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Abstract

The aim of this study was to analyze the pyrolysis of Kraft lignin impregnated with orthophosphoric acid by thermogravimetry (TG-DTG).
We studied the effect of various parameters on both the char yield and the rate of mass loss: heat treatment temperatureGjp to 650
impregnation time, inclusion of isothermal periods, acid to lignin mass ratio (P/L) and gaseous atmosphere. Decomposition of pure lignin
showed two maxima in the mass loss corresponding to evolution of moisture @& to lignin decomposition in a broad temperature
range from 150 to 650C, respectively. When orthophosphoric acid was added, lignin dehydration proceeded to a larger extent, decomposition
occurred in a narrower temperature range and decomposition ended at lower temperatures with higher char yields. There was an optimum P
at values between 0.8 and 1.0, and further increasing P/L had low influence on the decomposition mechanisms. Differential Thermal Analysi:
(DTA) showed that reactions occurring upon impregnation of lignin with orthophosphoric acid at room temperature are finished after only 1 h,
which confirmed the TG-DTG results. Impregnation times longer than 1 h and inclusion of isothermal periods did not affect significantly the
subsequent char yield. Concerning the gaseous atmosphere, identical char yield were obtained whether the samples be prepared in nitroc
orin air at 450C. However, decomposition in air at 650 produced a decrease in the char yield when compared to pyrolysis in nitrogen due
to the evaporation of s and the subsequent oxidation of the unprotected carbon.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction dustrial chemistry (i.e., as a substitute in the formulation of
phenol-formaldehyde resins and adhesives). Another inter-
The kraft method produces black liquor, a residue com- esting option among these potential uses for lignin is the
posed by lignin (30—40%) and other inorganic compounds, production of activated carbons.
that is used as in-house fuel for the recovery of both en-  Several authors have reported the use of kraft lignin as
ergy and residual inorganic matter. The trend towards larger activated carbon precursor. Del Bagno e{H].investigated
plant capacities and the optimization of the pulping process char and activated carbon manufacture from black liquors at
to improve cost effectiveness have led to the plants produc-a pilot-plant scale. Rotljuez-Mirasol et al[2] prepared ac-
ing more by-product lignin than the amount that is needed tivated carbons from carbonization of eucalyptus kraft lignin.
to cover their energy consumption. The separation of lignin The latter research group also studied the chemical acti-
after water evaporation of black liquor could be an alterna- vation of this precursor by using Zn£[3] and obtained
tive to its incineration. Lignin is a bountiful and renewable microporous activated carbons with a BET surface area as
source and could represent an attractive field for future in- high as 1800 rag~1. However, the use of Znglhas de-
clined due to the environmental problefd$ and orthophos-
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PA promotes the bond cleavage in the biopolymers and  Lignin was mixed with varying amounts ofdRQy in the
dehydration at low temperatur§s], followed by extensive range of 0.3-1.8 PA to lignin mass ratio (P/L). The slurry
cross-linking that bonds volatile matter into the carbon prod- was left for impregnation times from 1 to 22 h at room tem-
uct and so an increase in carbon yield. Benadi e{@Gjl. perature and under air, then transferred to a Perkin-Elmer
showed that the mechanism of PA activation of biomass feed- TGA 7 thermobalance wherein decomposition was carried
stocks occurs through various steps: cellulose depolymeriza-out at temperatures up to 650. In this study, approximately
tion, biopolymers dehydration, formation of aromatic rings 30-50 mg of sample was heated up to a maximum tempera-
and elimination of phosphate groups. This allows activated ture of 650°C and in a flow rate of 50 chmin—! measured
carbons to be prepared with good yields and high surface at room temperature and atmospheric pressure.

areas. Experiments were repeated three times to be sure of the
The use of PA as activating agent has been reported withreproducibility, which was found to be quite satisfactory. Av-
various agricultural by-produc{g—20], wood[21,22], natu- erage data obtained at each set of operation conditions were

