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 Sludge carbonization governed by dehydration, depolymerization and decarboxylation.
 Additive type significant for hydrochar carbon content and carbon and energy yield.
 97–147% of the theoretical energy requirement potentially attainable from hydrochar.
 Dissolved organic components can be treated by conventional biological methods.
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a b s t r a c t
Mixed sludge from a pulp and paper mill was hydrothermally carbonized at 180–260 °C for 0.5–5 h with
the use of HCl or NaOH for determining the effect of acid and base additions during sludge carbonization.
Based on the results carbonization was mainly governed by dehydration, depolymerization and decarboxylation of sludge components. Additive type had a statistically significant effect on hydrochar carbon
content and carbon and energy yield, of which especially energy yield increased through the use of HCl.
The theoretical energy efficiencies of carbonization increased with decreasing reaction temperature,
retention time and the use of HCl and suggested that the energy requirement could be covered by the
energy content of attained hydrochar. The BOD5/COD-ratios of analyzed liquid samples indicated that
the dissolved organic components could be treated by conventional biological methods.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Hydrothermal carbonization has received considerable attention during the last 5 years (ScienceDirect, 2015) as a prominent
alternative for upgrading renewable biomass. In addition to virgin
wood and algae resources a wide variety of work has been published on pretreating agricultural and forest residues and industrial
or municipal waste biomass for material and solid fuel applications. These second generation feedstocks are promising feed
materials for hydrothermal processes as, in addition to low energy
densities and heterogeneous properties, they are hydrophilic in
nature and possess relatively high moisture contents. In addition,
they are often found readily available, low-cost and do not compete with land requirements for food production (Ho et al., 2014).
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One of the main advantages of hydrothermal carbonization is
the use of aqueous solutions under high temperature and autogenously generated pressure. Under these conditions water acts as a
solvent, a reactant or even a catalyst or catalyst precursor and
hence no prior drying of a feedstock is required (Jin et al., 2014).
During carbonization the increasing ion product of water favors
reactions which are typically catalyzed by acids and bases and
are generally understood to proceed via a network of hydrolysis,
dehydration, decarboxylation, polymerization and aromatization
of biomass components (Falco et al., 2011; Sevilla and Fuertes,
2009). As the former reaction path is largely governed by dehydration and decarboxylation it is essentially exothermic (Funke and
Ziegler, 2010; Zhao et al., 2014). Part of feedstock carbon is inevitably lost due to dissolution of organics into the aqueous phase
as minor quantities of gas are also generated. However, as
hydrothermal carbonization ideally operates under saturated
steam pressures, the latent heat requirement of evaporation can
be avoided which significantly decreases the respective energy
requirement compared to active drying required for other thermochemical treatment alternatives.
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Hydrothermal treatment of industrial and municipal sludge
materials is especially appealing due to current difficulties in
removing water from the polymeric matrix of sludge suspensions
(Mowla et al., 2013) and the potential presence of biologically
active organisms or compounds. Within the pulp and paper industry sludge is mainly generated during primary and secondary
wastewater treatment processes by mechanical, chemical or biological methods. Traditionally these residues have been disposed
of by landfilling or incineration which however suffer from weak
economics due to the need for sludge dewatering or energyintensive evaporation in the recovery boilers of pulp mills (Xu
and Lancaster, 2008). Overall, sludge management can form a
major part of the total operating costs of wastewater treatment
plants and is currently the most significant solid waste issue at
most pulp and paper mills.
Hydrothermal carbonization of municipal sludge has previously
been investigated for respective solid fuel properties and gas yield
of the liquid fraction (Danso-Boateng et al., 2015; He et al., 2013).
In addition, carbonization of faecal biomass with or without
primary municipal sludge has been reported (Danso-Boateng
et al., 2013; Fakkaew et al., 2015). Carbonization of various sludge
residues from the pulp and paper industry have also been studied
for fuel properties and process energetics (Areeprasert et al.,
2014a; Mäkelä et al., 2015), combustion characteristics
(Areeprasert et al., 2014b) and potential use as adsorbents for environmental applications (Alatalo et al., 2013). The objective of this
work was to determine the effect of acid and base additions to
the properties of hydrochar produced through hydrothermal carbonization of mixed sludge from the pulp and paper industry.
Effects of acids and bases have previously been determined for
model compounds such as cellulose (Lu et al., 2014), virgin wood
(Lynam et al., 2011) and agricultural residues (Reza et al., 2015;
Yang et al., 2015). However, no information exists on whether
these trends apply to industrial sludge materials. The attained
information on pulp and paper mill sludge will be used for evaluating possibilities for integrating hydrothermal carbonization and
wastewater treatment processes within the mills, a potentially efficient way to ease future handling and management of generated
sludge residues.
2. Methods
2.1. Sludge sampling
Sludge samples were attained from a Swedish pulp and paper
mill using virgin sulfate and recycled fiber pulp for the production
of unbleached kraft/euroliner for corrugated cardboard. Gravitational settling followed by a biological activated sludge process
was used for treating mill effluents. Approximately 300 kg of
sludge containing 60% primary sludge and 40% biosludge was sampled after primary and surplus biosludge from secondary sedimentation had been mixed and dewatered using a belt filter and a
centrifuge. The attained sample was coned and quartered to a representative 10 kg subsample which was stored in +4 °C during the
experiments. The representative sludge sample was analyzed as
described in Section 2.3 and the results are provided in Table 1.
2.2. Hydrothermal carbonization
The carbonization experiments were performed with a constant
300 g mass of mixed sludge and 75 mL of additive in a 1 L nonstirred pressure reactor (Amar Equipments PVT Ltd., Mumbai,
India). After closure the reactor was heated to reaction temperature with 1.5 kW electric heating resistance and an additional
heating plate placed under the reactor. The 1.5 kW heating

