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Abstract: In this work, dewatered waste activated sludge (DWAS) was subjected to hydrothermal
carbonization to obtain hydrochars that can be used as renewable solid fuels or activated carbon
precursors. A central composite rotatable design was used to analyze the effect of temperature
(140-220 °C) and reaction time (0.5-4 h) on the physicochemical properties of the products.
The hydrochars exhibited increased heating values (up to 22.3 M]/kg) and their air-activation
provided carbons with a low BET area (100 mZ/g). By contrast, chemical activation with K,CO3, KOH,
FeCl; and ZnCl, gave carbons with a well-developed porous network (BET areas of 410-1030 m?/g)
and substantial contents in mesopores (0.079-0.271 cm3/g) and micropores (0.136-0.398 cm3/g).
The chemically activated carbons had a fairly good potential to adsorb emerging pollutants such as
sulfamethoxazole, antipyrine and desipramine from the liquid phase. This was especially the case
with KOH-activated hydrochars, which exhibited a maximum adsorption capacity of 412, 198 and
146 mg/g, respectively, for the previous pollutants.

Keywords: activated carbon; adsorption; chemical activation; hydrothermal carbonization; hydrochar;
low-cost adsorbent; physical activation

1. Introduction

The current massive production of sewage sludge by wastewater treatment plants (WWTP) has
raised the need for new, more effective solutions for managing this waste. Spain alone produces around
1.4 million tons (d.b.; dry basis) of biosolids each year and the EU countries, in combination, generate
more than 10.5 million tons. Such biosolids are mainly used for agricultural (70%) or landfilling
purposes (14%) [1]. Various techniques including combustion [2], gasification [3,4], pyrolysis and
activation [5,6] have been used for the thermal valorization of biosolids in the past two decades.
These techniques, however, use large amounts of energy to dry the raw material, require strict control
of emitted pollutants, and in many cases, elicit social and political rejection [7,8].

Hydrothermal carbonization (HTC), also referred to as “wet torrefaction”, is an exothermic process
that allows biomass to be converted at mild temperatures (170-250 °C) and short residence times
(5-240 min) by using autogenous pressure and water as reaction medium. As it requires no previous
drying of the raw material, HTC uses energy sparingly, so it is cost-effective and environmental
friendly. The main reaction product from the thermal treatment of biomass is a carbonaceous solid
(hydrochar) formed by hydrolysis, decarbonylation, decarboxylation, dehydration, polymerization and
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condensation reactions [9]. Hydrochar can be directly used as a solid fuel similar to sub-bituminous
coal [10], or alternatively, for soil remediation [11], CO, sequestration [12], catalysis [13] and adsorption
purposes [12]. The hydrothermal treatment additionally produces a gas phase and processes water
(PW). The gaseous stream mainly contains CO, (>90%) and small amounts of CHy, H, and CO [14,15].
PW contains up to 15% of the initial carbon present in the sludge, in addition to large amounts of
organic compounds such as volatile fatty acids (acetic and propionic), carbohydrates, aldehydes, furans,
phenols, pyrazines and pyrroles [10,16,17]. As it contains substantial amounts of macro (N and P) and
micronutrients (Al, Ca, Fe, Mg), PW could be directly used as fertilizer [18,19]. Additionally, organic
matter present in PW can be subjected to oxidation in wet air [20] or valorized by anaerobic digestion
to obtain methane [16,17,21-26].

The valorization of sewage sludge by HTC is arousing increasing interest on account of the
potential of the resulting hydrochar (HC) for use in various fields (mainly as solid fuel provided
that it has an appropriate composition) [27,28]. However, hydrochars with high nitrogen and sulfur
contents can produce NO, and SOy gases during combustion, or leave large amounts of residual
ash that can cause reactor slagging and corrosion [29], thereby decreasing the efficiency of the
thermochemical process [30]. Some authors have examined the effects of temperature, reaction time
and solid loading on various characteristics of hydrochars (particularly their energy content and
physicochemical properties) [31-35]. Combustion of hydrochars from sewage sludge can be improved
through cohydrothermal carbonization (viz., by blending the sludge with biomass from sawdust,
cornstalks or pig manure, for example, before heating) [36-39] or mixing with another fuel such as
coal [40]. Further, adding an acid to the sludge has been found to increase the energy content of the
resulting hydrochar up to 28.5 MJ/kg [37].

