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Abstract
Although nowadays landspreading and incineration are the conventional disposal methods for the primary sludge (PS) and 
biosludge (BS) generated in the wastewater treatment plants of the pulp mill industry in Uruguay, their direct incineration 
for energy recovery is the most preferable one. Here, we propose the hydrothermal carbonization (HTC) method as a pre-
treatment to improve the fuel characteristic of PS and BS. Proximate and ultimate analysis, scanning electron microscopy, 
and thermogravimetric analysis show that the HTC affects PS and BS differently regarding carbon fixation, energy densifica-
tion and energy conversion efficiency. Moreover, ash composition measured by X-ray fluorescence indicates that the HTC 
effectively diminishes the slagging and fouling indexes for both feedstocks, which can increase the life expectancy of boil-
ers. Alternative PS, BS, and their hydrochars were activated with H3PO4 to produce activated carbons, i.g. the BET specific 
surface area was as high as 800 m2/g for PS-AC, and exhibits CO2 adsorption capacity of 5 mmol/g at 10 bar at 273 K. These 
studies provide alternatives to direct incineration and landspreading of PS and BS in Uruguay to reduce their environmental 
impact, either by enhancing their fuel quality or by converting them into much more valuable products to face air pollution.

Graphical Abstract

Keywords  Valorization · Sludge · Biofuel · Activated carbon · CO2 adsorption

Statement of Novelty

The paper focuses on a hydrothermal approach as pre-treat-
ment to improve the fuel quality of two residues from the 
wastewater treatment plant of the pulp mill industry in Uru-
guay. It includes the analysis of the different response of 
both feedstocks based on their unique nature. Alternatively, 
the paper proposes the preparation of low-cost activated 
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carbons immobilizing inorganic material and their perfor-
mance as CO2 adsorbents.

Introduction

Worldwide, the demand for cellulose continues to grow 
steadily, being Uruguay an attractive location for cellulose 
pulp companies looking for price and quality in their prod-
ucts. Currently, two pulp industries operate in Uruguay, 
UPM and Montes del Plata. Both use the chemical Kraft pro-
cess to produce approximately 1.3 MADt1 of fully bleached 
Eucalyptus pulp per year each [1, 2]. The main drivers for 
investments in the region are the availability, fast growth 
rate, and good quality of Eucalyptus wood, together with 
a legal framework for the promotion of the free trade zone 
regime2 and the forest law.3 In this context, a second pulp 
mill industry is being built by UPM company in the center 
of the country (Paso de los Toros city) with a higher produc-
tion capacity of 2.1 MADt per year with the possibility of 
increasing it by 11% [3].

During the processing of Eucalyptus fibers to obtain cel-
lulose, large amounts of solid waste are generated, mainly 
in the form of sludge from the wastewater treatment plant 
(WWTP). For instance, the effluents generated in the UPM 
Fray Bentos pulp mill (mainly from the bleaching pro-
cess) are treated in a WWTP composed of a conventional 
activated sludge system with an installed capacity to treat 
approximately 73,000 m3/day [4]. The sludge settled out in 
the primary sedimentation tank (primary sludge), composed 
mainly of fibers and suspended solid, is dewatered in two 
screw filter presses with a total capacity of 33.8 total dry 
solids (t DS)/d. Similarly, the activated sludge from the sec-
ondary sedimentation tank (biosludge) is treated in a grav-
ity table and a decanter centrifuge with a capacity of 17 t 
DS/d. Then, dewatered biosludge is dried in two biosludge 
bed dryers with steam moisture less than 10%. Currently, it 
generates 30,000 t/year on wet basis (60–80% humidity) of 
primary sludge and around 10,000 t/year on wet basis (95% 
humidity) of biosludge [5]. After dewatering, primary sludge 
and biosludge are transported to their final disposal site in 
landspreading (in forest plantations).

On the other hand, the forestry activity represents 3.8% of 
the GDP in Uruguay. Therefore, to assure the sector’s long-
term productivity, it is crucial to mitigate the environmen-
tal impact caused by their residues. In this line, responsible 

waste management is one of the commitments of companies 
in Uruguay, reflected in the goal “zero waste to landfill to 
2030”. An industrial fluidized bed biomass boiler to inciner-
ate WWTP sludge is a short-term solution for this problem. 
Nonetheless, this option suffers from weak economics due to 
the need for sludge dewatering or energy-intensive evapora-
tion in the recovery boilers, apart from environmental con-
cerns such as atmospheric emissions and ash disposal [5]. 
Therefore, evaluating other valorization technologies apart 
from energy recovery by incineration is on the company’s 
agenda [6].

Hydrothermal carbonization (HTC) technology is an 
attractive pretreatment alternative to the direct incineration 
of biomass and biomass waste [5]. Despite its almost one 
hundred years, the HTC method has become more signifi-
cant in recent years because it is relatively simple and envi-
ronmentally friendly. It involves the thermal treatment of wet 
feedstock under autogenously generated subcritical water 
pressure. Usually, the reaction occurs in an autoclave under 
mild conditions, that is, at 180–250 ºC and 2–3 MPa for sev-
eral hours. Thereby the organic materials can be converted 
into carbon-rich solid materials with higher calorific value, 
involving low operational cost.