Table 1
Characterization of mixed sludge.
Parameter

Unit

Mixed sludge

Dry solids (105 °C)
Ash content (550 °C)
Higher heating value
Lower heating value
C
H
N
S
Extractive content
Hemicellulose content
Cellulose content
Lignin content

%
% (db)
MJ kg1 (db)
MJ kg1 (db)
% (db)
% (db)
% (db)
% (db)
% (daf)
% (daf)
% (daf)
% (daf)

25.6
35.4
16.3
15.1
39.2
5.6
2.1
0.0
16.6
19.5
8.0
32.5

db = dry basis.
daf = dry ash-free.

resistance was steered with a PID controller as the additional
heating plate was set to reaction temperature. Reactor pressure
was monitored from a pressure gauge, which indicated that the
pressure was approximately equivalent to saturated vapor pressure under the respective temperature range (1–5 MPa). After the
set retention time was complete, the reactor was cooled with pressurized air and the gases were released to a fume hood. The solid
and liquid phases were subsequently separated by vacuum filtration through a grade 413 VWRÒ filter paper (VWR International
LLC, Radnor, PA, USA).
The individual experiments were organized according to an
experimental design including reaction temperature (180–260 °C)
and log-transformed retention time (0.5–5 h) as continuous variables. In addition, additive type was included as a discrete variable
by using reagent grade HCl (0.01 N, pH 2.5) or NaOH (0.01 N, pH
12.1). Deionized H2O (conductivity < 6 mS cm1) was used as a
control. As the design included a discrete variable it was constructed to allow the use of dummy variables in regression modeling (Myers et al., 2009). The final design was composed of 15
individual experiments (Table 2).
2.3. Analyses
Dry solids contents of all solid samples were determined in a
drying oven at 105 °C (overnight) according to the guidelines of
international standard EN 14774-1:2009. Respective heating
values of dried samples were measured according to EN
14918:2009 by combustion under pure oxygen at 25 °C using a
Leco AC-350 oxygen bomb calorimeter calibrated with benzoic
acid. The CHNS contents were determined with a Thermo Finnigan
Flash 1112 Series elemental microanalyzer as respective oxygen

Table 2
The experimental design.
Experiment no

Reaction temperature (°C)

Retention time (h)

