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Abstract Mixing of sewage sludge with classical bio-

mass, such as pine sawdust, can compensate the weak-

nesses of one fuel by another. The pyrolytic characteristics

of sewage sludge (SS), pine sawdust (PS), and their blends

were investigated under nitrogen atmosphere by dynamic

thermogravimetric analysis at three heating rates of 10, 20,

and 30 K min-1. Three thermal stages (dehydration, dev-

olatilization, further carbonization) were identified during

the pyrolysis of single materials, as well as the blends.

Blending of PS with SS can improve the devolatilizaion

properties of SS, whereas the initial decomposition tem-

perature increases with the increase in proportion of PS. It

has been found that the pyrolytic characteristics of the

blends can be estimated from those of parent fuels, sug-

gesting that no significant synergistic effect existed during

thermal degradation of PS/SS blends. The dependence of

apparent activation energy on conversion obtained by

Friedman method and distributed activation energy model

(DAEM) revealed that the blends can be considered as

multistage process. The results indicated that the DAEM

can provide reasonable fits to the experimental data.

Keywords Co-pyrolysis � Sewage sludge � Synergy �
Kinetics

Introduction

Sewage sludge is regarded as the residue generated from

municipal wastewater treatment plants, which encompasses

a vast amount of substances and microorganisms in sus-

pended, or dissolved state [1]. Given the development of

population and rapid urbanization all over the world, the

sewage sludge yield in the near future would remain to be

progressively increased. The treatment of the increasing

amount of sewage sludge, in an economically and envi-

ronmentally acceptable manner, is a topical issue of great

significance. Currently, there exist mainly four traditional

and commercial methods of sewage sludge disposal:

recycling as a fertilizer, landfilling, dumping into sea, and

incineration. However, each of these methods has its own

defects and they do not belong to waste-to-clean energy

conversion either. Furthermore, the legislation coming into

force in the near future will powerfully block most of these

avenues of sewage sludge processing [2]. Hence, it is

urgent and essential to find a feasible solution to more

efficient disposal or utilization of sewage sludge.

Sustainable heat and power generation from biomass are

at the center of scientific and industrial interest on account

of the increasing awareness about the continuous shrinking

reserve of fossil fuels and the higher sensibility toward

environment preservation from pollutants generated by

conventional energetic systems [3]. Unlike fossil fuel, the

classical biomass feedstocks (such as wood, agricultural

residues etc.) do not take millions of years to evolve. They

are available locally and abundantly, and more attractively,

they do not seem likely to be depleted with consumption

owing to the renewability. These biomass sources use solar

energy through the process known as photosynthesis

metabolize atmospheric carbon dioxide, which counteracts

the increase in atmospheric carbon dioxide that results

from biomass fuel combustion. For this reason the biomass

can be deemed as a ‘‘carbon neutral’’ fuel. From the above

one can conclude these classical biomass sources are

suitable for modern applications for energy sector, fuels,
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and chemistry, to name but a few. In this study, pine

sawdust was selected as the classical biomass sample for its

abundant source in China.

Thermal methods are indisputably a promising, conve-

nient, and effective alternative to dispose sewage sludge

which must (and will) prevail in the coming decades [2].

Thermochemical conversions will give rise to a complete

oxidation of the organics and also the toxic organics within

the high temperature. Heavy metals are usually immobi-

lized in the inorganic matrix [4]. The main objective of

thermal processing of sewage sludge is using the stored

energy in sewage sludge, and in the meanwhile, minimiz-

ing environmental impacts for purpose of meeting the

increasingly stringent standards. Normally, thermal meth-

ods of sewage sludge utilization are preceded by dehy-

dration. The majority of energy released during thermal

processes is consumed to reduce the amount of moisture.

