometric coeffi-
cient in reaction (5) (α′) and the apparent molar mass of
lignin (MWL) are shown inTable 3. Activation energies
were 26.0 kJ/mol for water desorption, 72.0 kJ/mol for the
dehydration of phosphoric acid to phosphoric pentoxide,
95.0 kJ/mol for the volatilization of P2O5, 47.7 kJ/mol for
the carbonization of the activated lignin and 106.3 kJ/mol for
the pyrolytic release of light gases from activated carbon. The
activation energy for the volatilization of lignin impregnated
w rted
f
f /mol
a is
o on
a
s l pa-
r -
s r
m or
t d
a o
s fac-
t o the
l ally
f oric
a

r the
e ratio
o ing
t n the
m mo-

grams, regardless of the number of intermediate isothermal
stages. The same graphs also show the evolution of the mass
fractions of water in the sample (WS), lignin–phosphoric
acid complex (LP), phosphoric acid (PA), P2O5 (POS) and
activated carbon (AC). Analysis of the temporal evolution
of the mass fractions computed for each component in the
solid mixture shows that drying of the sample (reaction (2))
takes place at the lowest temperature and is completed be-
fore the sample reaches 200◦C. Carbonization of the acti-
vated lignin (LP) starts at around 100◦C and is completed
when the sample reaches 400◦C for the experiments without

Fig. 5. Sensitivity analysis for the model parameters: activation energies
(top), frequency factors (middle), and molar mass of lignin, MWL, andα′
(bottom) (E1, k1: ©; E2, k2: �; E3, k3: �; E4, k4: ♦; E5, k5: �; α′: �; and
MWL: �).
ith phosphoric acid lies in the 35–100 kJ/mol range repo
or lignin pyrolysis using several kinetic models[23], and
alls below the range of activation energies from 60.6 kJ
t 200◦C to 153.6 kJ/mol at 700◦C reported for the pyrolys
f lignin activated with ZnCl2 using a kinetic model based
continuous distribution of activation energies[24]. Fig. 5

hows a sensitivity analysis for the influence of the mode
ameters on the least squares objective functionF. This analy
is shows that the activation energies (Ei), the apparent mola
ass of lignin (MWL) and the stoichiometric coefficient f

he carbonization of the activated lignin (α′) are evaluate
ccurately because the error functionF is very sensitive t
mall variations in their individual values. The frequency
ors (k0i ) that we have calculated are more uncertain due t
ow sensitivity of the error function to their value, especi
or the frequency factor for the rate constants of phosph
cid dehydration (k3) and water volatilization (k2).

Figs. 3 and 4compare the thermograms measured fo
xperiments at an 85% phosphoric acid-to-lignin mass
f 1.4:1 (Table 2), and those calculated with the model us

he best-fit values of the parameters. Agreement betwee
odel and the experiments is excellent for all the ther
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intermediate isothermal stages (experiment #10/4), or with
an isothermal stage at 150◦C for 60 min (experiment #5),
but reaches completion at 300◦C if an isothermal stage at
300◦C for 60 min is included in the temperature program
(experiment #18). Decomposition and volatilization of the
excess phosphoric acid take place at a higher temperature
and are responsible for the mass loss observed above 400◦C.
This starts at around 230◦C, which is close to the value of
213◦C reported for pure orthophosphoric acid[22], and is
completed at around 550–580◦C. This broad interval of re-
action temperature agrees qualitatively with the consecutive

reactions involved in the formation of P2O5 from phospho-
ric acid, which proceeds through the formation of pyrophos-
phoric acid (H4P2O7), polyphosphoric acid (Hn+ 2PnO3n+ 1)
and finally P2O5. The volatilization of phosphorous pentox-
ide also happens in a broad interval of temperature. Accord-
ing to the kinetic model, it starts once the sample reaches
around 280◦C, which is close to its sublimation tempera-
ture of 300◦C, and takes place much faster above 570◦C
when vaporization is accelerated due to the melting of P2O5
at 580–585◦C [22]. Finally, the residual mass loss during the
isothermal stage at 650◦C is caused by the release of light