Additive

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

180
260
180
260
180
220
180
260
180
260
180
260
180
260
220

0.5
0.5
5.0
5.0
1.6
5.0
0.5
0.5
5.0
5.0
0.5
0.5
5.0
5.0
1.6

NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
H2O
H2O
H2O
H2O
HCl
HCl
HCl
HCl
HCl
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contents were calculated by subtraction. Sample ash contents were
determined according to EN 14775:2009 under atmospheric
conditions at 550 °C with a Heron muffle furnace (serie-74, model
12-R/300). All solid analyses were performed in duplicate and
the mean value used for further calculations. In addition, the
extractive, hemicellulose, cellulose and lignin contents of dry,
ash-free sludge were determined through extractive, holocellulose
and lignin extractions respectively described by Di Blasi et al.
(1999) and Yang et al. (2006).
Solid-state 13C cross polarization nuclear magnetic resonance
(NMR) was performed on ground mixed sludge and selected
hydrochar samples (no. 7, 10 and 15, Table 2) with a Bruker Avance
DRX500 spectrometer at a frequency of 125 MHz. For each
spectrum 8000 scans were accumulated with a contact time of
1 ms, an acquisition time of 14 ms, and a recycled decay delay of
1.5 s. All spectra were processed with a 50 Hz Lorentzian line
broadening and a 0.01 s Gaussian broadening. The shift values
were calibrated using a glycine carbonyl signal set at 176.04 ppm
relative to tetramethylsilane. The pH values of separated liquid
samples were also recorded and respective chemical oxygen
demands (COD) determined using LCK014 digestion vials (Hach
Co., Loveland, CO, USA) and measuring the chromate flux with a
DR 3800 SC spectrophotometer. In addition, the 5-day biological
oxygen demand (BOD5) of selected samples were measured
according to international standard ISO 5815-1:2003.

to the respective enthalpy values for 1, 2, 3, 4 and 5 MPa reported
by Wanger and Pruß (2002). The coefficients of the attained
polynomial were then used for determining these enthalpies at
180, 220 and 260 °C with corresponding saturated vapor pressures
of 1.0, 2.3 and 4.7 MPa reported by Lide (2005).
Principal component scores and loadings of the resulting
15  18 data matrix were determined through singular value
decomposition:

Xms ¼ USVT ¼ t1 pT1 þ t2 pT2 þ    þ tn pTn þ E

where Xms is the mean-centered and z-scaled data matrix, U an
orthogonal matrix of row scores, V is orthogonal matrix of column
loadings and S a diagonal matrix containing respective singular values of Xms. Vectors t and p denote the principal component scores
and loadings, and E the residual matrix after n components. The
scores t were calculated by multiplying with respective singular
values (tn = unsn) and both scores and loadings (pn = vn) were scaled
for plotting purposes with c = 1/4 as described by Smilde et al.
(2004).
Individual multiple regression models describing the response
columns of the data matrix were determined based on carbonization conditions. The general model equation:

y ¼ Zb þ e

1

b ¼ ðZT ZÞ ZT y

c1 ¼

c2 ¼

1 if NaOH is the discrete value
0

elsewhere

1 if HCl is the discrete value
0

elsewhere

ð1Þ

Hydrochar solid yield (%), carbon content (%), oxygen/carbon
(O/C) ratio, higher heating value (MJ kg1) and energy densification
were expressed on a dry, ash-free (daf) basis as previously
described (Mäkelä et al., 2015). In addition, respective ash, carbon
and energy yields (%) were calculated and expressed on a dry basis
(Mäkelä et al., 2015). Total organic carbon (TOC) contents of the
liquid samples were estimated from the respective COD measurements according to:

TOC ¼ mO2 

Cmw
O2;mw

ð3Þ

where mO2 denotes the mass of O2 equivalent (mg) and Cmw and
O2,mw the molecular weights of carbon and O2 (g mol1), respectively.
TOC was expressed as mg g1 (daf) feed and was also used for
calculating the carbon yield (%) in liquid samples.
The energy efficiency (%) of sludge carbonization was estimated
based on the energy content of hydrochar and the theoretical
energy requirement of carbonization. The energy requirement
was determined based on the enthalpy difference of saturated liquid at room temperature and saturated water vapor at reaction
temperature including the heating of sludge solids (Areeprasert
et al., 2014). The specific heat capacity of dry sludge was estimated
as 1.7 kJ kg1. The exact enthalpies of water vapor under reaction
temperatures were calculated by fitting a fourth-order polynomial

