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A novel deOXy—liqUefﬂCtiOn of Sludge to lquld fuel (CH2_07,1_4000_30,0_051\]0'09,0_0550_02,0_0032) was studied
in supercritical ethanol. The reduction of oxygen atoms combined with hydrogen to produce H,0 weaken
the reduction of oxygen atoms in the form of CO and CO,, and the latter process is the primary process for
the reduction of oxygen during deoxy-liquefaction. The significant increment of oil and residue fractions
yield was obtained in excess ethanol as extraction and polymerization process. The addition of Fe-cata-
lyst could promote the catalytic activity of hydrogenation for free radicals, but inhibited the liquefaction

Key Worqs" . conversion. Esters and acids were identified as main compounds as the decomposing, extraction and
Deoxy-liquefaction . . . . . . . .
Ethanol esterification process. The conversion of free radicals and intermediates to products with heterocyclics
Bio-oil and phenol ring was promoted, and the formation of medium-boiling-point compounds without hetero-
GPC cyclics and phenol ring structure was inhibited at higher temperature and higher solvent filling ratio.

Esterification

© 2009 Published by Elsevier Ltd.

1. Introduction

Sludge is produced as a result of municipal wastewater treat-
ment. The activated sludge production is generally 0.5-1 kg SS
per kg BODs removed in the aerobic treatment (Eckenfelder,
2000). Typically, 70% of activated sludge was composed of organic
matters, including 32-41% proteins, 5-12% lipids and 15-30%
carbohydrates (Pokorna et al., 2009).

The crisis of fuel requires the sustainable development and
utilization of fuels. Recently, the recovery of energy from sewage
sludge and solid wastes has focused on thermo-chemical
processes, such as direct combustion (Otero et al., 2009), gasifica-
tion (McAuley et al., 2001), pyrolysis (Kim and Parker, 2008; Yang
and Jiang, 2009) and liquefaction (Kida et al., 2004; Xu and Lancas-
ter, 2008). Xu and Lancaster (2008) investigated the effects of final
temperature, residence time, biomass concentration and catalyst
on the liquefaction of secondary pulp/paper sludge in hot-com-
pressed water. The properties of the gas and oil products resulting
from the liquefaction operations were also reported. It confirmed
that the main contents of secondary pulp/paper sludge were
similar to those of lignocellulose, but quite different from those
of typical sludge produced from municipal wastewater treatment.
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In this study, the effects of final temperature, ethanol/water ra-
tio, solvent filling ratio, and catalyst on the liquefaction of typical
sludge in supercritical ethanol were studied. The term of “deoxy-
liquefaction” was used to describe the thermal conversion of bio-
mass as deep removal of oxygen during the liquefaction. For the
liquefaction of lignocellulose, the process included not only the
simple decomposition of biomass but the decrement of the oxygen
from biomass with cleavage of the C-0 bond. Recently, several re-
searches were investigated on the deoxy-liquefaction of biomass.
More than 80% removal of oxygen content were reported in those
researches (Guo et al., 2008; Li et al., 2008; Lu et al., 2009; Wang
et al., 2008; Wu et al., 2008, 2009). The characteristics of oil and so-
lid products were investigated by elemental, and GC-MS. The
objectives of this study are, firstly, to discuss the influence of reac-
tion parameters for the future commercial utilization, and sec-
ondly, to present the decomposing and formation routes of the
main products during liquefaction process.

2. Experiment
2.1. Materials

The sludge was obtained from an urban wastewater treatment
plant in Changsha, Southern China. First, the sludge was dried in
an oven at 105 °C for 24 h, and then ground in a rotary cutting mill.
The results of chemical analysis are given in Table 1. The higher
heating value (HHV) of each valuable fraction is computed from
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Table 1

Chemical analysis of sludge, wood and oil.
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Sample Elemental analysis (wt%) HHV (M]/kg) Elemental ratio (mol/mol) Metal composition® Empirical formula