The HTC method is desirable as a pretreatment solution 
in managing primary sludge (PS) and biosludge (BS). Dur-
ing the HTC process of biomass, a series of decomposition 
reactions such as dehydration, and decarboxylation happen 
with the consequent release of water and carbon dioxide 
from the feedstock’s structure while fixing the carbon in an 
easily separable solid phase, denoted as hydrochar [7, 8]. 
After treatment, the initial volume of solid waste is consid-
erably reduced, as well as its potential toxicity. In addition, 
the hydrochar can be easily pelletized to be stored and used 
on demand, for soil amendment, biofuel, or as a precursor to 
producing activated carbons [9, 10]. In the literature, the pro-
duction of activated carbon using hydrochars from several 
wet feedstocks (e.g., sewage sludge, paper sludge, organic 
waste, biomass waste) has received increasing attention due 
to the wide range of applications of this material, such as 
environmental remediation and energy storage [9–12].

Since the differences in chemical compositions (the 
nature of the organic fraction and ash composition) among 
the various paper and pulp sludge result in divergences in 
the resulting hydrochar [12–14], and the incineration of the 
PS and BS from the bleached Eucalyptus Kraft pulp mill 
in Uruguay is imminent; the first goal of this work is to 
evaluate the effect of the hydrothermal treatment on the 
fuel characteristic of these residues. A second objective is 
to evaluate the valorization of PS and BS and their resulting 
hydrochars, utilizing them as activated carbon precursors for 
CO2 adsorption applications.

1  ADt: air dry ton.
2  Ley 15.921 del 17 de diciembre de 1987, y su Decreto Reglamen-
tario 454/88 del 8 de julio de 1988,
3  Ley 15.939 del 28 de diciembre de 1987 y modificativas, y su 
Decreto reglamentario 452/88 del 6 de julio de 1988 y modificativos.
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Materials and Methods

Raw Materials

The primary clarifier sludge, primary sludge (PS), and the 
secondary clarifier sludge, biosludge (BS) were supplied 
by an Uruguayan pulp industry (Fig. S1). BS was dried 
in the WWTP before being sent to the laboratory and a 
moisture of 5.7% remains. PS was received with moisture 
of 69.3%.

Hydrothermal Carbonization (HTC) Experiments

The hydrothermal carbonization experiments were per-
formed using 60  g of total mass (sludge + water) in a 
250 ml stainless steel hydrothermal autoclave with a PTFE 
inner chamber. The BS was humidified with distilled water 
up to 75% of moisture, while PS was used as received, 
with a moisture of 69.3%. Table 1 summarizes the experi-
mental conditions. After the treatment, the reactor was 
cooled down, the solid was filtered under vacuum, dried 
in an oven overnight at 105ºC, and weighted for mass bal-
ance calculation.

Proximate Analysis

The PS and BS and all hydrochars were analyzed for 
moisture, volatile matter (VM), fixed carbon (FC) and ash 
content (ASH). Moisture was calculated by the difference 
between the sample weight before and after being exposed 
overnight at 105 ºC in an oven. The VM and ASH were 
tested according to the protocol ASTM D 3172–3175. The 
FC was calculated on dry basis according to Eq. (1):

Hydrochars 220PS24 and 220BS12 were selected to 
analyze their fuel characteristics and, as precursors to 
produce activated carbons. The morphology of the raw 

(1)FC = 100 − VM − ASH

materials and the selected hydrochars was characterized by 
scanning electron microscopy (SEM) with a JEOL JSM-
5900LV equipment under 20 kV of the voltage supply. 
The elemental composition of different zones was made 
with an Energy Dispersive Spectrometer probe (Thermo 
Noran system 7).

Liquid Fraction Analysis

Analytical parameters for the liquid fraction obtained after 
HTC experiments such as total chemical oxygen demand 
(COD), total nitrogen (TN), total phosphorus (TP), and total 
suspended solids (TSS) were determined according to the 
standard methods 5220-D, DIN EN ISO 11905-1, 4500-P 
E and 2540D, respectively [13]. A spectrometer Spectro-
quant® Prove 300 and a digestor Spectroquant® TR 320 
were used for the determination.

Ultimate Analysis

The PS, BS, 220PS24, and 220BS2 were dry at 105 °C prior 
to ultimate analysis. The elemental components quantifica-
tion, including hydrogen (H), carbon (C), nitrogen (N), and 
sulfur (S), was performed with CHNS/O Thermo Scientific 
FLASH 2000 instruments. Oxygen (O) was determined by 
difference (O% = 100%–C%–N%–H%–S%–ASH).

The High Heating Value (HHV) was determined follow-
ing the protocol ASTM D5865 with a Calorimetric bomb, 
model Parr 1341, equipped with a 6672 precision thermom-
eter. The determination was performed with 0.5 g of sample. 
For each determination, the correction for the heat of the 
acid formation was applied according to the calorimetric 
bomb manual.

Determination of Combustion Indexes

Thermogravimetric analysis (TG) was performed using a 
SHIMADZU TGA-50 thermal analyzer at heating rates of 
5 °C/min with temperatures ranging from room tempera-
ture (ca. 20–25 °C) to 900 °C. Compressed air was used for 
combustion experiments at 50 mL/min. About 2.5 ± 0.2 mg 
sample was weighed and placed in a platinum crucible.

