Chemical
Engineering
Journdl

.:: o4 G
ELSEVIER Chemical Engineering Journal 106 (2005) 1-12
www.elsevier.com/locate/cej

Activated carbons from lignin: kinetic modeling of the pyrolysis of Kraft
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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 6€4@in and a maximum carbonization temperature of €50
including isothermal stages at 150 and 3G0n the temperature programs for some of the experiments. Analysis of the TG and DTG curves
led to a kinetic model that includes an initial reaction step between lignin and phosphoric acid, water formation from the dehydration of the
excess of phosphoric acid te®s, pyrolysis of lignin to carbon and volatiles, evaporation of water as@@sRnd finally, partial volatilization
of the carbon to light gases. Activation energies and the other parameters of the model were adjusted from experimental data. 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 BOs, 47.7 kd/mol for the carbonization of the activated lignin and 106.3 kJ/mol for the pyrolytic release of light gases
from activated carbon. The model provides a good representation of the thermograms regardless of the phosphoric acid to lignin ratio and the
temperature profile along the reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction est in finding complementary sources of carbonaceous pre-
cursors for their manufacture. Using carbonaceous residues
Activated carbons are adsorbents that are used industriallyand by-products from existing industrial processes as feed-
in multiple processes for product separation and purification, stock for producing activated carbons is an attractive strat-
and for the treatment of liquid and gaseous effluents. Their egy that may help reduce costs through process integration.
versatility allows a wide range of uses if their pore size distri- Among several possibilities, lignin, produced as a residual
bution and surface properties are properly tailored, and newmaterial in the manufacture of cellulose pulps, offers strong
applications are being developed in areas such as pollutionpotential because it is available in high amounts at low cost.
prevention, supported catalysts and the storage of gaseousignin is the most abundant natural polymer after cellu-
fuels such as natural gas and hydrogen. Activated carbondose. Typically, it represents around 20-30% of the mass of
are produced from a wide variety of carbonaceous materi- dry wood and is nowadays produced in huge amounts as a
als, including wood and agriculture by-produft$, but the by-product in the production of high-quality cellulose pulps,
expanding market for activated carbons has prompted inter-mainly in the Kraft pulping process. In this process, lignin
is used as fuel to provide steam for the plant, which also

* Corresponding author. Tel.: +34 977 559 652; fax: +34 977 558 544, allows the recovery of the pulping chemicals (NaOH and
E-mail addressdmontane@etseq.urv.es (D. Morén N&S). The trend towards larger plant capacities and the op-
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Table 1 2. Experimental
Lignin analysis (wt.%)
Proximate analysis Ultimate analysis A sample of Kraft lignin was obtained from Lignotech
(wt.%, wet basis) (wt.%, ash and moisture free) Ibérica S.A. (Spain) and used to prepare activated carbons
Moisture 1445 Carbon 596 as received (se®able 1for composition). Elemental anal-
Ash 950 Hydrogen w7 ysis was performed in a EA1108 Carlo Erba analyzer and
Volatile matter 4493 Nitrogen 005 th imat Vsi d | d dina to 1S0 st
Fixed carboft 3112 Sulfur 215 e proximate analysis was developed according to ISO stan-
Oxyger? 3327 dards for moisture (10TC in air), volatile matter (900C in
a Estimated by difference. nitrogen atmosphere) and ash (incineration at®1& 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 lign[8]. A small sample
(around 30-50 mg) of the mixture was then transferred to the

timization of the pulping process to improve cost effective-
ness have led to the plants producing more by-product lignin

than the amount that 1S ngeded to cover.thelr ENergy Con- 4 ermobalance (Perkin-Elmer TGA-7), where pyrolysis was
sumption. Using Kraft lignin as raw material for chemicals . A
carried out in nitrogen at a constant flow rate of 50 mL/s.

has therefore attracted considerable attention. Several appli-

cations for the lignin obtained from pulping processes have Table 2lists all the other specific conditions for the exper-

: . : iments, which were performed randomly except for a first
been considered. One of its main uses so far has been as a_ . . . L

: . : Series, which was performed to establish the reproducibility
phenol substitute in the formulation of phenol-formaldehyde

; . : of the TG results.