C H 0? N S H/C o/C N/C S/C Zn Pb cd
Sludge 41.66  5.80 47.52 3.22 1.80 14.57 1.67 086 0.07 0.016 1221.5 188.3 6.8 CH1.6700.86N0.0750.016
Wood® 53.30 6.20 40.30 0.10 0.10 19.70 140 057 0.0016  0.0007 CH1.4000.57N0.001650.0007
260 °C 72.73 1224 912 5.17 074 4061 2.02 0.09 0.06 0.0038 CH>.0200.09N0.0650.0038
280 °C 71.70 12.38 7.96 7.00 096  40.67 2.07 0.08 0.08 0.0050 2410 1860 94.7 CH>.0700.08N0.08S0.0050
300 °C 72.26 12.47 7.97 6.35 095  41.00 2.07  0.08 0.08 0.0049 1740 370 36.2 CH>.0700.08N0.08S0.0049
320°C 72.39 1164 781 713 1.03 39.87 1.93 0.08 0.09 0.0053 CH1.9300.08N0.0950.0053
340 °C 73.57 12.48 6.21 6.69 1.05  41.76 2.04 006 0.08 0.0054 940 420 21.6 CH>.0400.06N0.08S0.0054
360 °C 912 307 241
380°C 803 246 12.8

4 By difference.
 Xu and Etcheverry, (2007).

¢ Obtained at sludge/ethanol 1/40 (g/mL), solvent filling ratio 20 vol%, holding time 10 min, and without catalyst (ppm).

Dulong formula, as follows: HHV (M]/kg) = 0.3383C + 1.442(H-0/
8). It should be noted that it is not accurate to calculate the HHV
of sludge with Dulong formula, as some nonflammable substance
in sludge. Therefore, the HHV of sludge was analyzed with a calo-
rimeter (KS Auto Calculation Bomb Calorimeter KLSR-4000).
Clearly, the HHV of sludge calculated with Dulong formula
(13.89 M]/kg) is nearly similar with that analyzed with the calo-
rimeter (14.57 MJ/kg). Meanwhile, several metals were identified
in feedstock, such as Zn (1221.5ppm), Pb (188.3 ppm), Cd
(6.8 ppm), Fe (689.7 ppm), Ca (534.3 ppm), K (217.9 ppm), Al
(674.7 ppm), and Mg (188.4 ppm), respectively. The effects of met-
als on the deoxy-liquefaction of sludge were discussed in this
study.

2.2. Experimental procedure and separation

Liquefaction experiments were conducted in a 1000 mL GSHA-
1.0 type autoclave at the reaction temperature. The reactants were
agitated vertically using stirrer (95 rpm). The temperature was
then raised up to the reaction temperature. Afterwards, the auto-
clave was cooled down to the room temperature by cool water.

Fig. 1 depicts the details of the procedure for separating lique-
faction products. After completing the cooling period, the gas prod-
uct was vented without being further analyzed as very small
amount of gas product. The autoclave contents were poured into
a beaker (able to be prepared for viscosity analysis). The liquefied
products were removed from the autoclave by washing with
150 mL ethanol three times, and then filtered. After removal of eth-
anol under reduced pressure at 70 °C in a rotary evaporator, liquid
phase product was designated as oil. The dark brown solid was
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Fig. 1. Procedure for separation of deoxy-liquefaction products.
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dried in an oven at 105 °C overnight, and called as residue. The loss
in separation process was named as light fractions. It should be
noted that the removal of ethanol in a rotary evaporator is unnec-
essary in the commercial utilization as the liquid fraction is the po-
tential energy. The objective of removing ethanol in a rotary
evaporator is only for quantitative analysis in this research.

2.3. Analysis

The element compositions (C, H, O, N, and S) of oil were ana-
lyzed by CHNOS Elemental Analyzer Vario EL Il (Elementar Analy-
sen systeme GmbH, Germany). Inorganic elements such as Zn, Pb,
and Cd were determined using A Perkin-Elmer 700 atomic absorp-
tion spectrophotometer, while the concentration of Fe, Ca, K, Al and
Mg in feedstock was analyzed by Atomic Absorption Spectroscopy
AA-6800 Series Shimadzu. It can be shown from the Table 1 that
the elemental composition of sludge is very similar with that of
wood, and the HHV of sludge is so low that oxygen needs to be re-
duced during deoxy-liquefaction process.

The viscosities of liquid fractions were analyzed by KD-R0515
Campaign viscosity meter (Germany Seiko Germany Cadon Instru-
ment Manufacturing Co., Ltd.). GPC analyses were conducted on a
PL-GPC120 (Britain Polymer Laboratories).