ð6Þ

where y is a vector of hydrochar or liquid properties, Z a coded and
mean-centered matrix including the experimental conditions and
respective interaction terms, b the model vector and e a vector of
model residuals. The variance explained by a model coefficient
was F-tested against the variance of model residuals and the
insignificant coefficients excluded from the final models. The
explanatory capability of a model was calculated through the R2
value:

R2 ¼ 1 
ð2Þ

ð5Þ

was solved by minimizing the sum of squares of model residuals e
through:

2.4. Calculations
After the analyses of solid and liquid fractions a 15  18 data
matrix (see Supplementary information) including 4 variables on
carbonization conditions and 14 measured or calculated responses
describing hydrochar and liquid properties was constructed. In
addition to reaction temperature and retention time the effects
of HCl and NaOH were included through the use of dummy
variables c1 and c2, where:

ð4Þ

SSres
SStot

ð7Þ

where SSres denotes the sum of squares of model residuals e and
SStot the total sum of squares of y corrected for the mean.
Calculations and data plotting were performed with MatlabÒ (The
Mathworks, Inc.), DesignExpertÒ (Stat-Ease, Inc.) and OriginLabÒ
(OriginLab Corporation) software packages.
3. Results and discussion
Combined hydrochar and liquid recoveries were within 91–94%
during the experiments. The solid content of hydrochar increased
to a maximum of 53% depending on reaction temperature and
retention time (p < 0.01). However, the ash content of hydrochar
also increased within a range of 35–48% due to the decomposition
of sludge components during carbonization. Respective ash yields
varied in the range 81–99% and were found inversely correlated
with reaction temperature (p < 0.05).
Three possible outlier values were found within the carbon
contents of attained hydrochar during the interpretation of
principal components, which also affected char carbon yields and
O/C-ratios. To verify the outliers, individual linear regression
models were respectively calculated based on only 12 observations,
which increased the R2 values of the models from 0.55–0.72 to
0.93–0.96. The reduced regression models were then used for predicting and replacing the outliers after which the regression models
were refitted with 15 observations. The following results are based
on the corrected data.
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Based on the second principal component, no correlation was
found between the use of HCl or NaOH and the post-treatment
pH values of the liquid samples (Fig. 1(a)). This indicated that
the hydronium and hydroxide ion concentrations provided by the
additives were neutralized during carbonization, most likely due
to the well-known production of carboxylic acids during
hydrothermal carbonization of biomass (Danso-Boateng et al.,
2015; Hoekman et al., 2011; Weiner et al., 2014). However, the second principal component suggested that the addition of HCl
increased the carbon contents and respective carbon yields in the
solid and thus seemed to enhance the energy yield and energy efficiency of carbonization (Fig. 1(a)). The third principal component
explained mainly correlations between reaction temperature,
retention time and post-treatment liquid pH. As illustrated in
Fig. 1(b), increasing reaction temperature lowered post-treatment
liquid pH. However, retention time correlated with increasing liquid pH which could be an indication of further transformation of
produced acids under prolonged retention times. The first three
principal components explained approximately 89% of variation
in the corrected results.
3.2. Chemical structure of sludge and hydrochar

Fig. 1. Biplots of experimental scores and variable loadings on the (a) first and
second and (b) first and third principal components (PCs). Solids: char solids
content (%), Ash: ash content (%, db), SY: solid yield (%, daf), AY: ash yield (%, db), C:
char carbon content (%, daf), CY: char carbon yield (%), O/C: char O/C-ratio, HHV:
char heating value (MJ kg1, daf), ED: energy densification, EY: energy yield (%), EE:
energy efficiency (%), pH: liquid pH, TOC: liquid TOC (mg g1 feed, daf) and CYL:
liquid carbon yield (%).