When mixed with pine sawdust in appropriate ratio, it can

help dilute the high moisture content problem of sewage

sludge to some degree. Moreover, the blends of pine

sawdust and sludge are suitable for continuous feeding, due

to the lack of knowledge and studies regarding methods of

feeding reactors with raw materials in pasty form. In

addition, a significant advantage of pine sawdust with

respect to coal and sewage sludge is that the contents of

nitrogen and especially sulfur are low. Lower concentra-

tions of both NH3 and H2S were obtained when cogasifying

sewage sludge with straw pellets [5]. However, pine saw-

dust has a lower density compared to sludge that will be

inclined to fly and float, their co-processing can compen-

sate the weaknesses of one fuel by another; hence, boosting

the efficacy of the overall process system.

The pyrolysis kinetics of solid fuels can obtain better,

more informative results from the experiment, which can

take to apply in theory and practice [6]. It is recommended

that the methods using multiple heating rate programs can

improve the accuracy of kinetic parameters [7]. Unfortu-

nately, there are still a number of co-pyrolysis studies using

only a single heating program to compute kinetic param-

eters, which on the contrary, produce unreliable or some-

times even nonsensical results. Therefore, it is reasonable

to avoid using a single heating rate method. At present,

there is no doubt that isoconversional methods are the

quickest way to derive kinetic parameters for complex

reaction profiles involving multiple processes [8]. Because

of its applicability to a wide variety of temperature pro-

grams, the differential isoconversional method of Friedman

is the most universal one among computationally simple

methods. Moreover, it makes no mathematical approxi-

mations, thus producing no noticeable systematic error in

the activation energy for the linear integral isoconversional

method derived. However, this method is used rather rarely

in actual kinetic analyses [9]. In addition, the distributed

activation energy model (DAEM) is considered as the best

way [10] and has been widely used to represent mathe-

matically the physical and chemical inhomogeneity of

biomass and various ranks of coals [11–14].

Pyrolysis or devolatilization is not only a single process,

but also the starting point for all other thermochemical

conversion processes including combustion, gasification,

and liquefaction, its sound understanding is of paramount

importance for the effective use of pine sawdust, sewage

sludge, and their blends. The main objective of this paper is

to investigate the pyrolytic behavior of the blends of sewage

sludge and lignocellulosic biomass, aiming to understand

the impact of co-feed of biomass on sludge gasification and

pyrolysis. Whether any interaction exists between sewage

sludge and pine sawdust biomass in the solid phase or not

during the pyrolysis process was also evaluated. The

Friedman method and DAEM were applied to obtain the

kinetics of both the individual materials and the blends. To

validate the model, the fit between the experimental and

simulated data was checked and presented.

Experimental

Samples

The sewage sludge produced in an urban wastewater

treatment plant fed with municipal water was dewatered by

filter press and then collected as one of the original mate-

rials in pyrolysis experiments. Another raw material (pine

sawdust) was supplied by a farm in Wuhan City, Hubei

Province, China. The samples were first dried at 378 K for

24 h in a drying oven to remove moisture prior to char-

acterization, then both of them were ground and sieved by

passing through a 120-mesh screen. The PS/SS blends were

homogenized by mixing in several proportions (PS/SS

25:75, 50:50, and 75:25 mass%) and subsequent tumbling

for 24 h. The proximate and ultimate analyses of the used

pine sawdust and sewage sludge are shown in Table 1,

together with the ash analysis.

Thermogravimetric analysis

Thermogravimetric analysis was performed up to 1,273 K

at three heating rates (10, 20, and 30 K min-1) with the

solid samples using TG/DTA manufactured by PerkinEl-

mer. A mass of approximately 10 mg was used in each

case. To maintain the reacting atmosphere inert and limit

the extent of the secondary reactions inside the particle, a

80 mL min-1 purge flow rate of nitrogen was introduced

into the reactor. Under these conditions, one could elimi-

nate mass and heat transfer limitations as well as the effects
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of eventual side reactions to a great extent during the

thermal decomposition.

Kinetics analysis

Friedman method

The conversion, a, can be calculated according to the fol-

lowing equation in pyrolysis reaction:

a ¼ mi�m

mi�mf

; ð1Þ

where mi, m, mf are the initial, actual, final masses of the

sample, respectively.

The rate of a solid reaction, da=dt, can be formulated as

da
dt
¼ kðTÞf að Þ; ð2Þ

where t and k Tð Þ are the time and the rate constant,

respectively, and f(a) is considered the reaction model

reflecting the mechanism of the process.