GC-MS analyses were conducted on a Trace GC, Palaris Q GC-
MS spectrometer (Thermo-Finnigan, USA) using carbon capillary
column, DB-1 (film thickness, 0.25 mm; column dimensions,
30 m x 0.25 mm), with helium as the carrier gas. The column tem-
perature of GC used in this study was programmed from 130 to
230°C with an increasing rate of 8 °C/min. The temperature of
the injection chamber was 250 °C, and the temperature of transfer
line was 230 °C. Mass range was 40-450m/z.

3. Results and discussion

Batch tests were conducted to investigate the deoxy-liquefac-
tion of the sludge in supercritical ethanol, and hot-compressed eth-
anol-water mixture. These experiments in pure ethanol runs were
performed at temperatures and pressures of 260-400 °C and 7-
13 MPa, respectively. These levels are higher than the critical point
of ethanol (243 °C, 6.4 MPa).

3.1. Temperature

The yield of residue decreased with final temperature increas-
ing from 260 to 320°C, and increased with final temperature
increasing from 320 to 340 °C (Fig. 2). Meanwhile, the yield of oil
increased with the temperature increasing in the range of 280-
380 °C. Those were probably due to two reasons.
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Fig. 2. The yield of products as a function of the temperature at sludge/ethanol 1/40
(g/mL), solvent filling ratio 20 vol%, holding time 10 min, and without catalyst.

First, the decomposing reaction is the main reaction at low tem-
perature, while polymerization reaction is the main reaction at
higher temperature. In the range of 260-300 °C, sludge was
decomposed in the presence of ethanol, resulting in the decrement
of residue yield. In contrast, in the range of 300-400 °C, the poly-
merization reaction of free radicals (derived from further decom-
posing of fragment which produced from decomposing of sludge)
converting to oil and residue fractions is contributed to the incre-
ment of oil and residue yield. This speculation is similar to the
mechanism for liquefaction of lignocelluloses in several kinds of
solvents, such as wood, rice straw, etc. (Li et al., 2009; Xu and
Etcheverry, 2007; Yuan et al., 2009). It showed that decomposing
and polymerization reactions were the main reactions at low and
high temperature steps in the liquefaction of biomass, respectively.

Second, the conversion of free radicals to residue and oil frac-
tions was promoted in the presence of ethanol, resulting in the
increment of oil and residue yields at high temperature. In the
range of 320-400 °C, ethanol reacted with the free radicals gener-
ated from the decomposing process of sludge to produce the oil
and solid products and, consequently, the yields of oil and residue
fractions were increased. It can be clearly supported by the yields
of oil + residue obtained at 380 and 400 °C, that is, the yields of
oil + residue obtained at 380 and 400 °C is higher than 100 wt%.

The oxygen content and O/C ratio of oil (Table 1) were de-
creased with the temperature increasing in the range of 260-
340 °C, leading to a sustaining increment of HHV. According to

Table 2
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Fig. 3. The yield of products as a function of the ethanol/water ratio at 320 °C,
sludge/mixture 1/40 (g/mL), solvent filling ratio 20 vol%, holding time 10 min, and
without catalyst.

the previous studies and the results in the present work (Wu
et al., 2009; Xu and Etcheverry, 2007; Yuan et al., 2007), the greatly
reduced oxygen content in the oil was mainly attributed to two
reasons including (1) dehydration reactions as well as formation
of CO/CO, in the liquefaction process, and (2) a hydrogen-donor
process of the combination of oxygen in sludge with hydrogen in
ethanol solvent to produce water.

3.2. Ethanol/water ratio

The effect of ethanol/water ratio on the deoxy-liquefaction
yields of oil and sludge is depicted in Fig. 3. The higher the etha-
nol/water ratio, the higher the yield of oil. The yield of residue in-
creased with the ratio increasing from 0/10 to 3/7 (ethanol/water,
v/v), and decreased with the ratio increasing from 3/7 to 10/0. It
might be due to the same reason with the mechanism in Section
3.1, that is, the conversion of free radicals to residue and oil frac-
tions was promoted by the presence of ethanol, resulting in the
increment of oil and residue yields in pure ethanol runs. However,
as the polymerization process at 320 °C was not more active than
that at 340 °C, the polymerization at 320 °C might be not more ac-
tive than hydrogen-donor process, and then the formation of resi-
due (oil) was weakened (promoted) in pure ethanol at 320 °C.