The TG and DTG (derivative thermogravimetric) curves 
allow identifying different combustion temperatures and 
combustion indexes. The ignition temperature ( Ti ) repre-
sents the temperature at which the sample starts to burn, 
determined by the TG-DTG intersection method [15]. The 
maximum peak temperature ( Tp ) represents the temperature 
corresponding to the peak of the DTG profile. The burnout 
temperature ( Tb ) represents the point at which mass stabili-
zation occurs [16]. The combustion indexes are the ignition 
index (Di), the burnout index (Db), the combustion index (S), 

Table 1   Experimental 
conditions and sample code

190 °C 220 °C

PS
2 h  190PS2 220PS2
12 h  190PS12 220PS12
24 h  190PS24 220PS24

BS
2 h  190BS2 220BS2
12 h  190BS12 220BS12
24 h  190BS24 220BS24
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and the combustion stability index (Hf). They are calculated 
using Eq. (2–5) [17].

where DTG max is the maximum combustion rate expressed 
in wt%/min, DTG mean is the mean combustion rate expressed 
in wt%/min, tp is the maximum peak time in min, ti is the 
ignition time in min, and t0.5 is the time range of DTG/DTG 
max = 0.5 in min.

Determination of Slagging and Fouling Indexes

The quantitative elemental composition analysis of the 
combustion ash of PS, BS, 220PS24, and 220BS2 was 
measured by X-ray fluoresce (XRF) technique using a 
Niton XL2 XRF ThermoFisher Scientific analyzer in 
mining mode. The elements found in ash are reported 
as the weight percentage of their stable oxides, such as 
SiO2,Al2O3, TiO2,Fe2O3,CaO,MgO,Na2O,K2O,P2O5,

SO3 . The basic to-acid ratio (RB/A) is calculated by Eq. (6) 
[18, 19]:

The Slagging index (RS) is calculated using Eq. (7):

where Sd is the percentage of sulfur in dry basis in the solid 
fuel.

The Fouling index (Fu) is calculated using Eq. (8)

Activated Carbon Synthesis and Characterization

Hydrochars 220PS24 and 220BS2 were selected as activated 
carbon precursors since they showed the highest FC content. 
The precursors were impregnated with a 44 wt% solution 
of phosphoric acid (1 g of precursor for 2 ml of solution) at 

(2)Di =
DTGmax

tP ⋅ ti

(3)Db =
DTGmax

t0.5 ⋅ tb ⋅ ti

(4)S =
DTGmax ⋅ DTGmean

T2

i
⋅ Tb

(5)Hf = Tp ⋅ ln

(

t0.5

DTGmean

)

× 10−3

(6)

RB/A =

(

Fe2O3 + CaO + MgO + Na2O + K2O + P2O5

SiO2 + Al2O3 + TiO2

)

(7)RS = RB∕A ⋅ S
d

(8)Fu = RB∕A ⋅
(

Na2O + K2O
)

boiling point for 1 h. Afterward, the impregnated precursor 
was placed in an oven at 105 ℃ overnight for drying. Next, 
the sample was heat treated in a tubular horizontal furnace 
(SNOL company) under a flow of 100 ml/min (heating rate 
2 ℃/min) at 450 ℃ for 2 h. Finally, the sample was washed 
with distilled water to removed other reaction products and 
dry overnight in an oven at 105 ℃. The hydrochars-derived 
activated carbons were labeled 220PS24-AC and 220BS24-
AC, where AC is referred to as activated carbon.

The nitrogen adsorption/desorption isotherms at 77 K 
were carried out using an ASAP 2000 sorption analyzer 
from Micromeritics. Before any measurement, the samples 
were degassed at 423 K for 12 h. First, the specific sur-
face area (SSABET) was calculated using the equation from 
Brunauer–Emmett–Teller (BET) in the range that fits to the 
consistency criteria proposed by Rouquerol and Llewellyn 
[20]. Next, the total pore volume (Vt,0.9) was calculated at a 
relative pressure of 0.90, according to the Gurvich rule, and 
the microporosity by applying the Dubinin-Radushkevich 
equation (VN2,DR). The difference between Vt,0.9 and VN2,DR 
is considered as the mesopore volume (Vmeso). Finally, pore 
size distribution was calculated by applying the Quenched-
Solid Density Functional Theory (slit pore, QSDFT equilib-
rium model) to the nitrogen adsorption isotherm data.

CO2 adsorption data at 273 K were obtained using an 
ASAP 2050 sorption analyzer from Micromeritics. Before 
to any measurement, the samples were degassed at 423 K 
for 12 h. Then, the microporosity was calculated by apply-
ing the Dubinin-Radushkevich equation (VCO2,DR), and the 
micropore size distributions were evaluated by the modified 
Horvath-Kawazoe method for pores with slit geometries [19, 
20].

Isosteric Heat of CO2 Adsorption

The isosteric heat of adsorption (Qst) in Kj/mol was cal-
culated by applying the Clausius–Clapeyron approach [21] 
Eq. (9), to CO2 adsorption isotherms using three tempera-
tures, 273 K, 298 K and 323 K.

where p is the equilibrium pressure in kPa, T is the tempera-
ture of adsorption in K and R is the universal gas constant, 
8.314 kJ/mol/K. The equilibrium pressure (p) for each CO2 
amount adsorbed (nads) where estimated using a non-linear 
interpolation from the data of the experimental isotherms 
at the three temperatures (273, 298, and 323 K). The slope 
of the straight line of the adsorption isosthere (ln p versus 
1/T) corresponds to the isosteric heat of CO2 adsorption for 
a defined CO2 amount adsorbed.