ral carbong4,23,24]and synthetic carborj25,26]. As far as considered for results and discussion. For comparison pur-
we know, there is only one paper wherein the possibility of poses between the various activation parameters, we used a
chemical activation of kraft lignin with PA among other ac- sample impregnated for 1 h with a P/L of 1.4 and pyrolyzed
tivating agents has been examirféd]. The authors carried  with a heating rate of 10C min~! up to 650°C in nitro-
out carbonization over the temperature range of 5002800 gen. The operation conditions were varied with regard to this
held for 1 h and under Nflow: maximum surface areas of reference. The effect of impregnation time was studied for
more than 1300 fg ! were found at 600C. samples left for 1 and 22 h at room temperature. The inclu-
This paper deals with the thermal decomposition of kraft sion of isothermal periods was studied holding temperature
lignin activated with PA in order to analyze the effect of the for 15, 30 or 60 min at 150C or for 60 min at 300C and
operation conditions on the char yield and on the rate of massheating the sample at 2& min~! up to 650°C afterwards.
loss. The operation conditions studied were the impregnation The effect of P/L was studied for samples with a P/L of 0.3,
time, the inclusion of isothermal periods, the PA to lignin 0.6,0.8,1.0,1.4 and 1.8. Finally, the effect of gas atmosphere
mass ratio and the gaseous atmosphere. The role of PA a®n decomposition was studied using nitrogen or air and heat-
activating agent but also as inhibitor of carbon oxidation are ing the sample to a maximum temperature of either 450 or
herein analyzed. 650°C, which temperatures were held for 120 min.
Differential thermal analysis (DTA) was performed by
simply recording the voltage drop at both ends of a differen-
2. Experimental tial chromel-alumel thermocouple, having one temperature
probe embedded within the 1.4 P/L mixture (i.e., the sam-

Kraft lignin was provided by Lignotech Iberica S.A. ple), while the other one was inside a fine powder of dry
(Spain).Table 1shows the proximate and ultimate analysis a-alumina (i.e., the reference). The experiment was carried
of lignin. The proximate analysis was carried out according Out at room temperature, and the P/L mixture was stirred by
to ISO standards following the weight losses at 10fir the thermocouple probe itself. For that purpose, any part of
(moisture), 900C/non-oxidizing atmosphere (volatile mat- the experiment (thermocouple, sample and reference), was
ter) and 815C/air (ash). An 85wt.% BPOs aqueous solu- handled using metallic tongs, in order to avoid parasitic heat-
tion (Panreac, Spain) was used as activating agent. Ultimateng due to the fingers of the operator.
analysis was carried out in a EA1108 Carlo Erba Elemen-
tal Analyser. Results presentedTiable lare very similar to ) ]
those already reportdds]. 3. Results and discussion

Fig. 1(a) and (b) shows thermogravimetric (TG) and differ-

Table 1 ential thermogravimetric (DTG) curves, respectively, for pure

Lignin analysis (wt.%) lignin, PA and 0.3 P/L mixture when heated at“T@min—!

Proximate analysis (wt.%, wet basis) up to a temperature of 65C in nitrogen. The three samples
Moisture 145 were next maintained 2 h long at this latter final tempera-
Ash 95 ture. At the initial stage of the thermal treatment, pure lignin
\olatile matter 45.0

losses moisture from room temperaturggTo 131°C (T1p).
The dehydration proceeds with a maximum rate at®0
(T1max), reaching a constant weight of 87% at T&L Degra-

Fixed carbof 31.0

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

Carbon 59.5 . L2 .
Hydrogen 51 dation of pure lignin occurs over a broad temperature interval
Nitrogen 01 (150-650C), with a maximum weight-loss rate between 300
Sulphur 22 and 370°C. The decomposition of lignin is highly complex
Oxyger? 33.1 and depends on several factors such as its origin. The occur-

a Estimated by difference. rence of lignin degradation in a wide range of temperatures
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Fig. 1. () TG and (b) DTG curves for decomposition of pure ligaij PA Fig. 2. (a) TG and (b) DTG curves for the decomposition of the 0.3 P/L mix-
(—), and the 0.3 P/L mixture (A) in nitrogen. The thermal treatment is also ture experimental (A) and calculated (- assuming a weighted combination
shown on the plot. of the TG and DTG curves for PA and lignin.