F
f
f
o

ig. 6. Comparison between the experimental TG and DTG curves (�) and those
or experiments #10 L/P 1:1.0, #14 L/P 1:1.4 and #18 L/P 1:1.75. (Experimen
or lignin–phosphoric acid complex (LP), phosphoric acid (PA), water (WS), a
ut of 20 is plotted in the experimental TG and DTG curves.)
calculated with the two parallel reactions kinetic model (–), Eqs.(13)–(24),
tal conditions listed inTable 2. Continuous thin lines are mass fractions calculated
ctivated carbon (AC) and P2O5 (POS). For better visualization, only 1 data point
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gases as the carbon formed at lower temperatures is pyrolyzed
to a greater extent.

Analysis of the differential thermograms, also presented
in Figs. 3 and 4, shows that the model accurately describes
the rate of mass loss for the experiments with one inter-
mediate isothermal stage at 300◦C (#18, #20, #21). Four
maximums in the rate of weight loss are observed: the
first for water volatilization, the second for the release of
volatiles during the formation of activated carbon, the third
for the decomposition of phosphoric acid and the fourth for
the volatilization of P2O5. For the other experiments there
are some discrepancies in the temperature interval from 300
to 500◦C since the model shows the existence of a small
maximum on the rate of mass loss at around 450◦C caused
by phosphoric acid dehydration to phosphorous pentoxide,
which is not observed experimentally. Close examination of
the experimental rate of mass loss in this temperature range
shows a series of small maximums and inflection points (see
experiments #2 and #3, for instance), which point to the
existence of a set of simultaneous reactions taking place in
the solid. These reactions are probably related to the decom-
position of phosphoric acid to P2O5, which in the model
has been assumed to proceed through a single reaction step
(Eq. (9)), though, as described before, it actually proceeds
through a series of consecutive steps (Fig. 5).
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the volatile products were analyzed continuously by on-line
mass spectrometry to determine the actual rates of volatiliza-
tion for water, phosphoric acid-derived products (i.e., P2O5)
and carbon-containing compounds.
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[16] J.J.M.Órfão, J.L. Figueiredo, A simplified method for determination
of lignocellulosic materials pyrolysis kinetic from isothermal ther-
mogravimetric experiments, Thermichim. Acta 380 (2001) 67–78.

[17] D. Vamvuka, E. Kakaras, E. Kastanaki, P. Grammelis, Pyrolysis char-
acteristics and kinetics of biomass residuals mixtures with lignite,
Fuel 82 (2003) 1949–1960.

[18] V. Cozzani, L. Petarca, L. Tognotti, Devolatilization and pyrolysis of
refuse derived fuels: characterization and kinetic modeling by a ther-
mogravimetric and calorimetric approach, Fuel 74 (1995) 903–912.

[19] C.A. Koufopanos, G. Maschio, A. Lucchesi, Kinetic modeling of the
pyrolysis of biomass and biomass components, Can. J. Chem. Eng.
67 (1989) 75–84.

[20] Y.Z. Lai, in: D.N.S. Hon, N. Shirashi (Eds.), Chemical Degradation
in Wood and Cellulose Chemistry, vol. 10, Marcel Dekker, New
York, 1991, p. 455.

[21] M. Jagtoyen, F. Derbyshire, Activated carbons from yellow poplar
and white oak by H3PO4 activation, Carbon 36 (1998) 1085–1097.

[22] D.R. Lide (Ed.), Handbook of Chemistry and Physics, 72nd ed.,
CRC Press, Boca Raton, FL, 1991.

[23] R.K. Sharma, J.B. Wooten, V.L. Baliga, X. Lin, W.G. Chan, M.R.
Hajaligol, Characterization of chars from pyrolysis of lignin, Fuel
(2004) (Corrected proof, available online 25 March).

[24] E. Gonzalez-Serrano, ZnCl2—chemical activation of kraft lignin,
PhD Dissertation, University of Ḿalaga, Ḿalaga, Spain, 1996.
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