In addition, as reported by a previous research (Wu et al., 2009),
the reduction of oxygen atoms in the form of CO and CO, was the
main process in the liquefaction of biomass in hot-compressed
water. The productions of CO and CO, increased the amount of
gas products, and then CO and CO, were the main contents of
gas products from liquefaction of biomass in hot-compressed
water. In this study, as shown in Table 2, the slight decrement of
oxygen contents in oil fractions obtained from the higher ethanol
ratios run (7/3 and pure ethanol), presents that deoxy-process
was more active in higher ethanol ratios run. The slightly enhanced

Effects of ethanol/water and filling solvent ratio on the elemental and thermal analysis of oil.

Sample Elemental analysis (wt%) HHV(MJ/kg) Elemental Ratio (mol/mol) Empirical formula

C H o? N S H/C o/C N/C S/C
Sludge 41.66 5.8 47.52 3.22 1.8 14.57 1.67 1.95 0.07 0.0037 CH1.6701.95N0.07S0.016
0/10 65.53 10.32 15.36 5.37 3.42 34.28 1.89 0.18 0.07 0.02 CH1.8900.18N0.0750.02
3/7 57.24 9.83 22.78 7.39 2.76 29.43 2.06 0.30 0.08 0.0049 CH>.0600.30N0.0850.0049
7/3 69.05 11.39 11.25 5.48 2.83 37.76 1.98 0.12 0.08 0.0053 CH1.9800.12N0.08S0.0053
10/0 72.39 11.64 7.81 7.13 1.03 39.87 1.93 0.08 0.09 0.0054 CH1.9300.08N0.09S0.0054
15 vol% 71.98 10.60 12.01 4.79 0.62 37.47 1.77 0.13 0.06 0.0032 CH1.7700.13N0.0650.0032
20 vol% 72.39 11.64 7.81 7.13 1.03 39.87 1.93 0.08 0.09 0.0053 CH1.9300.08N0.09S0.0053
25 vol% 71.62 11.58 12.22 3.87 0.71 38.72 1.94 0.13 0.05 0.0037 CH1.9400.13N0.0550.0037

¢ By difference.



H. Li et al./Bioresource Technology 101 (2010) 2860-2866 2863

deoxy-process in higher ethanol ratios runs showed that the main
deoxy-process in the present study was still CO-CO, reduction of
oxygen. However, the CO-CO, reduction of oxygen was weakened,
and the hydrogen-donor reduction of oxygen was promoted as the
addition of ethanol. Therefore, the hydrogen-donor reduction of
oxygen markedly weakened the CO/CO, reduction of oxygen,
which resulted in the decrement of gas + light fractions yield and
increment of oil yield. This might also explain the reason why
the gas products had a too low amount to be analyzed in this study.

3.3. Solvent filling ratio

The effect of solvent filling ratio on the liquefaction process was
shown in Fig. 4. The yield of oil obtained at ratio of 25 vol% was
higher than those obtained at ratio of 10, 15 and 20 vol%, while
the yields of residue obtained at ratio of 10 and 25 vol% were high-
er than those at the ratio of 15 and 20 vol%. It can be due to that the
extraction activity between sludge/free radicals and ethanol was
enhanced at ratio of 25 vol%. The increment of solvent filling ratio
contributed to the increment of reaction pressure and the density
of supercritical ethanol. Therefore, the compounds in the sludge
and free radicals obtained from decomposing process were ex-
tracted into supercritical ethanol, and then reacted with supercrit-
ical ethanol, resulting in the increment of oil products. Meanwhile,
the reason for the increment of residue yield in 100 mL run was
that the decomposition of sludge was reduced as the lack of sol-
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Fig. 4. The yield of products as a function of the solvent filling ratio at 320 °C,
sludge/ethanol 1/40 (g/mL), holding time 10 min, and without catalyst.

vent, resulting in the increment of residue yield. Second, the poly-
merization might be enhanced at higher solvent filling ratio, and
could be supported by the results of GC-MS. As shown in Table
3, the amount of phenols, naphthalenes, biphenyls, and pyrrol-
idines obtained at ratio of 25 vol%, 320 °C were higher than those
obtained at ratio of 20 vol%, 260-340 °C. The polymerization led
to the formation of larger compounds which were transferred into
oil and solid fractions during the separation process, resulting in
the increment of oil and residue fractions.