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,CO
of pyrolyzed lignins[2,3], as well as chemical activation 3. Results and discussion
of lignin with ZnCl, [4], have been studied, but the use
of ZnCl, is declining due to its environmental impdé&f, Our first set of experiments tested the reproducibility of
and phosphoric acid is the preferred activating agent. How- our experimental procedurgig. 1shows the thermograms (
ever, the activation of lignin with phosphoric acid has not versug) and the differential thermogramsf{dt versus) for
been widely investigated, though maximum surface areas ofreplicated experiments on the carbonization of a sample of
above 1300 /g have been reportd6]. We recently stud-  ligninimpregnated with a phosphoric acid to lignin mass ratio
ied the characteristics of the carbons obtained from Kraft (PA/L) of 1.4, a heating rate of 20min and a final temper-
lignin activated with phosphoric acid at several process con- ature of 650C for 120 min (experiments #10/3, #10/4 and
ditions and showed that carbons with high surface areas#10/5 inTable 9. Since our experiments included isother-
and good properties can be obtaif@dl In this paper, we  mal periods, either at the end of the heating ramp or inter-
study the rates of carbonization of Kraft lignin activated calated in it, we preferred time instead of temperature as the
with phosphoric acid in a thermobalance and propose andindependent variable for our calculations. The average value
test a phenomenological kinetic model with the experimen- for the final mass fraction was 0.3840.014 (95% probabil-

tal data. ity level), which shows the good reproducibility of the ex-

Table 2
Experimental conditions used for the TGA experiments

Run ID HsPOy (85%) to  Initial Heating rate  First stage Second stage Third stage
lignin massratio temperature°C)  (°C/min)

T(C) Time(min) T(CC) Time(min) T(°C) Time (min)

Exp #10/3 1.4 25 10 650 120 - - - -
Exp #10/4 1.4 25 10 650 120 - - - -
Exp #10/5 1.4 25 10 650 120 - - - -
Exp #2 1.4 25 10 150 15 650 0 - -
Exp #3 1.4 25 10 150 30 650 30 - -
Exp #5 1.4 25 10 150 60 650 120 - -
Exp #13 1.4 25 10 150 60 650 120 - -
Exp #18 1.4 25 10 300 60 650 120 - -
Exp #20 1.4 25 10 150 60 300 60 650 120
Exp #21 1.4 25 10 300 60 500 60 750 60
Exp #24 1.4 150 150 650 120 - - - -
Exp#10 (LIP 1:1.0) 1.0 25 10 650 30 - - - -
Exp#14 (LIP 1:1.4) 14 25 10 600 120 - - - -

Exp #18 (L/P 1:1.75)  1.75 25 10 650 120 - - - -
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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 ifable 2.

periments. The differential thermograms also show excellent tain time once the volatilization of the sample had started.
agreement among the three experiments throughout the reacOther studies, however, reported that the carbon yield did
tion time, since the values of the maximum rates of mass lossnot change when intermediate isothermal periods were in-
and the time at which they are observed are almost identicalcluded during the pyrolysis of viscose rayon cl§ild] and
for the three runs. The differential thermogram shows two apple pulg11]. We performed experiments #5 and #13, un-
peaks for the rate of mass loss. The first starts at low temper-der the same conditions as #10/3, #10/4 and #10/5 but with
ature, reaches the maximum rate at around 1752C8nhd an isothermal segment at 150 for 60 min. Again, repro-
extends to 450C. The second peak starts at around 800  ducibility was excellent for the TG and DTG curvésd. 1).
and reaches the maximum rate of mass loss when the isotherThe mass fraction remaining at the end of the experiments was
mal segment at 650C starts. 0.3864 0.002, which is equivalent to that of the experiments
Yoon et al.[9] reported an increase in carbon yield when without intermediate isothermal period. We may therefore
the sample was maintained at constant temperature for a cereonclude that including isothermal periods does not signif-
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icantly changes the final yield of solid. However, including using several thermograms, which may combine isothermal
intermediate isothermal stages proved valuable because it reand non-isothermal stages, is presented in(&dfor p ther-
vealed that the peaks of the rate of mass loss in the DTG mograms withn(i) data points eachfe’(p are the measured
were the result of the superposition of several reactions. Foryg|yes off, and £ are those calculated with E¢8)—(5)
example, if we compare the DTG plots for experiments #10/4 and numerical integration of Eqil) and (2)