3.1. Principal components
Correlations between experimental conditions and attained
hydrochar or liquid properties are conveniently illustrated through
the use of principal component loadings. As illustrated in Fig. 1, the
first principal component included the effects of reaction temperature and retention time which generally determine reaction
severity. Reaction temperature and retention time correlated with
the carbon content of the solid and thus increased hydrochar heating value and energy densification (Fig. 1(a)). However, respective
solid and carbon yields were simultaneously decreased coupled
with a decrease in the energy yield and energy efficiency of carbonization. In addition, sludge decomposition during carbonization increased the TOC content and carbon yield of the liquid
samples.

The NMR results suggested that untreated sludge was mainly
composed of cellulose and hemicellulose sugars. The spectral
region at 0–120 ppm characteristic for sp3 carbon atoms indicated
a wide distribution of CHx sites. Chemical shifts within 0–40 ppm
are generally related to acetyl methyl groups of hemicellulose carbon, an up-field shoulder at approximately 60 ppm to C-6 carbon
and peaks at 70–80 ppm to C-2, C-3 and C-5 carbons (Bardet
et al., 1986; Wikberg and Maunu, 2004). In addition, a minor signal
at approximately 85 ppm indicated the presence of C-4 carbons
and a well-resolved peak at 105 ppm the anomeric C-1 carbon of
sugars (Bardet et al., 1986; Wikberg and Maunu, 2004). No noticeable peaks were found with untreated sludge within 120–160 ppm
which are generally characteristic for sp2 carbon atoms in the C@C
double and OAC@C oxygen bonds (Holtman et al., 2006). Nor did
the spectra support the presence of C@O groups in either
carboxylic acids (170–200 ppm) or ketones and aldehydes
(200–220 ppm) of hemicellulose.
Based on the spectra of hydrochar samples, hydrothermal carbonization did not lead to considerable changes in the chemical
structure of sludge until higher reaction temperature and retention
time. The spectra after carbonization at 180 °C for 0.5 h and at
220 °C for 1.6 h were almost identical to that of untreated sludge.
However, the aliphatic carbon signals within 40–120 ppm disappeared almost completely after carbonization at 260 °C for 5 h
indicating a high decomposition of carbohydrates. The remaining
wide peak associated with the acetyl methyl group of cellulose at
0–40 ppm suggested that alkyl carbon was still present. The small
peaks associated with lignin and the methoxyl groups of lignin at
approximately 140 and 56 ppm (Holtman et al., 2006; Park et al.,
2013), respectively, were also more distinguishable after carbonization at 260 °C for 5 h most likely due to the decomposition
of carbohydrates. The relatively low increase in the intensity of
aromatic peaks indicated that sludge carbonization was mainly

Table 3
The statistical significance of process variables for individual response models.
Model
Unit

Solid yield
% (daf)

C content, char
%, daf

C yield, char
%

C yield, liquid
%

O/C-ratio, char
–

Energy densification
–

Energy yield
%

Energy efficiency
%

Temperature p-value
Retention time p-value
Additive p-value
Model R2

<0.01
<0.01
>0.10
0.96

<0.01
<0.01
<0.01
0.97

<0.01
0.08
<0.01
0.96

<0.01
0.07
>0.10
0.94

<0.01
<0.01
<0.01
0.94

<0.01
0.06
>0.10
0.87

<0.01
0.05
0.06
0.86

<0.01
0.04
0.07
0.88
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Fig. 2. Response contours of (a) hydrochar solid yield (%, daf), (b) carbon yield (%), (c) liquid carbon yield (%) and (d) hydrochar energy yield (%) as functions of reaction
temperature and retention time using HCl, H2O (control) or NaOH as an additive.