The temperature dependence of the rate constant k is

generally parameterized through the Arrhenius equation

k Tð Þ ¼ Ae
�EA
RT ; ð3Þ

where T is absolute temperature (K), A is the pre-expo-

nential factor (min-1), EA is apparent activation energy

(KJ mol-1), and R is the universal gas constant

(8.314 KJ mol-1).

For experiments carried out at a linear heating rate

b ¼ dT=dt, combination of Eqs. (2) and (3) becomes

da
dT
¼ A

b
exp � EA

RT

� �
f að Þ ð4Þ

Taking natural logarithms of both sides from Eq. (4)

gives

ln b
da
dT

� �
a;i

¼ ln Aaf að Þ½ � � EA

RTa;i
; ð5Þ

where the subscript i identifies an individual heating rate.

Hence, at each given a, the activation energy EA can be

obtained from the slope of the plot of ln b da
dT

� �
a;i

against 1/Ta,i.

Distributed activation energy model (DAEM)

The distributed activation energy model (DAEM) describes a

complex reaction as an infinite number of irreversible first-

order parallel reactions, each with its own activation energy

and frequency factor. In the available literatures, there are

some different methods solving the DAEM to establish the

kinetic parameters. Please et al. [15] used asymptotic method

to make exact approximations to the integrals to rapidly arrive

at the solution, thus reducing computation time. Cai and Ji [16]

used a pattern search method to determine DAEM kinetic

parameters. In this study, the kinetic analysis is performed

based on the Miura–Maki integral method of the distributed

activation energy model [17]. This integral method requires

only three different heating rates without no prior assumptions

for the formation of the activation energy distribution, pro-

posed by the following Arrhenius-type equation:

ln
b
T2

� �
¼ ln

kR

E

� �
þ 0:6075� E

RT
ð6Þ

Accordingly, the slope of the curve ln b
T2

� �
versus 1/

T yields the activation energy. To check and present the fit

between the model and the experimental data, a simplified

procedure is used as described by Soria-Verdugo et al. [18].

Results and discussion

Pyrolysis characteristics of single materials

Figure 1 presents the results of TG analysis at the heating

rate of 10 K min-1, which show the mass loss and the rate

Table 1 Characteristics of PS and SS

Sample Sewage

sludge

Pine

sawdust

Ultimate analysis (dry basis, %)

C 18.09 48.21

H 3.23 6.54

N 3.02 0.77

S 0.23 0.09

Oa 16.81 42.88

Proximate analysis (dry basis, %)

Ash 58.62 1.51

Volatile 37.97 79.71

Fixed carbon 3.41 18.78

High heating value (MJ kg-1, dry basis) 14.79 17.80

Ash analysis (mass%)

Al2O3 18.10 4.00

SiO2 46.17 9.83

P2O5 9.73 1.71

SO3 2.06 1.68

K2O 4.58 2.64

CaO 5.04 50.75

TiO2 1.26 0.66

MnO 0.57 0.20

Fe2O3 12.09 28.53

CuO 0.13 –

ZnO 0.18 –

a By difference
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of mass loss for pine sawdust and sewage sludge single

materials between 373 and 1,273 K; that is, after the

evaporation of any free moisture. It is noticeable that the

thermal degradation of both PS and SS can be divided into

two main stages in general. As can be clearly seen, the

temperature interval in which PS experiences the major

mass loss is from 423 to 823 K, while the second pyrolysis

stage continues at a much slower rate till the experiment

completion. According to Yang et al. [19], hemicellulose is

degraded easily first in the temperature range 493–588 K,

and the pyrolysis of cellulose follows at 588–673 K, with

that of lignin continuing from 423 to 1,173 K. Hence, for

PS, it seems likely that the lower temperature shoulder

located on the left represents the degradation of the ther-

mally unstable hemicellulose, then the following out-

standing point at higher temperatures in the right hand side

is attributed to the decomposition of cellulose. In contrast

with cellulose and hemicellulose, the decomposition of

lignin covers over a very wide temperature range, provid-

ing thus a gently sloping baseline of the DTG curve.