and #5 we can see that the broad peak observed during the

heating period in experiment #10/4 splits into two different Z*LP _ ;. L1 _ o )P with o p = 0P — "ILP
peaks when an intermediate isothermal period at°To® dr mop — Moo
added. The new peak shows the maximum rate of mass l0ssyg,, _ Moy — Mw
at 350-400C, butit appears also to be the result of the super- —;~ = kw(l—ow) with aw = T
position of two reactions. This is confirmed by experiment

#20, which adds two isothermal periods — one at 4G @or fip = firy — arp(fipy — foo) 3
60 min and another at 30€ for 60 min — and shows the

1)

()

existence of four maximums in the rate of mass loss along fow = fuio(L = aw) @)
the thermogram. This experiment also had a yield of residual f = fip + fw (5)
solid of 0.381, which confirmed that including intermedi- » nG) ¢ peal 2

ate isothermal stages has no significant effect on the final , Z Z (fz ©6)
mass fraction if the same final temperature of carbonization = n(l)

is achieved.

Fig. 2compares the thermograms and the differential ther-
mograms recorded for experiments #10/4, #5 and #20 with
4. Modeling of lignin pyrolysis those calculated with the best-fit values of the model param-
eters. The model describes the general trends of the thermo-
Several models are available in the bibliography for the grams qualitatively but shows large discrepancies with the ex-
kinetics of the thermal decomposition of biomass and its perimental results, especially when two intermediate isother-
fractions. The most usual approach starts with the assump-mal stages are included in the thermogram (experiment #20).
tion that the components of biomass (cellulose, hemicellu- We may therefore conclude that a better description of the
lose and lignin) react simultaneously and independently of interactions between lignin and phosphoric acid has to be
the others through a set of parallel reactiffiz-15] When incorporated into the model.
applied to lignin activated with phosphoric acid, the modelis ~ Analysis of the TG and DTG plots iRig. 1reveals some
reduced to two parallel and independent reaction processescharacteristic trends of the pyrolysis of lignin in the pres-
the volatilization of the water present in the sample and the ence of phosphoric acid. Since water will evaporate at the
carbonization of the phosphoric acid-activated lignin (PL) lower temperature, the broad peak observed in the DTG be-
into activated carbon and volatiles. Water comes from the tween 100 and 450C in experiments #10/3, #4, #5 is not
phosphoric acid solution and the moisture of lignin. This only caused by water evaporation but also by the decompo-
system is described mathematically by E(9—(5) where sition of lignin and phosphoric acid. Water comes from the
mo_p andmg,, are the initial masses of PL mixture and water, phosphoric acid solution, the moisture in lignin and from
m_p andmy the actual masses of PL and water at a point reactions of lignin and phosphoric acid at low temperature.
along the experimeniy,, the residual mass of solid at the In the presence of PA, lignin reacts through cleavage of the
end of the thermograni the fraction of the initial mass re-  aryl-ether bonds, the formation of ketone groups, condensa-
maining as solidf; p andfyy the fractions of the initial mass  tion and dehydratiof20]. Pyrolysis of lignin in the presence
of phosphoric-activated lignin and watef,p, and fw, the of phosphoric acid shows that CO and £l&gin to evolve as
same at the beginning of the experimantp and ayw the volatile products at a temperature as low asO(P1]. The
degrees of transformation for activated lignin and water, and inclusion of an isothermal stage at 18D for 60 min (exper-
ki p andky Arrheiuns rate constants for the volatilization of iments #5 and #20) shows that only 20% of the initial mass
activated lignin and water. volatilizes at this temperature. This is attributed to the release
Water volatilization was assumed to be first-order. Some of water and light compounds from lignin degradation by the
thermogravimetry studies on lignin pyrolysis propose a first- action of phosphoric acid. When a second isothermal stage
order reaction proceg45-17] but most studies conclude is included at 350C for 60 min (experiment #20), the total
that reaction orders are highgr3,14,18,19] We therefore mass loss reaches 34%. The peak at 24023260 the DTG
assumed that the devolatilization of activated lignin may not curve for experiments #5 and #13 is attributed to the release of
be first-order and included the reaction order for activated organic volatiles formed during the carbonization of the acti-
lignin (a_p) as one of the parameters to be optimized from ex- vated lignin. This peak is overlapped with the peak of water
perimental data, together with the activation energies and thewhen no intermediate isothermal stage is used (experiments
frequency factors. A convenient least-squares objective func-#10/3, #4, #5). When the sample is heated at€56r 2 h,
tion to calculate the optimal values of these parameters whenthe final mass loss is around 62% for all experiments. The
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Fig. 2. Comparison between the experimental TG and DTG cuivkar{d those calculated with the two parallel reactions kinetic model (-),(Egg5), for
experiments #5, #10/4 and #20. (Experimental conditions listddlie 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°€6annot be