Table 3

GC-MS analysis of the oil from sludge with supercritical ethanol, in holding time 10 min and sludge 10 g, without catalyst.
Peak RT Compound 260 °C? 280 °C? 320 °C? 340 °C? 25 vol%
1 4.21 3-Ethyl-5-methyl-pyridine - 1.48 4.05 6.72 0.78
2 5.40 Tricyclo[4.2.2.0(1,5)]decan-7-ol - - - 0.53 1.08
3 6.63 2-Methyl-benzenemethanol - - 0.51 0.85 1.68
4 6.88 Butanedioic acid diethyl ester 0.59 0.80 0.85 - 0.60
5 7.39 Naphthalene 0.55 0.64 0.90 0.64 4.77
6 8.25 Acetic acid, 7-hydroxy-1,3,4,5,6,7-hexahydro-2H-naphthalen-4a-ylmethyl ester - - - 1.25 1.90
7 8.78 2,3,6-Trimethyl-phenol - - - 0.93 241
8 9.92 1-(1-Cyclohepten-1-yl)-pyrrolidine - - - 0.50 3.64
9 10.27 2-Methyl-naphthalene - - - - 297
10 10.84 Bezenepropanoic acid ethyl ester - - 0.76 0.92 1.14
11 11.80 Biphenyl - - - - 1.88
12 12.14 5,7-Dodecadiyn-1,12-bis(carbamic acid butyloxymethyl ester) - - 0.61 0.87 -
13 12.24 2-Ethyl- naphthalene - - - - 3.30
14 12.66 2,3-Dihydro-3,3-dimethyl-1H-inden-1-one - - - - 0.56
15 12.90 2,5-Bis(1-methylethyl)-phenol - - - - 1.11
16 14.28 [1-(2,4-Cyclopentadien-1-ylidene)ethyl]-benzene - - - - 0.56
17 14.49 2-Methyl-1,1’-biphenyl - - - - 1.05
18 16.76 Pentadocanoic acid 1.24 1.29 1.02 0.96 0.74
19 17.90 1,4-Benzenedicarboxylic acid diethyl ester 0.49 0.81 - - -
20 21.08 n-Hexadecanoic acid 4.07 3.73 3.24 2.95 2.22
21 21.83 13-Heptadecyn-1-ol 0.50 0.56 - - -
22 2233 Nonanedioic acid dibutyl ester 1.84 2.09 1.60 1.48 1.01
23 22.50 Heptadecanoic acid 1.42 1.66 1.22 1.10 0.76
24 23.06 Nonanedioic acid bis(2-methylpropyl) ester 1.39 1.34 1.38 1.50 0.80
25 24.56 Ethyl 9-hexadecenoate 5.04 4.13 4.25 1.74 2.65
26 25.18 Octadecanoic acid 3244 11.35 29.72 27.88 13.51
27 26.18 n-Heptadocanoic-14-methyl-methyl ester - 0.68 0.50 - -
28 26.85 Octadecanoic acid methyl ester 0.93 1.34 0.90 0.90 0.89
29 27.95 9,12-Octadecadienoic acid (Z,Z)-2,3-dihydroxypropyl ester 2.05 0.86 0.82 - 0.85
30 28.15 Ethyl oleate 6.12 4.08 5.79 3.93 4.65
31 28.27 9-Octadecanoic acid (Z)-2-hydroxy-1-(hydroxymethyl)ethyl ester 8.48 8.44 8.16 7.37 5.11
32 28.67 Heptadocanoic acid 15-methyl-ethyl ester 10.82 16.59 10.72 9.44 7.66
33 29.49 Linoleic acid ethyl ester 0.62 2.11 0.51 0.71 -
34 31.41 11-Eicosenoic acid methyl ester 0.67 1.47 0.53 - 0.51
35 31.87 Heneicosanoic acid methyl ester 1.29 1.04 1.09 1.05 0.85
36 34.54 Erucic acid 1.05 2.71 0.77 0.53 0.75
37 35.00 Tricosanoic acid methyl ester 1.10 2.32 0.82 0.74 0.81
38 40.14 Cy7Ha6 0.79 1.68 0.64 0.51 0.42
39 40.73 (5a)-Cholest-7-ene 0.62 1.68 0.67 0.67 0.46
Total 86.81 77.48 85.67 81.51 76.72

2 200 ml (20 vol%) ethanol.
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In addition, the mechanism for the effect of solvent filling ratio
on the liquefaction process was supported by the elemental analy-
sis (Table 2). The oxygen content in 200 mL (20 vol%) run was low-
er than those in 150 (15 vol%) and 250 mL (25 vol%), identifying the
halfway decomposition (10 vol% run) and active reaction (25 vol%
run) occur, respectively.