Nonetheless, in the last pyrolysis step, a sharp peak

completely isolated appears at temperature higher than

923 K, which is rarely reported by similar sample. Such

temperature is typical of the dissociation of strongly bon-

ded carbonate salts in these conditions. Whitely et al. [20]

took advantage of some species-specific techniques (such

as FTIR-MS) in consort with thermogravimetry analysis to

facilitate the analysis of product gas under the same

pyrolysis conditions, proving that an intense carbon diox-

ide evolution is noted in correspondence with the last peak

of degradation. Therefore, it can be assumed that this peak

is closely related with the thermal decomposition of metal

carbonates. As reported in Table 1, the results using XRF

on mineral analysis present that calcium contained in

samples accounts for more than half of mineral matter

content. According to these analyses, it can be deduced that the third peak is caused by the decarbonation of calcium

carbonate under pyrolytic condition. Moreover, the TG

analysis of calcium carbonate gave a further confirmation

of this supposition in the same conditions [21].

In the case of SS, it had a lower thermal ability starting

at approximately 403 K, and followed by a major loss of

mass which is essentially completed up to 823 K at a rel-

atively low and constant rate. The second pyrolysis stage

continued a modest mass loss till the test completion,

involving primarily the mineral matrix. In the first stage,

the DTG curves exhibits two intense overlapping peaks and

one pronounced shoulder with successively lower maxi-

mum reaction rates. Therefore, it presents two different

types of organic volatiles being generated. The first two

peaks may be concerned with the decomposition of ther-

molabile components of the organic matter such as proteins

and carboxyl groups at approximately 573 K. At higher

temperature (*723 K), the pronounced shoulder may be
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Fig. 2 a DTG curves for co-pyrolysis of PS and SS, b the

comparison of experimental and calculated DTG curves for all

blends at 10 K min-1
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caused by the decomposition of carbon refractories corre-

sponding to a smaller fraction, such as the cracking aro-

matic ring, long-chain N-alkyl structures, and some

saturated aliphatic chains [22]. However, the second stage

of SS pyrolysis is characterized by one small band centerd

at 973 K, mainly due to the decomposition of inorganic

materials.

The temperatures at which the maximum mass loss

occurs are 627.62 and 549.80 K, at a level of 7.86 and

1.36 % min-1 for PS and SS, respectively. The reactivity

can be evaluated from the DTG peak height and the tem-

perature corresponding to peak height [23]. However, it

seems difficult to draw conclusions regarding sewage

sludge reactivity during pyrolysis, due to the uncertainty of

measurement of other second peaks or shoulders presented

in the DTG curves of SS. In addition, the total amount of

volatiles from SS pyrolysis is approaching 26.30 mass% of

its original mass, on a dry basis, while more than 76.53

mass% of the volatile matter is evolved for PS. This is in

line with the proximate analysis results.

Pyrolysis characteristics of blends

The DTG profiles for the thermal degradation of the PS/SS

blends compared with the pure samples, which were per-

formed at the heating rate of 10 K min-1, are illustrated in

Fig. 2a. It can be seen clearly that the DTG curves of the

blends were in between the ones of the parent materials.

For all studied blends, the peaks representing sewage

sludge and pine sawdust fractions of the blended materials

maintained essentially the same shape within the same

temperature range as when individual samples were pyro-

lyzed. Furthermore, the temperature at which the maximum
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Fig. 3 Influence of SS/PS ratio on char yield at three different

heating rates

Table 2 Characteristic parameters at different heating rates

Sample Heating

rate/K min-1
Tmax

a /

K

Dmax
b /%

min-1
MR

c /%

10 627.62 7.86 23.47

Pine sawdust 20 640.86 15.40 24.87

30 650.01 22.20 24.89

10 628.15 6.38 32.39

PS/SS = 75:25 % 20 643.12 12.19 33.79

30 652.23 20.42 34.79

10 628.11 4.30 45.36

PS/SS = 50:50 % 20 643.11 8.90 44.79

30 654.20 12.71 45.12

10 628.80 2.56 54.16

PS/SS = 25:75 % 20 642.32 4.91 55.81

30 652.09 7.41 55.30

10 549.80 1.36 63.70

Sewage sludge 20 559.59 2.73 63.30

30 571.33 4.10 64.53

a Temperature of the maximum reaction rate
b The maximum reaction rate
c Pyrolysis residue mass
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conversion rate occurs in the blends in the DTG curves