interval from 300 to 370C [14,15] The behavior of phos-
phoric acid at elevated temperature also has to be accounteaf the ROs.
for. The experiments presentedhigy. 1 were performed at

finally decomposes to form,Ps, which sublimates above
attributed to volatile matter from lignin alone since the rate 300°C and melts and vaporizes at 580-58422]. This tem-

of lignin pyrolysis reaches a maximum in the temperature perature is very close to the peak observed at°’€5 the
DTG curves, whichis therefore attributed to the volatilization

a phosphoric acid-to-lignin mass ratio of 1.4:1, which ex- 4.1. Development of a new kinetic model for the
ceeds the minimum ratio of 1.0:1.0 required to activate lignin pyrolysis of lignin activated with phosphoric acid
completely[8]. As the temperature of the sample increases,

the excess phosphoric acid is converted to pyrophosphoric
acid (HyP207) by condensation and dehydration. Extended the development of a kinetic model that accounts for the ob-
served phenomena during the pyrolysis of lignin in the pres-

heating forms polyphosphoric acid {HPrOzn+1), which

Qualitative interpretation of the thermograms leads us to
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ence of phosphoric acid. The process was modeled with thedf 1 S dum,
reaction scheme described by E¢g)—(12) Eqg. (7) is the —- = — — (20)
formation of a complex (LP) between lignin (L) and phos- & Mo j=1 dr

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-ki = ko, €xp (-
ature[8]. Therefore, this reaction was complete before the
thermal treatment was started. E8) is the drying of the
sample through water (WS) evaporation. Ej.accounts for
the conversion of the excess phosphoric acidA0HPOS)
when water is completely removed, and EtQ) 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 parametew indicates the mass (mass of anhydrous 4Py
fraction converted to activated carbon, and-(&) indicates —mass of dry | gnir( BICIILWT»

) (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) (Eq22)—(24)

the mass fraction converted to volatiles during carbonization. frao = (22)
Eq. (12) describes the partial volatilization of the activated ’ total mass
carbon through slow pyrolysis to yield light gases (GA). All
reaction rates were assumed to be first-order for each reactant. mass of dry mnww»
L