has been described by several auth@%30]. Negligible experimental one. However, when temperature was held at
weight losses were observed while lignin was held 2 h long 650°C for 2 h the calculated carbon yield decreased under
at 650°C in nitrogen, hence the-axis inFig. 1was limited the experimental one, 29 and 51%, respectively. The experi-
to a maximum value aof= 140 min. mental weight-loss was higher than that calculated at temper-
PA losses water at higher temperatures than pure lignin atures lower than 15@C and between 200 and 450, and
due to the different nature of the water eliminated. Wa- the weight of the sample was almost constant at temperatures
ter from lignin corresponds only to moisture whereas wa- higher than 600C.
ter from PA comes from moisture and the water generated These results clearly indicate that lignin reaction with PA
by HsPOy thermal degradation intoo®Ps. Indeed, when or-  during impregnation results in a complex mixed substrate,
thophosphoric acid is heated it dehydrates to form pyrophos-and that the PA/lignin mixture decomposes according to a
phoric acid, HP,Oz, as a result of the condensation of two reaction path, which is different from that of pure lignin.
phosphoric acid molecules. Continued heating leads to a mix-The PA-impregnated lignin follows a different reaction path
ture of orthophosphoric and polyphosphorig,{bPO3n+1) during decomposition from that observed in pure lignin. Re-
acids called superphosphoric acid. At higher temperaturesaction of lignin with PA starts at room temperature as soon as
metaphosphoric acid, HRQis formed and it decomposes the components are mixed since, according to the DTA curve
to P,Os [31]. Thus, a maximum weight-loss rate was ob- given inFig. 3, the temperature of the P/L sample increases
served at 170C and the sample continued loosing weight immediately. This observation is in agreement with [3]
up to 300°C, which can be attributed to the successive de-
hydration reactions tof®s. As temperature increased above
300°C, weight loss continued at slower rate due to the sub-
limation of B.O5 that starts at this temperatuf&l]. Sub-
limation continued steadily up t6=580°C where a sharp
increase in the weight-loss rate of the sample was observed,
due to BOs melting and evaporation at 580-585 [31].
The sample weight when temperature arrived at@5Was
of 52% and, as the temperature was held for 2 h, the sample
was totally evaporated. 1}
The 0.3P/L mixture showed an intermediate behavior
between those shown by lignin and PRig. 2(a) and (b)
shows experimental and calculated TG and DTG curves of
the 0.3 P/L mixture; the calculation was made on the basis of
a weighted combination of the experimental curves of pure Fig. 3. DTA as a function of the impregnation time of the 1.4 P/L mixture

PA and pure lignin. Doing so, the calculated carbon yield in ajr and at room temperature. The first two peaks are artefacts only related
measured during heating was found to be lower than the to the stirring of the formerly inhomogeneous P/L mixture.

(7]

AT(C)

(=]

0.0 02 0.4 0.6 0.8 1.0
Impregnation time(h)
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who reported the cleavage of aryl ether bonds in accompa-

nied by dehydration, degradation and condensation reactions

together with the formation of ketones by hydrolysis of ether
linkages at low temperatures. PA promotes dehydration pro-
ducing an important reordering of the structure and decreas-
ing the volatile compounds emitted during decomposition
and so increasing the carbon yield. Therefore, the first weight
loss at temperatures lower than P& can be attributed to

the increase of dehydration and the higher rate of mass loss

between 200 and 45 can be attributed to the decompo-
sition of the depolymerized fractions of lignin that degrade
at lower temperature than ‘pure’ lignin. The mass loss rate
calculated as the weighted combination of the curves for PA
and lignin is very different from the experimental one at tem-
peratures higher than 50Q (sedFig. 2). Whereas the weight

of the sample remained approximately constant at 51% the
calculated weight decreases steadily up to 29% due@s P
evaporation at temperatures above 980This result agrees
with the total reaction of PA with lignin once they are mixed
with a P/L of 0.3.

3.1. Effect of the impregnation time

In order to study the effect of the impregnation time, two
samples with a P/L=1.4 and impregnation times of 1 and
22 h were pyrolysed with a heating rate of’IDmin~1 up to
600°C in nitrogen. TG curves showed nearly the same evolu-
tion with temperature. The char yield at 60D was of 56 and
55% for the samples with 1 and 22 h of impregnation time,

respectively. This little difference is within the uncertainties |

of the method and itis difficult to conclude from these results
that impregnation time has a real effect on the char yield.
Fig. 3shows a DTA curve of a sample during the impreg-

nation time with a P/L=1.4 in air and at room temperature. '
The temperature difference between the sample and the ref-
erence is seen to be almost zero after 1 h impregnation time,

evidencing that no chemical reaction still occurs after that
time. Therefore, the expected differences, if there are, will
be of minor importance for carbons prepared with impregna-
tion times longer than 1 h. In that sense, DTA results are in
good agreement with TG-DTG analysis and hence the effect
of the other operating conditions can be studied using only
1h impregnation time.

3.2. Effect of intermediate isothermal periods

Yoon et al[33] reported an increase of char yield by main-

145
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Fig. 4. TG curves of the 1.4 P/L mixture in nitrogen when intercalating
isothermal periods at 15C ((®) 0 min-reference, (a) 15min, (l) 30 min,
(¥) 60 min). The thermal treatment is also shown on the pto})(0 min-
reference, (A) 15min, () 30 min, (V) 60 min).

erence sample without including isothermal periods. Except
for the step at 150C, the shape of the curves was essentially
the same with a slight variation in the slope of the mass loss
between 250 and 40@ due to the higher extent of lignin
degradation with longer isothermal periods. Thus, the differ-
ences observed at the end of the isothermal period at@50
were small 81, 79 and 77% after 15, 30 and 60 min, respec-
tively. However, once the temperature arrived to 66Gand
after holding for 30 min the char yield was of 42, 41 and 41%
for the same samples, respectively, and also of 41% for the
reference sample. Therefore, intercalating isothermal periods
does not produce changes in the char yield.