(9)Qst = R ⋅

[

�lnp

�(1∕T)

]

nads
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Results and Discussions

Hydrothermal Carbonization (HTC)

The studied HTC parameters, such as reaction temperature 
(190 and 220 ℃) and residence time (2, 12, 24 h), have a 
strong influence on the evolution of the solid yield for the 
primary sludge (PS), although not for the biosludge (BS). 
For PS, the yield has a clear downward tendency, from 75 
to 41%, as the reaction conditions become severe (Fig. 1a). 
In contrast, this value is already small at the less severe 
condition (190 ℃ and 2 h) for BS, and oscillates between 
48 to 56% (Fig. 1b). The mass balance (Fig. 1c, d) shows 
that only a minor fraction of gas is formed (0.01–0.03) for 
both feedstocks, while the liquid fraction is the highest. The 
latter varies in a range of 0.76–0.86 for PS. The solid frac-
tion varies oppositely in the range of 0.13–0.23, following 
a similar tendency as the solid yield. In the case of BS, the 
liquid, and solid fractions barely change with reaction condi-
tions (0.84–0.87 and 0.12–0.14, respectively). Overall, these 
results anticipate a lower hydrothermal reaction resistance 

of the BS than the PS (note that the yield is 50% for BS and 
72% for PS at the less severe HTC conditions), likely due 
to their different chemical nature: PS originates in the so-
called ‘fiber effluent’ of the industrial process (biomass rich 
in cellulose, hemicellulose, and lignin) and BS in the active 
sludge reactor (biomass mainly composed of microorgan-
isms, bacteria, and protozoa) [22]. Previous reports where 
HTC was applied to sewage sludge (composition similar to 
BS) showed that early liquefaction is promoted at 150 ºC 
due to the solubilization of small organic compounds and 
decomposition of the nitrogen compounds from proteins 
[23, 24].

The proximate analysis provides further information 
about biomass waste transformation after the hydrothermal 
treatment. It determines the percentage of fixed carbon (FC), 
volatile matter (VM), and inorganic compounds (Ash) on 
dry basis. The results follow a similar tendency for both 
feedstocks when increasing the reaction severity: an increase 
of the fixed carbon, a reduction of the volatile matter, and 
a rise in the ash content (Fig. 2). Nonetheless, the reaction 
conditions affect the PS and BS transformation and carbon 
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fixation differently. For instance, hydrochar 220PS24 dou-
bles the content of fixed carbon from 12.3% of the PS to 
28.4% (Table S1). In contrast, the volatile matter decreases 
almost by half, from 66.8% to 35.1%. Conversely, the ash 
content rises from 20.9% to 36.5%, indicating that practically 
all the inorganic compounds remain in the solid fraction dur-
ing the HTC treatment. 220PS24 was selected for further 
characterization as it shows the highest fixed carbon content. 
Interestingly, increasing the reaction temperature and resi-
dence time does not significantly affect the fixed carbon con-
tent for BS as feedstock. For instance, after the hydrothermal 
treatment at 220 ºC for 2 h (hydrochar 220BS2), it rises from 
11 to 15.1%, but it barely changes to 15.5% for 24 h (hydro-
char 220BS24). For hydrochar 220BS2, the ash content is 
37.2%, considerably higher than that of the untreated BS 
(27.7%); and the volatile matter content is 47.7% (lower than 
the value of 61.3% of BS). In terms of energy saving in the 
process, hydrochar 220BS2 seems more convenient, and it 
was selected for further characterization.

The scanning electron microscopy (SEM) image enables 
visual examination of the feedstock morphology before and 
after the hydrothermal treatment. The SEM image (Fig. 3a) 
for the primary sludge shows long cellulose fibers that seem 
to be glued to each other forming skeins without any order. 
The morphology after the HTC treatment was dramatically 
altered (Fig. 3b). The fibers lose their identity in the hydro-
chars 220PS24, and irregular round microparticles appear, 
similar to flakes. The Energy Dispersive Spectrometry 
(EDS) measurements show the chemical composition of dif-
ferent zones on the surface particle (Table S2). The results 
indicate that the carbon content increases from 38.4 to 48.6 
wt% while the oxygen content decreases from 55.1 to 39 
wt%, which confirms the decomposition of cellulose fibers 

and the carbon fixation process. Small amounts of inorganic 
compounds such as Si, Ca, and Al are also detected, most 
likely coming from the additives and flocculants used in the 
wastewater treatment plant. In the case of the hydrochar 
220BS2, the SEM image resembles as that of BS, except 
for its larger particle size, indicating that agglutination hap-
pens during hydrothermal treatment. In this case, the surface 
chemical composition of BS and 220BS2 (Table S2) shows 
very similarly carbon and oxygen content, evidencing the 
inefficiency in the carbon fixation process. The BS shows 
Fe, S, P, Mg, and Na apart from Si, Ca, and Al. Na is not 
detected in the hydrochar 220BS2, indicating that it migrated 
into the liquid fraction during the hydrothermal process.

The liquid fraction after the HTC process depends 
on the initial moisture content of the PS and BS and the 
water/feedstock ratio, which was fixed in ca 0.75 and 0.69, 
respectively. However, hydration water and soluble organic 
and inorganic compounds from the feedstock are leaching 
during the hydrothermal process, contributing to the liquid 
fraction in the mass balance. In addition, organic compo-
nents of the sludge, such as cellulose, lignin, and hemicel-
lulose, decomposed into smaller products that migrate into 
the aqueous phase giving a characteristic brownish color. 
Therefore, physicochemical analysis of the liquid fraction 
(Table 2) enables further information about the perfor-
mance of PS and BS feedstock during the hydrothermal 
process. The resulting values of chemical oxygen demand 
(COD), total nitrogen (TN), and total phosphorous (TP) 
are elevated in the liquid fraction of 220BS2 compared 
to that of 220PS24, being 113 vs. 52.5 g/L DQO, 8900 
vs. 42 mg/L TN and 205 vs. 31.5 mg/L TP, respectively. 
The striking TN value (which includes NH4