governed by dehydration, depolymerization and decarboxylation
rather than polymerization and aromatization of sludge
components.
3.3. Individual response models
The effect of acid and base additions to hydrochar and liquid
properties were further evaluated through the determination of
individual response models. As illustrated in Table 3, the effect of
additive type was statistically significant (p < 0.05) for the carbon
content, carbon yield and O/C-ratio attained hydrochar. However
these differences were more pronounced with the use of NaOH,
which decreased carbon content, carbon yield and increased
O/C-ratio, than with HCl compared to the control. Significance of
additive type for hydrochar energy yield and energy efficiency
(p < 0.10) supported the information attained by principal components and indicated that acidic additives can enhance the energy
yield and overall energy efficiency of sludge carbonization. Previously the effect of HCl and NaOH during hydrothermal carbonization of cellulose has been reported by Lu et al. (2014). The authors
found that both additives had a significant effect on solid yield,

carbon content and oxygen content of hydrochar carbonized at
250 °C for 1–1.5 h likely due to reaction kinetics. In addition,
Lynam et al. (2011) found that acetic acid additions affected cellulose dissolution and respectively decreased solid yield and
increased energy densification of loblolly pine. Reza et al. (2015)
also reported lower mass yields and higher carbon contents in
hydrochar produced from wheat straw through the use of acetic
acid. It should be noted that if the additives become partly or
entirely neutralized during carbonization their use can be
unattractive in industrial scale as they require large inputs of acid
or base or expensive recovery and regeneration cycles (Kumar
et al., 2015). Potential positive effects of NaOH or sodium salts
would have practical relevance for pulp and paper mills as they
are continuously used, recovered and regenerated during the
chemical recovery cycles of kraft pulp mills.
As illustrated by our results in Fig. 2, hydrochar solid yield was
not considerable affected by the use of HCl or NaOH during sludge
carbonization. Although the NMR spectra of hydrochar suggested
no considerable changes in the chemical structure of sludge a part
of the sludge matrix was decomposed during carbonization at
180 °C for 0.5 h. It is likely that the polymeric matrix of bacterial
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biomass from secondary sludge became soluble at temperatures
lower than 180 °C thus affecting respective solid yields. The effect
of additive type on hydrochar carbon yield is clearly illustrated in
Fig. 2. However, although the use of NaOH decreased char carbon
yields, no clear difference could be seen between HCl and the control. Minor differences could be seen in the carbon yields of the liquid samples between HCl and the control although additive type
was found statistically insignificant for the response model
(Table 3). Hydrochar energy yield was increased with the addition
of HCl as also suggested by the principal components (Fig. 1).
Theoretical energy efficiencies were determined to estimate the
feasibility of sludge carbonization. Based on the results the energy
content of attained hydrochar ranged from 97% to 147% compared
with the energy requirement of carbonization. Higher efficiencies
were attained at lower reaction temperature and retention time
due to increasing solid and energy yields (Fig. 2). In addition, the
use of HCl increased respective efficiencies compared to the use
NaOH. As an example, carbonizing sludge at a reaction temperature of 220 °C with a retention time of 1 h without additives would
provide respective hydrochar solid, carbon and energy yields of
69 ± 4%, 85 ± 2% and 78 ± 4% with 95% certainty. At these conditions, the produced hydrochar would contain 117 ± 6% of the
energy theoretically required for sludge carbonization. Based on
our previous work (Mäkelä et al., 2015) reactor solid load plays
an important role in enhancing the theoretical energy efficiency
of hydrothermal carbonization. Hence in future efforts, sludge
should be carbonized at high reactor solid loads coupled with the
treatment of separated liquid at the wastewater treatment plants
of pulp and paper mills. The determined BOD5/COD-ratios of 4
liquid samples attained at 180–260 °C for 0.5–5 h were in the
range 0.4–0.6 suggesting that the dissolved organics of analyzed
samples were sufficiently biodegradable to be treated by
conventional biological methods (Berge et al., 2011).
4. Conclusions
Hydrothermal carbonization shows promise for mixed sludge
treatment. Sludge carbonization was governed by dehydration,
depolymerization and decarboxylation rather than polymerization
and aromatization of sludge components. Although used additives
were neutralized during carbonization, additive type had a statistically significant effect on hydrochar carbon content and respective
carbon and energy yield. Especially energy yield was enhanced
through the use of HCl. The theoretical energy efficiencies suggested that 97–147% of the energy required for carbonization could
be attained from the produced hydrochar. The BOD5/COD-ratios of
liquid samples indicated that the dissolved organic components
could be treated by conventional biological methods.
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