While hydrochars only contain few pores, their surface area can be increased by physical and
chemical activation [29]. This has rarely been the case with activated sewage sludge, however. Saeta
et al., [41] examined adsorption of the dye Methyl Blue on a sewage sludge hydrochar obtained by
heating at 200 °C for 1 h, which was subsequently steam-activated at 900 °C for 30, 60 or 120 min.
The resulting activated hydrochars exhibited a large surface area (483-595 m?/g) and a high adsorption
capacity (134-162 mg/g). Spataru et al. [42] succeeded in removing up to 97% of orthophosphate from
wastewater by adsorption in a hydrochar obtained by HTC at 210 °C for 5 h, which was immediately
activated with KOH.

In this work, we assessed the potential of HTC to valorize DWAS in the form of hydrochars
of potential use as solid fuels, soil amendments and activated carbon precursors. For this purpose,
the influence of temperature and the reaction time in the HTC process was examined by using a central
composite rotatable design. The resulting hydrochars were subjected to physical activation with air
at different temperatures (300450 °C) and also to chemical activation with K,CO3, KOH, FeCl; or
ZnCl, at 650 or 850 °C. The activated materials were used as adsorbents for the pharmaceuticals
sulfamethoxazole, antipyrine and desipramine in an aqueous phase to assess the influence of pK, on
the adsorption capacity of the solids.

2. Methods

2.1. Dewatered Waste Activated Sludge

DWAS was collected from a full-scale membrane bioreactor used to treat cosmetic wastewater in
Madrid (Spain) and stored at —20 °C until used. Table 1 shows the composition of the raw material
after drying in an oven at 55 °C for 24 h.
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Table 1. Composition on a dry basis of the dewatered waste activated sludge.

C (%) 41.5(0.1) Na (mg/g) 11.6 (0.2)
H (%) 6.0 (0.1) Mg (mg/g) 0.7 (0.1)

N (%) 6.8 (0.1) Al (mg/g) 15.7 (0.2)

S (%) 0.7 (0.1) P (mg/g) 20.8 (0.4)

O (%)@ 31.3(0.1) K (mg/g) 7.4 (0.1)

Ash content (%) 13.7 (0.1) Ca (mg/g) 2.7(0.2)
Volatile matter (%) 73.6 (0.1) Ti (mg/g) 0.6 (0.1)
Fixed carbon (%) 12.7 (0.1) Fe (mg/g) 0.2 (0.1)

2 Calculated by difference.

2.2. HTC and Hydrochar Activation Procedures

HTC was performed in an electrically heated ZipperClave® pressure vessel (4 L), using 1.5 kg of
DWAS (15 wt %) in each run. The influence of the process temperature (140-220 °C) and reaction time
(0.5-4 h) in the hydrothermal treatment was examined by using the response surfaces provided by a
central composite rotatable design. For this purpose, the software Minitab® 19 was used to generate
13 runs (viz., 4 factorial points, 4 axial points and 5 replicates of the central point) with an alpha value
of £1.414. Once the reactor was closed, oxygen was flushed from the system using pure N, (99.99%)
for 2 min. The working temperature was reached at a 3 °C/min heating rate. The reaction was stopped
by inserting tap water from a serpentine cooler inside the reactor, the reactor was cooled from the
desired reaction temperature at a rate lower than 4 °C/min in all the HTC runs. The solid fraction
recovered by centrifugation at 3500 rpm for 1 h, washed several times with ethanol and deionized
water, and dried at 55 °C for 24 h, the resulting solid was ground and sieved to a particle size of
0.10-0.25 mm. The hydrochar yield (Yyc), energy densification (Egens), energy yield (Eyielq) and carbon
recovery (Crecov) for the process were calculated from the following equations:

HC mass

Yhc(%) = DWAS maee mass.loo' (€))]
HHVyc
E = — 7= 2
dens HHVDWAS ( )
Eyield(%) = YHc Edens- 3)
Cyc-HC mass
Crecov (0/0) HE (4)

- CDWAs-DWAS mass.

The hydrochars were air-activated in a horizontal tube furnace (Nabertherm RHTH 120/300/18/C42)
at 300450 °C for 2 h, using a heating rate of 10 °C/min and an air flow rate of 30 NmL/min [43].
For chemical activation, the hydrochars were mixed with each agent (K,CO3;, KOH, FeCl;3 or ZnCl,,
all from Panreac) in a mass ratio of 1:1 at room temperature [43]. This was followed by heating in
the previous tube furnace at 650 or 850 °C for 1 h, using a heating rate of 10 °C/min and an N, flow
rate of 100 NmL/min. The chemically activated carbons were washed with 1 M HCl and rinsed in an
abundance of deionized water to neutral pH [43].