L+PA— LP+WS, r; = fastatroomtemperature (7) fipo= total mass (23)
WS —- W, r»=kOCws (8)
PA — 1(POS+ 3ws = k3C 9 i

— 3(POS+3WS)  r3 = k3Cpa ) (mass of watef- mass of dry Ilgnlr('\,f,lLv\,F’LA))
POS— PO, r4=k4Cpos (20) fwso = total mass
LP - «AC + (1 — a)VO, r5=ksCLp (11) (24)
AC — GA, rg=ksCac (12)

Assuming that the reacting solid has homogeneous prop- The optimal values for the 12 unknown parameters in the
erties, individual mass balances are developed for each comimodel o, Ej, ' and MW.) were estimated from the mini-

ponent of the solid: mization of the least squares objective functioreq. (25),
dfws 3 MWs wherenis the number of thermograms ap() is the number
= —ko fws + =k3 fea (13) of data points recorded for tliln thermogram (time, temper-
dr 2~ MWen ature fraction of the initial mass remaining and rate of mass
dfpa loss). This objective function was chosen to simultaneously
T —kafea (14) minimize the squared differences in the fraction of the initial
dfeo 1 MWpo mass remaining in the_ solid and the rate of mass Io_ss. This
——— = —kafro+ =k3 fea (15) was needed because it was observed that an objective func-
dr 2 " MWpa tion that was only based on the fraction of the initial mass
dfip gave optimal values that adjusted the data for the isothermal
o = ksfip (16) stages correctly, but gave poor results for the non-isothermal
dfac / stages where the rates of mass loss were higher. Sim@larly, an
T a'ks fip — ke fac a7 objective function based on the rate of mass loss misrepre-
sented the isothermal stages where the rate of mass loss was
s ag ~osmal o R
MW p The fraction of the initial mass remaining predicted by the

wherefj denotes the mass fraction of specjegferred to model,f(i, Kimodes Was calculated with Eqg13)—(21) which

the initial mass of the sampl&), MW is the molar mass were integrated numerically by an exp_I|C|t Euler method. The
of specieg, and the rate of decrease of the fraction of the {€mperature recorded at each sampling time along the ther-
initial mass that remains in the solidf{dt) is obtained from ~ Mogram was used to calculate the instantaneous rate con-

Eq. (20). All the rate constants were assumed to follow the stants. The rates of mass loss were evaluated numerically
Arrhenius relationship Eq21). fromthe values df(i, k). This method provided a sufficientde-

gree of accuracy because, as the thermograms were recorded
_ M; (19) at a high sampling frequency (typically one data point every
Mo 4 s), the time increments used in the calculations were small

Ji
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Fig. 4. Comparison between the experimental TG and DTG cubvarfd those calculated with the two parallel reactions kinetic model (-),(E8)s-(24)

for experiments #18, #20, #21 and #24. (Experimental conditions listédlile 2 Continuous thin lines are mass fractions calculated for lignin—phosphoric
acid complex (LP), phosphoric acid (PA), water (WS), activated carbon (AC) g@¢ 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 ko; (s™1) Ej (kd/mol) MWL (g/mol) o

Minimum F

@) 420 260 135.3 0.736  2.205 1072
©) 3959 720
(4) 3264 950
(5) 739 477
(6) 111 1063

enough to avoid numerical instability.

Iii) <f(i’k)experimemaT’f(ivk)model)2
n = £ (i.)model
F=|[>|= -
— p(0)
0.5
. df(i,k) df(i.k) 2
l%l) ( (T)expzrir(ner;tar (“")modeI)
£k
" k=1 (T)model
o p(@)
(25)