remained relatively unaltered when analyzed alone and in

mixtures. However, the height of the shoulder and two

peaks increased gradually as the percentage of biomass in

the mixture increased, which signified a substantial

enhancement of the volatile quantities released during

thermal degradation.

By reason that synergy during most thermochemical

processes cannot be isolated from the pyrolysis, one can

narrow down where and why synergistic effect either exists

or not in the co-conversion of SS and PS in thermochemical

systems. In attempt to investigate whether synergistic effect

existed in the case of co-pyrolysis between pine sawdust and

sewage sludge at conditions typical of TG analysis (well-

controlled slow heating rate), calculated curves based on a

weighted sum of both reference materials’ pyrolysis mass

loss rate curves were obtained under the same conditions,

according to Eq. (7). It can be concluded that there are no

mutual interactions between the two individual materials, if

the pyrolytic characteristics of the co-components follow

the behaviors of the parent materials in an additive manner.

DTGBlend ¼ DTGPSxPS þ DTGSSxSS; ð7Þ

where xPS and xSS are the proportions of pine sawdust and

sewage sludge shares in the mixture, respectively; and

DTGPS and DTGSS represent the mass loss rates of pine

sawdust and sewage sludge in same operational conditions,

respectively.

Figure 2b shows that the calculated curves are closely

matched to the experimental curves by around 573 K for

all mix ratios, above which slight differences are observed

which can be explained within the levels of experimental

repeatability. Moreover, the char yields at three heating

rates are plotted against the blending ratios in Fig. 3.

Strong linear distributions between the char yield and the

blending ratios were established with an accuracy C0.995.

Physically, the release of volatile products during co-

pyrolysis is expected to increase or decrease linearly in

terms of the mass% pine sawdust share. Hence, it can be

stated that there is no obvious occurrence of the synergistic

activities during pyrolysis of sewage sludge and pine

sawdust as a blend within the investigated experimental

conditions, suggesting each component of the blends

behaves as alone. However, Zhang et al. [24]. derived

contradictory conclusions on the co-pyrolysis between

sewage sludge and rice straw, which has obvious chemical

interactions, not just a simple additive behavior. The dif-

ferent behaviors between sewage sludge and biomass

during co-pyrolysis may be in part concerned with the

uniqueness of the interlacing of biomass components for

different classical biomass species [25]. There is a doubt

that the release of volatile matter was accelerated in a very

short time scale with the increase in the percentage of rice

straw from 30 to 40 %, while the DTG curves of the two

blends were nearly overlapped. Therefore, one other pos-

sible reason can be attributed to the inhomogeneity of the

tested blends. However, it does not provide a ready

explanation for the significant synergistic or coupling

effects.

It is however worth noting that, even though the pine

sawdust and sewage sludge pyrolysis rates have a broad

temperature range where the main part of devolatilization

overlaps, as pointed out in the previous section, this does

not seem to allow non-additive behavior sufficiently.

Considering the limited knowledge and studies about the

synergistic effect between biomass and sewage sludge, one

can conclude from some researches based on the thermal

co-conversion of coal and biomass that synergy is highly

dependent on the relative pyrolysis rates, the particle–

volatiles, particle–particle, and volatiles–volatiles contact,

and the matching of the release of individual fuel radical

intermediates. For pyrolysis using a TG in nitrogen gas, the

flow of nitrogen sweeps the volatile products, and prevents

Table 3 Comparisons of the average value of apparent activation energy for all samples calculated by Friedman method and DAEM

Average EA/KJ mol-1 Pine sawdust PS/SS = 75:25 % PS/SS = 50:50 % PS/SS = 25:75 % Sewage sludge