2.3. Characterization of Hydrochars and Activated Carbons

The elemental composition (C, N, S, and H) of each material was determined by using a CHNS
analyzer (LECO CHNS-932). Moisture, ash and volatile matter (VM) were determined by using ASTM
methods D3173-11, D3174-11 and D3175-11, respectively, and higher heating values (HHV) by using a
calorimetric bomb (IKA C2000), according to technical specification UNE-EN 5400. Each analysis was
performed in triplicate; the standard deviation was less than 5% in all cases. The porous structure
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of the carbonaceous materials and activated carbons was examined by N, adsorption—-desorption at
—196 °C in a Micromeritics TriStar II 3020 instrument. Samples were previously outgassed at 100 °C
and a residual pressure of 1073 Torr for 8 h. Surface areas (Sggr) were determined from the BET
equation [44]. In addition, the surface area and micropore volume of each sample was determined
by CO; adsorption at 273 K, and was calculated from the Dubinin-Astakhov equation. The SEM
images of samples previously fixed and sputter-coated with gold and were obtained with a Hitachi
S-3000N microscope. Fourier-transform infrared (FTIR) spectra were recorded with a BRUKER IFS
66v/S spectrometer. For this purpose, dry samples were mixed with KBr and pressed into pellets that
were scanned over the wavenumber region 4000-400 cm~! (250 scans per sample). The metal content
of each sample was determined by inductively coupled plasma atomic emission spectroscopy (ICP-MS)
on a model Elan 6000 Sciex Perkin Elmer instrument. The slurry pH was determined by using a Crison
pH-meter to measure the pH of an aqueous suspension of sample (1 g) in deionized water (10 mL) that
had previously been kept under stirring overnight [45].

2.4. Adsorption Tests

The potential of the chemically activated carbons (AC) in the aqueous phase adsorbents was
assessed by using sulfamethoxazole (SMX), antipyrine (APN) and desipramine (DPN) and were
purchased from Sigma—Aldrich as model compounds. The pK, values for SMX, APN and DPN were
1.7/5.6, 1.4, and 10.3, respectively [46-48]. Samples of AC (12.5 mg) were added to stoppered glass
bottles containing 50 mL of aqueous solutions of SMX (25-175 mg/L), APN (25-400 mg/L) and DPN
(25-150 mg/L). Tests were carried out in a thermostated shaker (Optic Ivuymen System) at 20 °C at
200 rpm for 120 h, which was long enough for equilibration. SMX, APN and DPN concentrations
were determined by UV-Vis spectrophotometry at 265, 246 and 211 nm, respectively, on a Cary 60
UV-Vis instrument from Agilent Technologies. Each result shown is the average of three measurements.
The standard error was always less than 5%. Equilibrium data were fitted to the Langmuir equation
and all the parameters were calculated by using the non-linear regression fitting method in the software
Origin v. 8.5.

3. Results and Discussion

3.1. Chemical and Structural Properties of the Hydrochars

Table 2 summarizes the physicochemical properties of hydrochars obtained at different
temperatures and reaction times. Temperatures below 180 °C resulted in high solid yields but
little carbonization. The ash content of the carbonized materials (15-23%) increased with the increasing
temperature as a result of the amount of volatile matter (VM) increasing during the HTC process [49,50].
The contents were slightly lower than those reported by Danso-Boateng et al. [10] for hydrochars from
sewage sludge (23-39%), and also than those obtained by Kim et al. [49] from the HTC of digested
sewage sludge (33%). This was the result of the feedstock used here (DWAS) containing more ash.
A response surface methodology was used to examine the influence of temperature (T) and reaction
time (f) on the higher heating value (HHV), yield, and carbon, nitrogen and ash contents, of the
hydrochars (Table 3). The equation was obtained using the software Minitab® 19 to generate a central
composite rotatable design with 13 runs and an alpha value of + 1.414. The variables T, T? and ¢,
and the model equations generated were statistically significant (p < 0.001) at the 95% confidence level.
Both T and ¢ influenced HHYV and the ash content, but only T influenced the hydrochar yield, and the
carbon and nitrogen contents. This result confirms the critical role of temperature in the HTC process,
as observed in previous studies [51].
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Table 2. Composition on a dry basis of the carbons.