−, NO3
−, and 

NO2
−) can be explained since nitrogen is the nutrient 
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(urea) for the active sludge in the reactor, which ends up 
in the biosluge. Part of it is expected to solubilize in the 
aqueous phase during the hydrothermal treatment. In addi-
tion, nitrogen comes from the deamination of the intensive 
hydrolysis of proteins, and nucleic acid of the microor-
ganism most likely contributes to the increased TN value 
[25–27]. The pH 7 remains unchanged after treatment in 
the case of BS. Conversely, the pH decreases from 7 to 
3.9 for PS as feedstock, probably due to the presence of 
carboxylic acids (i.e., lactic, acetic, formic, propionic acid, 
among others) produced during the hydrothermal carboni-
zation of the cellulose and other organic compounds such 
as hemicellulose and lignin [28, 29]. Further investigation 
of the degradation products in the liquid fraction has to 
be done to evaluate possible valorization routes [29, 30]. 
Meanwhile, the water recovery from the HTC treatment 
must be returned to the wastewater treatment plant before 
discharge, according to Uruguayan legislation [31].

Fuel Properties

From the ultimate analysis, the elemental composition and 
the atomic H/C and O/C ratio can be calculated (Table 3). 
These parameters indicate the degree of biomass condensa-
tion and carbon fixation through the decarboxylation (release 
of CO2) and dehydration (release of H2O) reaction [8], 
which is very well represented in the van Krevelen diagram. 
It illustrates the successive stages of the geological trans-
formation of the biomass up to reaching anthracite accom-
panied by energy densification (C–C bond energy is higher 
than C–O and C–H bonds). According to this diagram, the 
chemical composition of the PS is located in the biomass 
area, while the hydrochars 220PS24 approximates to coal 
(Fig. 4). This is consistent with an increment of the high heat 
value (HHV) from 12.7 to 17.7 MJ/Kg, which means energy 
densification of 39%. The fuel ratio (FC/VM) also enhances 
from 0.18 to 0.81. For BS, the scenario changes, the H and O 
content decreases, and the fuel ratio increases from 0.18 to 
0.31. However, a diminution in the carbon content prevents 

Fig. 3   SEM images for a PS, 
b hydrochar 220PS24, c BS, d 
hydrochar 220BS2

Table 2   Physic-chemical 
properties of the liquid fraction 
for HTC treatment

*BOD value, which is considered as half of COD value, according to reference [32]

Feedstock Temperature ºC Time h Initial pH Final pH COD g/L TN mg/L TP mg/L TSS mg/L

PS 220 24 7 3.9 52.5 42 31.5 1100
BS 220 2 7 7 113 8900 205 380
Decree 253/79 water course 6–9 0.06 5 5 150
Decree 253/79 sewarage 5.5–9.5 0.7* – – 700
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the energy densification of this kind of biomass waste. The 
HHV is practically identical for BS and 220BS2, being 16 
and 15.4 MJ/Kg, respectively. The position in the van Krev-
elen diagram of 220BS2 is similar to that of peat. Last but 
not least, the energy conversion efficiency of the process 
calculated according to ref [33] is 57% and 48% for PS and 
BS feestocks. This value takes into account not only the high 
heat value but also the carbon yield.

Despite the lack of energy densification for BS after 
hydrothermal treatment, its fuel quality can still enhance. 
For instance, a low sulfur (S) and nitrogen (N) content in 

fuel is desirable because the production of SOx and NOx 
emissions during the combustion would diminish. In this 
sense, the hydrothermal treatment reduced the S content 
in both feesdstocks (Table 3). The nitrogen content is very 
small in the case of PS (0.42%) and decreases from 5.34 to 
3.9% in BS, indicating that a deamination reaction is taking 
place. Indeed, the TN in the liquid fraction was very high 
(Table 2). It is worth to mention, that the nitrogen seems to 
be retained in the hydrochar 220PS24 (from 0.42 to 0.80%). 
Lilian et al. reported that a high temperature promotes the 
deamination of biomass-containing protein, enriching the 
liquid fraction during the HTC treatment, as in BS. However, 
when lignocellulosic biomass is in the reaction medium, the 
Millard and Mannich reactions promote the retention of the 
N in the hydrochar [25]. This phenomenon is crucial for 
some applications where the nitrogen functional group in 
hydrochar gains relevance [27, 34], such as for CO2 capture 
applications [34] or supercapacitor applications [35].

Thermogravimetric analysis (TG) in air and its deriva-
tive (DTG) is used to determine the combustion character-
istics of PS, BS, and the hydrochars 220PS24 and 220BS2 
(Fig. 5). The TG curves usually show a minor first weight 
decay below 100 ºC corresponding to moisture. After this 
dehydration, the decomposition of volatile matter com-
mences, followed by oxidation [36]. In the case of an oxi-
dative atmosphere, combustion and devolatilization might 
happen simultaneously. The TG curves obtained for PS show 
a weight decay with a maximum in DTG at 320 ℃, which 
is generally assigned to cellulose decomposition [37], and 
a small peak at 416 ℃, which is attributed to lignin decom-
position. For hydrochar 220PS24 the combustion profile is 
altered. A single weight loss exhibiting a maximum in DTG 
at 425 ℃, and a shoulder at 320 ℃ indicates that the cellu-
lose almost completely decomposes during the hydrothermal 
process to form a more stable organic compound. The TG 
curves for BS show two well-marked weight decays. The 
first one is attributed to the decomposition of the volatile 
matter, and has its maximum rate of decay at 272 ℃. The 
second one is sharper and exhibits a peak in DTG at 505 ℃, 
indicating the combustion of fixed carbon. After hydrother-
mal treatment, hydrochar 220BS2 exhibits a single peak in 
DTG at 300 ℃ accompanied by a shoulder a higher tempera-
ture, indicating the decomposition of less reactive biomass. 
Complementary TGs in an inert atmosphere for PS and BS 
were performed (Fig. S2). Profiles show a prominent weight 
decay with a maximum in DTG at 350 ºC and 300 ºC, for 
PS and BS, respectively, which confirms the decomposition 
of volatile matter of these feedstocks at these temperatures.