Although the differences of char yield upon addition of an
isothermal period at 150C were not very important, includ-
ing an isothermal step at this temperature can be of practi-
cal interest. Biomass is usually ground and pelletized before
carbonization for commercial purposes. As the maximum
weight-loss rate corresponding to moisture vaporization dur-
ing the decomposition of lignin takes place at approximately
150°C, the rapid water vaporization could crack-up the pel-
let. Carbonization of lignin in pellets indeed evidenced that
intercalating an isothermal period between 100 and°T50
allows a steady vaporization of lignin moisture, finally lead-
ing to pellets free of cracks.

We also studied the PA-lignin decomposition with a
P/L = 1.4 and with the inclusion of isothermal periods of 1 h
at 150 or 300C. The inclusion of an isothermal period of
1h at 150°C or at 300°C did not produce any change in
the char yield that was about 41% after holding for 30 min
once the temperature arrived to 680 These results are in
agreement with the works of Rdduez-Reinoso et aj34]

taining the sample at constant temperature for a certain periog2nd Tason et al.[35] who found no change in carbon yield

oftime atthe beginning of the weightloss. Therefore, we have
studied the effect of including isothermal periods at 150 and
300°C, temperatures at which maximum weight-loss rates in
PA-lignin mixtures were observed.

The PA-lignin decomposition was studied for a sample
with a P/L=1.4 and an impregnation time of 1 h, intercalat-
ing isothermal periods of 15, 30 and 60 min at 2B0Fig. 4

with inclusion of intermediate isothermal periods during the
course of decomposition of viscose rayon cloth and apple
pulp, respectively.

3.3. Effect of phosphoric acid to lignin mass ratio (P/L)

Fig. 5shows the DTG curves of PA-lignin mixtures, vary-

shows the mass loss of these samples and that of the refing P/L from 0.3 to 1.8. As the P/L increased, the tempera-
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Fig. 5. TG and DTG curves of the decomposition of PA/lignin mixtures, varying P/L from 0.3 to 1.8, heating@trdia—* up to 650°C and holding the final
temperature for 2 h.

ture at which the rate of weight loss was maximal raised up to where MLy, is the percentage of mass loss at the inflexion
P/L=1.0. AtP/L> 1.0, Timaxremains practically unchanged point of the curve Ty, for a mixture PA-lignin. Mlp and
at a temperature of around 180-1&5 We can also observe ML, stand for the water loss of PA and lignin respectively
in the figure that increasing P/L from 0.3 to 0.8 makes the when pyrolyzed independentlXp and X_ are the weight
lignin to be completely degraded at decreasingly lower tem- fraction of PA and lignin in the PA-lignin mixture at a given
peratures, from 620 to about 400. By contrast, P/l> 1.0 P/L.
lead to almost identical end of degradation temperatures, Fig. 6 shows the %Mk, calculated as defined above as
lower than 400C. a function of P/L. The mass loss due to the addition of PA
Jagtoyen and Derbyshif1] reported that C@and CO  increases nearly linearly between a P/L of 0 and 0.8 and
begin to evolve from biomass in presence of PA just be- remains approximately constant for RA1.0 within the error
low about 100C and their production increases sharply to in the estimation of Ml,, . This figure confirms that it exits a
achieve a maximum at about 200. In Fig. 5, it may be  maximum of acid that can react with lignin. Using P#1.0
observed thalimaxbecomes higher than the temperature of does not increase dehydration: the acid in excess degrades
maximal rate for PA dehydration (17C) and so there is not
a clear difference between dehydration of the PA-lignin mix-
ture, dehydration of the PA in excess and lignin degradation 50
with increasing P/L. However, it seems clear that there is a
P/L value where PA totally reacts with lignin and so higher
P/L should not produce any effect on the decomposition of
lignin. In order to confirm the existence of this optimum P/L,
the inflexion point of the TG curve aftdnmaxWas assumed 20 e
to mark the end of the dehydration peak, and hence to corre- P
spond to the limiting temperatui®, between dehydration 107
and decomposition. The percentage of mass loss due to the _ _ _
reaction of PA with lignin, %Mlp,_, could thus be quantified, 0.0 05 Lo L5 20
and was calculated as follows: P/L

MLz, — [XpMLp + X ML
T [XpML p L L] x 100 Fig. 6. Percentage of mass loss due to the reaction of PA with lignin as a
ML 7, function of P/L.