3.4. Catalyst

As shown in Fig. 5, the yields of oil and residue in Fe-catalyst
runs were mostly higher than those in alkaline and non-catalyst
runs. It was considered due to that Fe-catalysts can improve the
hydrogen transfer from hydrogen-donor solvent and/or sludge to
the fragments derived from decomposing of sludge, leading to sta-
bilization of those fragments. Therefore, the yields of oil and solid
fractions were increased. The improved hydrogenation was also
identified by results of elemental analysis. In Table 4, H and H/C
in oil in Fe-catalyst runs were slightly higher than the other runs.
It was found that the sulphur in the sludge improved the catalytic
activity of hydrogenation in this study, which accorded with the
observation reported by other researchers (Wang et al., 2007).
The lowest yield of residue of 31.33 wt% in K,CO5 run indicated
that the higher yields of oil and gas + light fractions obtained from
the liquefaction process (Karagoz et al., 2005). However, compared
with the residue yield of 32.43 wt% in no-catalyst run, the addition
of K,COs3 to liquefaction process can only contribute to the decre-
ment of 1.1 wt% for residue yield. In other words, the addition of
catalyst can not markedly increase the liquefaction conversion of
feedstock in this study. The addition of Fe-catalyst to the liquefac-
tion has a capability to promote the hydrogenation process of free
radicals, but decrease the liquefaction conversion of feedstock
(100 wt%-residue yield wt%).

In addition, specific metals in the sludge also could catalyze the
deoxy-liquefaction of sludge, i.e., Ni catalyzed the decomposition
of methane, Cr, Cu, Fe or Zn catalyzed the water-gas shift reaction,

50
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Fig. 5. The yield of products as a function of catalyst at 320 °C, sludge/ethanol 1/40
(g/mL), solvent filling ratio 20 vol%, and holding time 10 min.

Table 4
Effect of catalyst on the elemental and thermal analysis of oil.
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alkaline earth metal catalyzed the formation of water-soluble oil,
and Ca enhanced organic conversion (Dominguez et al., 2008; Xu
and Lancaster, 2008). Therefore, the addition of catalyst cannot
markedly increase the liquefaction conversion of feedstock in this
study.

3.5. Viscosity analysis

The viscosities of liquid fractions were shown in Fig. 2. The vis-
cosities of liquid fractions were in the range of 1.21-1.27 mm/s.
Compared with the viscosities of gasoline, diesel oil and biodiesel,
the order of fuel viscosities can be ranked as follows: gaso-
line < liquid fraction in this study < diesel oil < biodiesel.

3.6. Elemental analysis

Compared with the elemental composition of the crude sludge
powder (Table 1), the obtained oil fraction in mixture and pure eth-
anol runs contained higher concentrations of carbon (71.62-
73.57 wt%), hydrogen (10.60-12.48 wt%) and nitrogen (3.87-
7.46 Wt%). The empifical formula of CH2,07,1_4000'30,0.05-
No.09-0.0550.02—0.0032 for oils was contrary to CH1.6700.86N0.0750.016
for sludge (Table 1). The lower O/C ratios and oxygen content in
oil fractions might be attributed to the hydrogenation reactions
in the supercritical ethanol system due to the special roles of
supercritical ethanol in the liquefaction process as explained in
Section 3.2. Furthermore, the hydrogen content and H/C ratio in
oil fractions of this research were higher than those in feedstock,
which is likely due to the hydrogenation of supercritical ethanol
in the liquefaction process. Nevertheless, the hydrogenation does
not affect the change of nitrogen atom during the liquefaction pro-
cess, and the removal of nitrogen atom was not identified from
experiment results.

Previous researchers reported that the H/C of oil fractions were
lower than those of feedstock during liquefaction of biomass
(lignocelluloses and secondary pulp/paper sludge powder) in hot-
compressed water, hydrogen-donor solvents and mixed solvents
(Li et al., 2009; Xu and Etcheverry, 2007; Xu and Lancaster, 2008;
Yuan et al., 2007). However, comparing with previous results, the
H/C ratios of oil fractions were promoted, while O/C ratio in oil
fractions were reduced in the present study. This diversity could
be explained by the different structure between sludge and lingo-
cellulose. Among the three components of biomass, lignin was the
most difficult one to decompose, and lignin occurs mostly as ligno-
cellulose in complex association with cellulose in biomass (Demir-
bas, 2000). However, the sewage sludge appears more reactive,
suggesting different molecular structures, perhaps involving a
greater degree of bonding through thermally labile O- and S-ether
bridges. The distinctive structural characteristic of lignocellulose
make them resistant to attack by hydrogen free radical (H-) from
the hydrogen-donor solvent, and then the hydrogenation process
was enhanced in the liquefaction of sludge in supercritical ethanol.