Combustion temperature and combustibility index 
obtained from the TG and DTG curves allows for a quanti-
tative comparison between the feedstocks and their corre-
sponding hydrochars. They are summarized in Table 4. The 
ignition temperature (Ti) represents the temperature at which 

Table 3   Fuel properties for PS and BS feedstocks, and hydrochars 
220PS24 and 220BS2

1 Energy densification = HHV of hydrochar/HHV of feedstock
2 Energy conversion efficiency of the process = (HHV of hydrochar/
HHV of feedstock) solid yield
3 Fuel ratio = fixed carbon/volatile matter

PS 220PS24 BS 220BS2

Ultimate analysis (wt%) C 35.21 45.1 36.88 35.70
H 5.04 4.10 5.79 4.80
N 0.42 0.80 5.34 3.90
S 0.15 0.10 1.15 0.70
O 38.28 13.40 23.10 17.70

Atomic Ratio H/C 1.72 1.09 1.88 1.61
O/C 0.81 0.22 0.47 0.37
N/C 0.01 0.02 0.12 0.09

High heat value (MJ/kg) 12.7 17.7 16.0 15.4
Energy densification1 – 1.39 – 0.96
Energy conversion efficiency of 

the process (%)2
57 48

Fuel ratio3 0.18 0.81 0.18 0.31

Fig. 4   Van Krevelen diagram for PS and BS feedstocks, and hydro-
chars 220PS24 and 220BS2
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Fig. 5   TG and DTG curves for a Primary sludge (PS), b hydrochar 220PS24, c Biosludge (BS), and d hydrochar 220BS2. Heating rate of 5 ºC/
min in air flow of 50 ml/min

Table 4   Combustion parameters 
of the primary sludge and 
biosludge compared to their 
corresponding hydrochars 
(heating rate: 5 ºC/min)

1 Di = DTG max/(tp·ti); 2Db = DTG max/(t0.5·tp ·tb); 3S = DTG max·DTG mean/(Ti
2·Tb); 4Hf = Tp · ln(t0.5/ DTG 

mean)

PS 220PS24 BS 220BS2

Ignition temperature, Ti (ºC) 266 294 256 262
Ignition time, ti (min) 50.27 53.57 47.3 47.93
Burnout temperature, Tb (ºC) 531 490 534 532
Burnout time, tb (min) 103.17 92.63 102.67 101.67
Maximum peak temperature, Tp (ºC) 320 425 272 305
Maximum peak time, tp (min) 61 79.63 51.83 56.37
Maximum combustion rate, DTG max (wt%/min) 6 3 1.56 2.54
Mean combustion rate, DTG mean (wt%/min) 1.54 0.76 0.6 0.58
Time range of DTG/DTG max = 0.5, t0.5 (min) 56.5 68.53 45.83 50
1Ignition index, Di (wt%/min3 ·10−3) 2.0 0.7 0.6 0.9
2Burnout index, Db (wt%/min3 ·10−3) 1.7 0.6 0.6 0.9
3Combustion index, S (wt%2/(min2 ·°C3)·10−8) 24.6 5.4 2.7 4.0
4Combustion stability index, Hf (°C·103) 1.2 1.9 1.2 1.4
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the sample starts to burn. Results indicate that the hydro-
thermal carbonization raises the maximum peak temperature 
(Tp) in DTG and slightly delays the ignition time for both 
feedstocks. The hydrothermal treatment considerably lowers 
the values of the ignition (Di), burnout (Db), and combus-
tion (S) indexes for PS, which means that the untreated PS 
is easier to ignite, and its combustion activity is higher than 
220PS24. The result is expected since PS contains more 
volatile matter than the hydrochar, consequently it ignites 
in a more violent reaction. For BS, combustibility indexes 
are slightly enhanced after the hydrothermal treatment. 
Note that BS exhibits two DTG peaks; the first one (lower 
temperature) was used for this evaluation. Nonetheless, a 
higher combustion stability index (Hf) for both 220PS24 and 
220BS2 indicates a more stable fuel than untreated feed-
stocks [17].

Due to a large ash content in PS (20.9 wt%) and BS 
(27.7  wt%) and that this amount considerably rises in 
220PS24 (36.5 wt%) and 220BS2 (37.2 wt%), it is worth 
analyzing how the ash chemical constitution changes after 
the HTC treatment (Table 5). It has been found that basic 
compounds decrease the melting temperature of ashes, pro-
moting severe slagging and fouling process, while acidic 
compounds increase it conversely [38]. Therefore, the basic 
to acid oxide ratio (RB/A) can predict the slagging and fouling 
tendency in an industrial fluidized bed biomass boiler [18, 
39], see Eq. 6–8. Originally, the RB/A ratio was introduced 
for fossil fuels with low phosphorous content. Pronobis sug-
gested in ref [19] to incorporate P2O5 since it contributes 