Friedman 155.56 154.96 152.39 175.39 151.39

DAEM 153.61 151.48 148.05 172.72 147.98

0.0 0.2 0.4 0.6 0.8 1.0
120

140
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180

200
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240
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J m
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Fig. 4 The relationship between the average EA and various

conversion rates determined by Friedman method and DAEM
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them to remain close to the solid residue, which can

shorten residence time and thus inhibit the secondary

reactions. This shows that there is a lack of significant

synergistic interactions between pine sawdust and sewage

sludge in the solid phase under inert conditions, not

including the gas–solid or gas-gas interactions. Therefore,

further research should be required to fully shed light on

the mechanism and conditions by which the two materials

interact when mixed and transformed.

Effect of heating rates on pyrolysis characteristics

As the heating rate increases, the pyrolytic decomposition

processes tend to delay in the direction of higher temper-

atures. The shape of these curves does not change markedly

during this shift. This can mainly be attributed to the poor

thermal conductivity exhibited by the studied samples,

which signifies a temperature gradient existed throughout

their cross section [26]. The temperature gradient within

the particles increases along with the increasing heating

rate. Under lower heating rate, if enough time can be given

for heating, then both the exterior surface and the interior

core of the fuels will attain same temperature at a specific

time. On the contrary, the temperature profile along the

cross section shows an appreciable difference to the higher

heating rate, so this will result in serious thermal hysteresis.

The maximum degradation rate prominently increases

when the heating rate is increased from 10 to 30 K min-1,

which can be assigned as being due to higher heat energy

provided, thus facilitating better heat transfer between the

surrounding environment and inside of the investigated

materials [27]. These results are representative of the

common trend of most non-isothermal experiments during

the pyrolysis process. Regards to data shown in Table 2,

however, there is no measurable effect of heating rate on

the ending state of pyrolysis process for all of the samples.

This result is in accordance with previous study for various

biofuels [28, 29]. This is because the cross linking reac-

tions may not be relevant under those investigated pyro-

lysis conditions, or there is equilibrium between the

mechanism of cleavage bond breaking and repolymeriza-

tion and cross linking, which lead to formation of gas

products and char production, respectively [30].

Pyrolysis kinetics

Table 3 shows the change in apparent activation energy

with progressing conversion degree for each sample cal-

culated via the DAEM in detail. The correlation coeffi-

cients for the parameter estimation were also present. It is

worth mentioning that at the end of the sewage sludge

pyrolysis process, individual lines crossed each other,

Table 4 TG pyrolysis of apparent activation energies (EA) and correlation coefficients for all samples at various conversion values using

Friedman method and DAEM

Conversion = 50:50 % Pine sawdust PS/SS = 75:25 % PS/SS PS/SS = 25:75 % Sewage sludge