Sample Elemental analysis (wt%) HHV(M]/kg) Elemental ratio (mol/mol) Empirical formula

C H 0 N S H/C o/C N/C S/C
None 72.39 11.64 7.81 7.13 1.03 39.87 1.93 0.08 0.09 0.0053 CH1.9300.08N0.0950.0053
Na,CO3 72.92 10.97 8.70 6.73 0.68 38.71 1.81 0.09 0.08 0.0035 CH1.9300.08N0.09S0.0053
NaOH 71.93 11.62 8.79 7.02 0.64 39.51 1.94 0.09 0.08 0.0033 CH1.9400.13N0.05S0.0037
FeSO4 72.29 12.37 6.94 7.46 0.94 41.04 2.05 0.07 0.09 0.0049 CH3.0500.07N0.09S0.0049
FeS 71.65 11.90 8.18 7.40 0.87 39.92 1.99 0.09 0.09 0.0046 CH1.9900.00N0.09S0.0046

¢ By difference.
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3.7. GC-MS analysis

To investigate the effect of temperature and solvent filling ratio
on the type of the compounds in the oil products, the oil fractions
obtained at different reaction temperatures (260, 280, 320 and
340 °C) were analyzed by GC-MS. Table 3 lists the tentative com-
pounds of the oil and PA + A fractions, which are the most probable
compounds identified by the MS search file (NIST library). Mean-
while, the oil from sludge with supercritical ethanol, at tempera-
ture (280, 320 and 340 °C) holding time 10 min and sludge 10 g,
without catalyst were analyzed by GPC. The GPC analysis (not
shown) is shown that the molecular weights of more than
85 wt% of compounds in oil fractions are smaller than 400, and
can be suitable in GC-MS.

As shown in Table 3, four esters and two acids were identified as
main compounds in different temperature, solvent filling ratio, and
catalyst, respectively, such as n-hexadecanoic acid (RT 21.08), ethyl
9-hexadecenoate (RT 24.56), octadecanoic acid (RT 25.18), 9-octa-
decanoic acid (Z)-2-hydroxy-1-(hydroxyl-methyl)ethyl ester (RT
28.27), heptadocanoic acid 15-methyl-ethyl ester (RT 28.67). n-
hexadecanoic and octadecanoic acid was observed from GC-MS
with a low amount in liquefaction of lignocelluloses (Karagoz
et al., 2004, 2005; Li et al., 2009; Wang et al., 2008; Zhang et al.,
2007), but with a high amount in liquefaction of secondary pulp/
paper sludge (Xu and Lancaster, 2008). Acids might be produced
from the decomposing of protein, and the biochemical process
for the formation of sludge increased the amount of proteins in
the feedstock.