to developing low-melting-point phases in ash. In the par-
ticular case of BS, a large anomaly amount of phosphorus 
is found due to the special composition of the Eucalyptus 
used in the pulp plant in Uruguay. Results reveal that the 
hydrothermal treatment diminishes the RB/A value for PS 
but slightly increases for BS (Table 5). Nonetheless, the 
slagging index (RS) decreases after the hydrothermal treat-
ment for both feedstocks because the sulfur content is con-
siderably reduced. Whereas for 220PS24, RS is as low as 
0.06, and for 220BS24 is 0.64. A RS value lower than 0.6 
implies low slagging inclination [19, 39, 40]. Regarding the 
fouling index (Fu), the results are also promising. Fu value 
diminishes almost by half in both PS and BS cases, from 
1.32 to 0.85 and 1.69 to 0.83, respectively. This is from a 
strong (0.6 < Fu < 40) toward low tendency to form deposits 
(Fu ≤ 0.6) [39], confirming HTC is an effective method to 
diminish the fouling tendency thanks to the water solubility 
nature of K and Na (main responsible for fouling) that leach 
during the hydrothermal treatment. Similar behavior was 
reported by Lin et al. [41]. Summarizing, the HTC treatment 
enhances the fuel quality (less N and S content), produces 
a more stable biofuel (lower Hf), and mitigates the risk of 
slagging and fouling.

Valorization via Activated Carbon Production

PS, BS, and their hydrochars 220PS24 and 220BS2 are 
cheap precursors to produce valuable activated carbons 
(ACs). SEM images in Fig. S8 show particles with amor-
phous structures in all cases, with no significant differences 
between them. Table 6 reports the textural characteris-
tics of the ACs prepared by chemical activation of sluges 

Table 5   Inorganic content of ashes from the combustion of primary 
sludge (PS), biosludge (BS), hydrochar 220PS24 and hydrochar 
220BS2 by XRF in wt%

PS ash 220PS24 ash BS ash 220BS2 ash

Normalized percentage of stable Oxide (% wt)
 SiO2 41.96 45.03 30.19 30.05
 CaO 29.10 20.93 15 .89 17.05
 Al2O3 10.10 11.43 12.19 14.26
 SO3 8.63 6.45 17.09 11.79
 Fe2O3 5.14 7.71 8.05 9.97
 TiO2 1.96 2.90 0.78 0.65
 K2O 1.93 1.51 1.91 0.89
 P2O5 0.74 1.71 9.17 9.41
 MgO 0.00 1.73 3.24 4.02
 MnO 0.44 0.60 1.50 1.92

Slagging and fouling indexes
 B (+ P2O5) 36.91 33.59 38.26 41.34
 A 54.02 59.36 43.16 44.96
 RB/A 0.68 0.57 0.89 0.92
 RS 0.10 0.06 1.02 0.64
 Fu 1.32 0.85 1.69 0.83

Table 6   Textural properties and CO2 adsorption performance of 
PS-AC, BS-AC, 220PS2-AC and 220BS2-AC

PS -AC 220PS24 - AC BS -AC 220BS2 -AC

Textural properties
 SSABET (m2/g) 800 683 120 58
 Vt,0.9 (cm3/g) 0.63 0.39 0.10 0.09
 VN2,DR 

(cm3/g)
0.26 0.23 0.04 0.02

 VCO2,DR 
(cm3/g)

0.25 0.20 0.02 0.04

 Vmeso (cm3/g) 0.37 0.16 0.06 0.07
 Ash (wt%) 38.6 45.8 63.6 53.5

CO2 adsorption capacity (mmol/g)
 1 bar/10 bar, 

273 K
1.30/5.00 1.35/4.35 0.21/0.38 0.48/0.92

 1 bar/10 bar, 
298 K

0.77/3.26 0.81/2.86 0.15/0.34 0.33/0.73

 1 bar/10 bar, 
323 K

0.46/2.33 0.50/2.13 0.07/0.29 0.20/0.60
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and hydrochars with phosphoric acid, including the BET 
specific surface area (SSABET), total pore volume (Vt,0.9), 
microporosity calculated by DR equation to the nitrogen 
and carbon dioxide isotherms (VN2,DR and VCO2,DR) and 
mesopore volume (Vmeso). The specific surface area for 
PS-AC and 220PS24-AC are very promising, consider-
ing the extremely high ash content in these samples (SSA-
BET = 800 and 683 m2/g, respectively). The reported values 
are comparable to those of commercial massive activated 
carbons imported and used in different industrial processes 
in Uruguay to eliminate pollutants, discoloration, and waste-
water treatment plants, among others applications (Fig. S4, 
Table S3). Furthermore, there is room to enhance the quality 
of the activated carbons obtained in this work. For instance, 
acid and base post-treatment methods can be improved the 
textural properties through the elimination of the inorganic 
compounds from the carbonaceous matrix [42]. If so, the 
SSABET of PS-AC expressed on free-ash basis is as high as 

1300 m2/g. Conversely, BS and 220BS2 produces activated 
carbons with lower surface area (SSABET = 120 and 58 m2/g, 
respectively). Besides, this strategy is smart to immobilize 
heavy metal coming from sludges.