EA/kJ mol-1 R2 EA/kJ mol-1 R2 EA/kJ mol-1 R2 EA/kJ mol-1 R2 EA/kJ mol-1 R2

0.05 134.19 0.99 120.73 0.99 122.81 0.99 133.68 0.99 113.09 0.99

0.10 139.93 0.99 127.35 0.99 131.28 0.99 143.26 0.99 122.32 0.99

0.15 143.00 0.99 132.06 0.99 135.60 0.99 150.71 0.99 127.49 0.99

0.20 144.74 0.99 135.55 0.99 137.96 0.99 153.80 0.99 134.10 0.99

0.25 146.40 0.99 138.09 0.99 139.81 0.99 155.24 0.99 139.35 0.99

0.30 149.32 0.99 141.37 0.99 141.89 0.99 156.93 0.99 142.95 0.99

0.35 151.08 0.99 144.72 0.99 143.92 0.99 158.14 0.99 146.97 0.99

0.40 153.38 0.99 146.98 0.99 146.82 0.99 157.82 0.99 148.92 0.99

0.45 155.04 0.99 149.82 0.99 148.91 0.99 159.92 0.99 150.63 0.99

0.50 156.41 0.99 152.09 0.99 149.89 0.99 160.93 0.99 152.18 0.99

0.55 157.94 0.99 154.21 0.99 151.12 0.99 160.29 0.99 154.60 0.99

0.60 157.66 0.99 155.29 0.99 151.98 0.99 160.93 0.99 157.50 0.99

0.65 157.90 0.99 156.92 0.99 153.67 0.99 162.01 0.99 161.13 0.99

0.70 159.23 0.99 159.58 0.99 159.60 0.99 175.46 0.99 165.48 0.99

0.75 161.63 0.99 165.00 0.99 168.56 0.99 212.33 0.99 168.11 0.99

0.80 189.92 0.96 243.87 0.95 188.93 0.92 212.49 0.99 169.35 0.99

0.85 214.81 0.78 310.08 0.88 166.59 0.83 221.52 0.99 169.68 0.99

0.90 179.43 0.59 276.24 0.81 152.31 0.73 232.70 0.99 156.31 0.98

0.95 130.96 0.70 191.86 0.63 162.85 0.69 213.46 0.95 131.52 0.98
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resulting in a negative value of the apparent activation

energy. So the final part of the decomposition lines should

be cut off. For biomass and the blends with 75 and

50 mass% biomass fractions, since little correlation was

observed for the values of conversion above 0.8, the

method worked for the range of conversion 0 B a B 0.8.

And with regard to sewage sludge and the blends with 75

mass% sludge fraction, because of the high correlation

values it could account for the experimental curves in the

complete range of conversion. This problem has been

raised by the research of Fiori et al. [31], which was

ascribed to the changed sequence of the temperature cor-

responding to same degrees of conversion at different

heating rates over the entire conversion range.

Both differential isoconversional methods and integral

methods have their own advantages and limitations [9].

The Miura–Maki DAEM as an advanced integral method

provides a better option when backed up by the differential

method of Friedman. The blend with 75 mass% sewage

sludge fraction was selected as a representative of all

samples for the presentation of the plots of the two meth-

ods, as can be seen clearly in Fig. 4, appearing no signif-

icant difference between the values of apparent activation

energy calculated by Friedman method and DAEM. Sim-

ilar results have been obtained for the others samples.

Although the EA determined by DAEM was smoother, the

overall trends of EA values obtained by Friedman method

were broadly in line with that obtained by DAEM. Taking

no account of the apparent activation energy corresponding

to low correlation coefficient values, the average value of

EA calculated by Friedman method and DAEM are listed at

Table 4. The results were in good agreement with a low

deviation, which proves the validity of calculations of the

DAEM.

The results of kinetic analysis showed that apparent

activation energy varies significantly with conversions for

all species studied, which indicates a high probability

existed for the presence of multi-step mechanism. In case

of all studied samples, the same overall trend was

observed: the apparent activation energy increased gradu-

ally to reach a maximum value in the conversion range,

0.05–0.8. This result of pine sawdust is in agreement with

some reports based on several similar types of biomass [32]

but in contrast with a few others [33]. Therefore, for

complex materials, the theoretical interpretation of the

apparent activation energy trend may be unreliable. The

activation energy determined by the isoconversional

methods can be used in applications without interpretation

but for obtaining mechanistic clues [9]. Actually, the

physical meaning of apparent activation energy remains

somewhat ill-defined, thus no conclusions could be drawn.

The emphasis is to estimate the modeled physical quanti-

ties [34]. The conversion rate of pine sawdust was 0.05–0.8

at apparent activation energy of 134–190 kJ mol-1, which

was consistent with previous reports [35]. The activation

energy of sewage sludge ranged from 113 to 170 kJ mol-1

within the conversion rate of 0.05–0.95. Because of the
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Fig. 5 a linearization of the ln(a/T2) versus 1/T curves for various

devolatilizaion rates, b linearization relative error, c determination of

the temperature at which devolatilization of sewage sludge
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considerably variable characteristics of different sewage