The optimal values calculated for the activation energies
(§), the frequency factorskg;), the stoichiometric coeffi-
cient in reaction (5)d’) and the apparent molar mass of
lignin (MW ) 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 #s, 47.7 kd/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
with phosphoric acid lies in the 35-100 kJ/mol range reported
for lignin pyrolysis using several kinetic moddlg3], and
falls below the range of activation energies from 60.6 kJ/mol
at 200°C to 153.6 kJ/mol at 700C reported for the pyrolysis
of lignin activated with ZnCJ using a kinetic model based on
a continuous distribution of activation energjed]. Fig. 5
shows a sensitivity analysis for the influence of the model pa-
rameters on the least squares objective fundtidrhis analy-
sis shows that the activation energiEg (the apparent molar
mass of lignin (MW ) and the stoichiometric coefficient for
the carbonization of the activated lignia’) are evaluated
accurately because the error functiéns very sensitive to
small variations in their individual values. The frequency fac-
tors (ko,) that we have calculated are more uncertain due tothe
low sensitivity of the error function to their value, especially
for the frequency factor for the rate constants of phosphoric
acid dehydrationk3) and water volatilizationk?).

Figs. 3 and £ompare the thermograms measured for the
experiments at an 85% phosphoric acid-to-lignin mass ratio
of 1.4:1 (Table 2, and those calculated with the model using

9

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),®s (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 20D. Carbonization of the acti-
vated lignin (LP) starts at around 100 and is completed
when the sample reaches 4@for the experiments without

f
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25+
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0.7

A

0.9 1.0
E/E

i’ —i,optimal

0.8 1.1 1.3
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MW, /MW » ofa
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Fig. 5. Sensitivity analysis for the model parameters: activation energies
(top), frequency factors (middle), and molar mass of lignin, M\&nd«’

the best-fit values of the parameters. Agreement between th&pottom) €, ki: O; E», ko: v; Es, ka: 0; Es, ka: 0; Es, ks: A o: ¥; and
model and the experiments is excellent for all the thermo- mw,: @).
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intermediate isothermal stages (experiment #10/4), or with reactions involved in the formation ot8s from phospho-

an isothermal stage at 153G for 60 min (experiment #5),  ric acid, which proceeds through the formation of pyrophos-
but reaches completion at 300 if an isothermal stage at  phoric acid (HP.0Oy;), polyphosphoric acid (kk 2P,O3n+1)
300°C for 60min is included in the temperature program and finally BOs. The volatilization of phosphorous pentox-
(experiment #18). Decomposition and volatilization of the ide also happens in a broad interval of temperature. Accord-
excess phosphoric acid take place at a higher temperaturdéng to the kinetic model, it starts once the sample reaches
and are responsible for the mass loss observed abov&400 around 280C, which is close to its sublimation tempera-
This starts at around 23C, which is close to the value of ture of 300°C, and takes place much faster above 320
213°C reported for pure orthophosphoric a¢?], and is when vaporization is accelerated due to the melting,@§°
completed at around 550-580. This broad interval of re-  at 580-585C[22]. Finally, the residual mass loss during the
action temperature agrees qualitatively with the consecutiveisothermal stage at 65C is caused by the release of light
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= p
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E = ] o
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Fig. 6. Comparison between the experimental TG and DTG cufykarfd those calculated with the two parallel reactions kinetic model (-),(E8s-(24)

for experiments #10 L/P 1:1.0, #14 L/P 1:1.4 and #18 L/P 1:1.75. (Experimental conditions litdalér2 Continuous thin lines are mass fractions calculated
for lignin—phosphoric acid complex (LP), phosphoric acid (PA), water (WS), activated carbon (AC)@p@ROS). For better visualization, only 1 data point
out of 20 is plotted in the experimental TG and DTG curves.)
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gases as the carbon formed at lower temperatures is pyrolyzedhe volatile products were analyzed continuously by on-line
to a greater extent. mass spectrometry to determine the actual rates of volatiliza-
Analysis of the differential thermograms, also presented tion for water, phosphoric acid-derived products (i.eQ¥p)

in Figs. 3 and 4shows that the model accurately describes and carbon-containing compounds.

the rate of mass loss for the experiments with one inter-
mediate isothermal stage at 3UD (#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
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