As can be seen in Table 3, the categories and abundance of prod-
ucts with lower (retention time less than 15 min) and medium
(retention time less than 29 min) boiling points were greatly af-
fected by the temperature and solvent filling ratio. For the lower
boiling points products, the higher amount of heterocyclics (RT
4.21: 3-ethyl-5-methyl-pyridine), esters (RT 8.25: Acetic acid, 7-hy-
droxy-1,3,4,5,6,7-hexahydro-2H-naphthalen-4a-ylmethyl ester),
phenol derivatives (RT 8.78: 2,3,6-trimethyl-phenol) were obtained
at higher final temperature (340 °C), while the higher amount of
heterocyclics (RT 9.92:1-(1-cyclohepten-1-yl)-pyrrolidine), biphe-
nyl (RT 11.80: biphenyl; RT 14.49: 2-methyl-1,1’-biphenyl), esters,
phenol (RT 8.78: 2,3,6-trimethyl-phenol; RT 12.90: 2,5-bis(1-meth-
ylethyl)-phenol) derivatives, and alcohols (RT 6.63: 2-methyl-ben-
zenemethanol) were obtained at higher solvent filling ratios
(25 vol%). Those compounds almost have structure of heterocyclics
and phenol ring. Meanwhile, for the medium boiling points prod-
ucts, the lower amount of acid (RT 21.08: n-hexadecanoic acid; RT
22.50: heptadecanoic acid; RT 24.56: ethyl 9-hexadecenoate; RT
25.18: octadecanoic acid), ester (RT 22.35: nonanedioic acid, dibu-
tyl ester; RT 27.95: 9,12-octadecadienoic acid (Z, Z)-2,3-dihydroxy-
propyl ester; RT 28.27: 9-octadecanoic acid (Z)-2-hydroxy-1-
(hydroxymethyl)ethyl ester; RT 28.67: heptadocanoic acid 15-
methyl-ethyl ester) were obtained at higher final temperature
(340 °C) or higher solvent filling ratios (25 vol%). Those compounds
almost have no structure of heterocyclics and phenol ring. There-
fore, the conversion of free radical and intermediate to products
with heterocyclics and phenol ring were promoted, and the forma-
tion of medium-boiling-point compounds without heterocyclics
and phenol ring structure (such as acid, ester, etc.) was inhibited
at higher temperature and higher solvent filling ratio. In contrast
to the trend of heterocyclics yield for final temperature, the forma-
tion of heterocyclics from liquefaction process of lignocellulose was
inhibited at higher temperature (Liu and Zhang, 2008). The differ-
ence of structure and component between sludge and biomass
can contribute to that distinction. This oil contained nitrogen de-
rived from protein in the sewage sludge. This nitrogen was in the
form of pyridine and pyrrolidine, and needed to be removed from
the oil before use (Inoue et al., 1997).

Generally, the acid derivatives formed during the decomposing
and extraction process of sludge, while the ester derivatives
formed during the extraction and esterification process in super-
critical ethanol. The components in the sludge feedstock were
decomposed at the starting stage of liquefaction, and then to pro-
duce acid derivatives. The presence of supercritical ethanol could
promote the formation of esters derivatives during esterification
process. The acid and ester derivatives almost have the structure
of larger molecular weight with medium boiling point (retention
time: 20-29 min). However, the decomposing of acid and ester
derivatives to smaller radicals was promoted, and then the repoly-
merization of smaller radicals occurred at higher temperature.
Meanwhile, the free radicals from primary and decomposing pro-
cess would react with supercritical ethanol which is a hydrogen-
donor solvent via some reactions to produce compounds with het-
erocyclics and phenol ring. After those reactions, the ethanol solu-
ble products enhanced the yield of oil fractions, while the ethanol
insoluble (residue) enhanced the yield of residue fractions. Those
speculations could indicate another reason for the increment of
oil and residue fractions yield at solvent filling ratio of 25 vol% in
Section 3.3.

3.8. Metal analysis

The amounts of Zn, Cd, and Pb in oil fractions obtained at 280,
300, 340, 360 and 380 °C with sludge/ethanol 1/40 (g/mL), solvent
filling ratio 20 vol%, holding time 10 min, and without catalyst
were shown in Table 1. The concentrations of those metals in-
creased during the liquefaction process, and the highest amounts
of metals were obtained at lower temperature. Those results were
obviously different from the research results on the pyrolysis of
sludge that the heavy metals were concentrated in residue frac-
tions during pyrolysis (Caballero et al., 1997). That diversity should
be responsible for the decomposing and extraction capabilities of
ethanol in the supercritical liquefaction process, and then the hea-
vy metals were dissolved in the liquid fractions. Meanwhile, at
higher temperature, the formation of solid products made the hea-
vy metals into solid fractions and, consequently, the amounts of
heavy metals in oil fractions at higher temperature were lower
than those at lower temperature.

It is necessary for the removal of heavy metals, which was out-
side the scope of this work, to meet the requirement for commer-
cial utilization in the future as the enhanced amounts of heavy
metals in liquid fractions in the liquefaction process.

4. Conclusion

In the two reactions for the reduction of oxygen during the
deoxy-liquefaction of sludge, the form of CO and CO, was the main
process. The reactions of compounds in the sludge and free radicals
with supercritical ethanol were promoted at higher ratio. The addi-
tion of Fe-catalyst promoted the catalytic activity of hydrogenation
for free radicals, but decreased the liquefaction conversion. The
conversions of free radical and intermediate to products with het-
erocyclics and phenol ring were enhanced, and the formation of
medium-boiling-point compounds without heterocyclics and phe-
nol ring structure was inhibited at higher temperature and higher
solvent filling ratio.
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