40t

%M LP."L
‘
.

%MLp, =
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Fig. 7. TG curves of the 1.4 P/L mixture in nitrogen and air when heating &€10in~1 up to (a) 450 C and (b) 650C, and holding the final temperature for
2h.

up to BOs and evolves, which is confirmed by the weight Fig. 7(b) shows the same askhiy. 7(a) but the final tem-
loss produced at P/ 1.0 and at temperatures higher than perature was 650C, held 2h long. Again, the TG curves
550°C observed irFig. 5. for both nitrogen and air atmospheres exhibit exactly the
It may be seen fronfig. 5that, at P/L=0.3, the plateau same shape up to 65C. However, if temperature was held at
indicating that no more reaction takes place while the mate- 650°C for a longer time, the samples behaved differently in
rial is heated (i.e., the lignin degradation is finished), occurs air and in nitrogen. The sample pyrolyzed in nitrogen showed
near 600C. Increasing P/L makes the end of the degra- asharp decrease in the weight from 51 to 43% during the first
dation occur at decreasing temperatures as far as P/L re15min and afterwards the weight remained approximately
mains below 1.0. The DTG curves for PA1.0 evidenced  constant with time. On the contrary, the sample pyrolized in
the same behavior, i.e., the lignin degradation took place atair showed a continuous decrease during 80 min reaching a
lower (<400°C) and almost identical temperatures, and the mass percentage of 14.5% meaning the total combustion of
weight-loss rate was nearly constant at temperatures fromthe sample. Indeed, due to the phosphatation of the ashes, a
450 to 550°C. The melting and vaporization of,0s of residual mass higher than that givenTiable 1, 9.5%, was
the unreacted PA could explain the increase in weight-loss recovered. The low mass variation (8%) of the sample py-
rate from 550 to 650C. This observation supports the hy- rolyzed in nitrogen can be attributed to thed2 vaporiza-
pothesis of an optimum on P/L at values between 0.8 andtion whereas the low char yield in air is the result of th©p
1.0 as argued above. It seems clear that since PA reactsaporization of the PA used in excess and the combustion of
with lignin, the optimum P/L will depend on the lignin  unprotected carbon. Examinifgg. 7, one can extract a con-

origin. clusion of practical and economical importance: char yield
is nearly independent of the gaseous atmosphere at moderate
3.4. Effect of the gaseous atmosphere temperatures and with the adequate P/L.

Materials impregnated with PA are usually pyrolyzed in
nitrogen. However, earlier studies have shown that chemical4. Conclusions
activation with PA in air produced carbons with the greatest
total number of functional groups when compared with acti- ~ When lignin and PA are mixed together, they react com-
vation under nitrogen floj25,36,37]. Therefore, excluding pletely in less than 1 h and longer impregnation times or in-
obvious economical concerns, activation in air is an interest- clusion of isothermal periods do not have any influence on the
ing option when activated carbons are used for the removalchar yield. The product of the reaction between PA and lignin
of metals in water treatment because metal uptake appears tpyrolyses following a reaction path different from that of pure
be directly correlated with the number of functional groups lignin. PA acts on ligninincreasing dehydration and anticipat-
[36]. ing its complete degradation at temperatures as low as@00

To study the effect of the gaseous atmosphere in the There exits an optimum P/L atvalues between 0.8 and 1.0 that
process, a sample of PA-impregnated lignin was heated atallowsthe complete reaction of lignin, and furtherincreasesin
10°C min~1 up to 450 or 650C in air and in nitrogen and  P/L do not produce changes on the pyrolysis procesBQ
both final temperatures were held for Hig. 7(a) shows TG in excess dehydrates progressively ing®p which finally
curves of PA-lignin decomposition with P/L =1.4 in nitrogen melts and evaporatesy;®s protects carbon from oxidation
and air when heating at 2€ min—! up to 450°C. The TG and once evaporated at temperatures higher thanG&te
curves for these two experiments exhibit exactly the same carbon is totally oxidized in air whereas the char yield in
shape, i.e., the sample losses weight in the same way andiitrogen remains constant. Char yield is nearly indepen-
independently of the atmosphere used. Moreover, there wasdent of the gaseous atmosphere at moderate decomposition
no significant weight loss for 2 h once the temperature of the temperatures as long as lignin has reacted completely with
sample arrived to 450C. PA.
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