The nitrogen adsorption/desorption isotherm of 220PS24-
AC shows a type I(b) curve at low relative pressure and a 
type IV(a) with hysteresis loop type H4, according to the 
IUPAC classification (Fig. 6). This kind of isotherm is found 
with materials having pore size distribution over a broader 
range, including wider micropores (< 2 nm) and narrow 
mesopores (< ~ 2.5 nm) [43]. Isotherm of PS-AC shows 
a similar shape (maximum in PSD at 1.1 nm), although a 
hysteresis loop indicates the presence of mesopores that 
can be seen in the PSD curve with a maximum at 3.5 nm 
pore size. For BS-AC and 220BS2-AC, the scenario com-
pletely changes. Isotherms are type I(b) + IV(a). Type IV(a) 
curve is given for samples showing pores condensation in 
mesopores [43]. A bimodal pore size distribution (PSDs) 
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curve confirms this classification since two maxima in the 
micropores and narrow mesoporous regions can be seen, 
i.e. at 1 nm and at 3.5 nm, respectively. The non-activated 
hydrochars isotherms are typical of nonporous or macropo-
res adsorbents (type II). Doing a zoom on this curve (Fig. 
S5), the shape results from the monolayer coverage com-
pletion by the adsorbate, point B, with low specific sur-
face areas. Hydrochar 220PS24 exhibits a SSABET equal to 
3.3 m2/g while hydrochar 220BS2, 5.5 m2/g.

CO2 adsorption isotherms at 273 K allow for a more 
accurate characterization in the ultra- microporous range 
(< 1 nm) [44]. Interestingly, the pores size distribution in 
Fig. S6 confirms a displacement of the maximum toward a 
smaller pore size when the raw material is hydrothermally 
treated. A more ordered and uniform structure obtained by 
the HTC method gives rise to a more microporous activated 
carbon using the same activation condition (i.e., amount of 
phosphoric acid, temperature, and activation time). This 
phenomenon is critical when designing an activated carbon 

for a specific application. The obtained activated carbon will 
be tested for CO2 capture in the following section.

CO2 Adsorption Performance

The CO2 adsorption capacity was measured at three tem-
peratures, 273, 298, and 323 K, up to 10 bar (Fig. S7). 
220PS24-AC shows a value of 1.35 mmol/g at 273 K at 
1 bar, followed by PS-AC, which adsorbs 1.30 mmol/g. A 
narrower pore size distribution of the activated hydrochar 
explains its best performance at low pressure (Fig. 7). How-
ever, the trend changes at higher pressure, i.e., 10 bar. PS-AC 
uptakes an amount as high as 5 mmol/g, while 220PS24-AC 
uptakes 4.35 mmol/g, evidencing that at higher pressure, 
narrow mesoporous plays a role in adsorbing CO2 [45]. 
The best performance is found for 220BS2-AC compared 
to BS-AC in the studied pressure range. The presence of 
ultramicropores in 220BS2-AC might explains these results. 
Indeed, Fig. S6, compares the micropore size distribution 
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of samples calculated by applying the Horwath-Kawazoe 
method for pore with slit geometries to the CO2 adsorption 
data at 273 K. This analysis complements that obtained by 
applying the QSDFT method to the N2 adsorption data at 
77 K since the entry of nitrogen to ultramicropores (< 1 nm) 
is restricted at 77 K. Sample 220BS2-AC shows a narrower 
distribution with a maximum shifted to lower pore size (ca. 
0.6 nm), where a higher CO2 adsorption potential is expected 
[45].

The higher adsorption capacity was observed at the low-
est temperature (Table 6) due to the exothermic nature of the 
adsorption phenomenon. In this sense, the heat of adsorption 
was calculated for the four samples. A value between 25 and 
35 kJ/mol indicates that physisorption is taking place. Fur-
thermore, for PS-AC and 220PS24-AC, the heat of adsorp-
tion remains almost constant (around 25–20 kJ/mol), with 
the coverage degree indicating homogeneity in the active 
sites (Fig. 7c). On the other hands, BS-AC and 220BS2-AC 
present highly energetic sites, around 35 kJ/mol. Nonethe-
less, this interaction decreases with the degree of coverage. 
This observation concurs with the presence of ultramicropo-
res with high adsorption potential, although the influence of 
nitrogen functional groups in the adsorbent surface increas-
ing the adsorbate-adsorbent interaction cannot be ruled out 
(See XPS results in Figs. S9–S11 and Table S4). The CO2 
uptake values reported here are similar to those found in 
the literature, despite the ash contain, which contributes to 
the weight but is not active in adsorbing CO2. Although BS 
and PS are a problem for the industry, we demonstrated that 
they could be transformed into valuable products to capture 
a critical greenhouse gas.

Conclusion

Herein, we demonstrated that the hydrothermal carboniza-
tion technique enhances the combustion performance of PS 
and BS, for instance, a higher combustion stability index 
(Hf) for both 220PS24 and 220BS2 indicates a more stable 
fuel than untreated feedstocks. The HTC had a better effect 
on PS than BS in energy densification (1.39 vs. 0.96 respec-
tively). Nonetheless, for BS, the removal of 40% of sulfur 
and 28% of nitrogen is advantageous in order to release less 
amount of NOx and SOx during incineration. HTC is also 
attractive to diminish the slagging (0.1 to 0.06 for PS and 
1.02 to 0.64 for BS) and fouling (0.32 to 0.85 for PS and 
1.69 to 0.83 for BS) indexes increasing the life expectancy 
of boilers. As an alternative to incineration, we proposed 
using BS and PS and their hydrochars as precursors to syn-
thesize activated carbons able to adsorb CO2 (i.g. the BET 
specific surface area was as high as 800 m2/g for PS-AC, and 
exhibits CO2 adsorption capacity of 5 mmol/g at 10 bar at 
273 K). Apart from producing valuable products to face air 

pollution, this option is an effective strategy to immobilize 
heavy metals from sludges.
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