sludge, it is difficult and ambiguous to make a direct

comparison on the results obtained in the pyrolysis

between our sewage sludge sample and the others. For the

three blends studied, the activation energy range was from

121 to 244 kJ mol-1. When comparing with the pure

materials, the apparent activation energy of sewage sludge

does not change significantly in the presence of biomass,

0.0

0.2

0.4

0.6

0.8

1.0

 experimental
 simulated

C
on

ve
rs

io
n

Temperature/K

pine sawdust

0.0

0.2

0.4

0.6

0.8

1.0

C
on

ve
rs

io
n

Temperature/K

 experimental
 simulated

PS/SS=25 %:75 %

0.0

0.2

0.4

0.6

0.8

1.0

C
on

ve
rs

io
n

Temperature/K

 experimental
 simulated

PS/SS=75 %:25 %

0.0

0.2

0.4

0.6

0.8

1.0

 experimental
 simulated

Temperature/K

C
on

ve
rs

io
n

sewage sludge

500 600 700 800 900 500 600 700 800 900

500 600 700 800 900 500 600 700 800 900

500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

C
on

ve
rs

io
n

Temperature/K

 experimental
 simulated

PS/SS=50 %:50 %

Fig. 6 Comparisons of experimental and simulated conversion curves (experimental curves depicted by shaped markers and predicted curves

depicted by lines)
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and the effect of adding sewage sludge with biomass was

also very slight.

To validate the predictive power of Miura–Maki DAEM, a

simplified method proposed was used. The ln(1/T2) versus 1/

T for the data points used are shown in Fig. 5a, combined with

the linearization. One can observe that the three curves col-

lapsed due to the disappearance of heating rates. Obviously,

these data points form a conical section in the plot; neverthe-

less, the linearization relative error between the linearization

and the conical section is really small within the usual tem-

perature range of 413–1,093 K, as shown in Fig. 5b. In

Fig. 5c, the temperature for a determined devolatilalization

rate can be obtained from the intersection between the line-

arization for each devolatilization rate and the linearization for

a heating rate. Hence, using the two equations shown in the

plot, the temperature at which devolatilization occurs can be

calculated in the following equation:

T ¼ �EA=R� 1252

ln bð Þ � ln kR
EA

� �
� 15:58

ð8Þ

Utilizing Eq. (8), Fig. 6 reports the experimental data

for each sample at three heating rates along with the model

curves regarding the simplified method. It seems the fitting

satisfies for all cases. The accuracy of simulation can be

evaluated by the relative error R between the experimental

data and the simplified method output:

R ¼ jTexp � Testj
Texp

� 100 %; ð9Þ

where Texp represents the experimental temperature at which

each devolatilization occurs, Test represents the corre-

sponding estimated temperature calculated by the simplified

method. The maximum relative error is less than 0.35 and

0.31 % for sewage sludge and the blend with 75 mass%

sewage sludge, respectively, enabling utilization of the

model throughout the whole range of conversions. However,

the fitting was less perfect in the high temperature range for

the biomass and the blends with 75 and 50 mass% biomass

fractions, since the relative error was up to a value of 1.59 %.

Apart from these high temperature range, a good match can

be obtained within the restricted range of conversion

0 B a B 0.8, as the relative error is no more than 0.49 %. A

tendency can be found for all tested blend samples, obtaining

better predicted performance with the increased percentage

of sewage sludge. In general, the simulation for all studied

samples can be considered accurate.

Conclusions

The thermal behavior and thermokinetics of the co-pyro-

lysis of sewage sludge and pine sawdust were investigated

via non-isothermal thermogravimetric analysis. Character-

ization of pine sawdust and sewage sludge demonstrated

that PS contained the highest amount of calcium, and SS

had a high percentage of ash. TG mass loss data showed

that there existed three stages during the pyrolysis of PS

and SS. The weighted average of DTG data of PS and SS

agreed closely with that of the blends, and a perfect linear

relationship was shown between final char yield and frac-

tion of sludge in the blends. Therefore, it may be concluded

that the interactions between the two materials in the

blends are slight under the conditions used in the study.

The average values of apparent activation energy for the

three blends calculated by Friedman method and DAEM

were 152.39–175.39 and 148.05–172.72 kJ mol-1, respec-

tively. The DAEM model served as a good method to

describe the devolatilization process of the blends, since

good match were observed between the experimental and

the calculated conversion (a–T) curves.
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