50f 16

Experimental

Hydrochar

Conditions Yield (%) Fixed Carbon (%) Ash (%) Volatile Matter (%) C (%) H (%) S (%) N (%) 0O (%) ? C Recovery (%) SBET (mz/g) Vimeso © (cm3/g)
140 °C—23h 59.7 12.0 (0.1) 15.8 (0.1) 72.5(0.3) 39.6 (0.3) 6.1(0.1) 0.3 (0.1) 5.6 (0.1) 32.9(0.2) 57.0 <3 0.001
152°C—1h 615 11.5(0.1) 15.0 (0.1) 73.5(0.1) 406(0.1)  63(01)  04(01)  59(01)  317(0.1) 60.2 <3 0.001
152°C—3.5h 58.5 11.1 (0.1) 17.1(0.1) 71.8 (3.3) 40.4 (0.9) 6.0 (0.1) 0.2 (0.1) 5.2(0.1) 31.3(0.1) 56.9 5 0.006

180 °C—05h 485 8.1(0.1) 16.4 (0.1) 754 (1.7) 405(0.1) 6201  03(01)  56(01)  31.1(02) 473 <3 0.001

180 °C—2.3 h 49.0 13.6 (0.4) 19.3 (0.5) 67.2(0.5) 40.7 (0.8) 5.8 (0.1) 0.2(0.1) 4.6 (0.1) 29.5(0.2) 48.1 15 0.020
180°C—4 h 462 15.5(0.2) 18.7 (0.1) 65.8 (0.1) 42701)  56(01) 02(01)  50(01)  277(02) 475 20 0.027

208 °C—1h 403 149 (0.1) 19.7 (0.1) 65.4 (0.3) 431(02) 58(01)  02(01)  46(01)  265(03) 419 21 0.026
208°C—35h 37.7 154 (0.1) 21.3 (0.1) 63.2(0.1) 436(0.1) 55(01)  03(01)  45(01)  249(0.1) 39.6 23 0.032
220°C—2.3h 31.6 158(0.2) 22.8(0.1) 63.3 (1.6) 415(01) 5301 0201  41(01)  26.1(02) 316 24 0.031

2 Calculated by difference. ® Volume of mesopores.
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Table 3. Equations derived from the analysis of variance (ANOVA).

Equation R? (%) F-Value  Number
HHV (MJ/kg) = 13.256 + 0.03662-T + 0.361-t 0.882 372 (5)
Ash content (wt.%) = 0.09392-T + 0.782-t 0.998 3386.2 (6)
Hydrochar yield (wt.%) = 0.9157-T — 0.00354-T2 0.997 2246.2 (7)
C content (wt.%) = 0.4217-T — 0.00106-T2 0.999 7420.8 (8)
N content (wt.%) = 0.07253-T — 0.00025-72 0.994 929.4 )

T temperature (°C). t reaction time (h)

Table 4 illustrates the energy related properties of the carbon materials. As canbe seen, HHV ranged
from 19.1 to 22.3 MJ/kg and increased with increasing temperature. Thus, it was 1.27 times greater for
the hydrochar carbonized at the highest temperature than it was for the starting feedstock (17.6 MJ/kg).
Further, HHV for hydrochar was slightly higher than those for lignite and brown coal (<17.4 MJ/kg) and
similar to that for sub-bituminous coal (17-24 MJ/kg). An increased reaction temperature and/or time
increased the energy density by enhancing decarboxylation and dehydration reactions [10]. The energy
yield exhibited the opposite trend and decreased from 67% to 40%, possibly as a result of the loss of
carbon and volatile matter from the hydrochar.

Table 4. Energy-related properties of the hydrochars.

Preparation Conditions HHV (M]J/kg) Energy Density Energy Yield (%)

140 °C—2.3h 19.3 (0.1) 1.10 65.5

152°C—1h 19.1 (0.1) 1.09 66.7
152°C—3.5h 19.9 (0.1) 1.13 66.1
180 °C—0.5h 19.5 (0.1) 111 53.7
180°C—2.3h 20.8 (0.2) 1.18 57.9

180°C—4h 21.6 (0.1) 1.23 56.7

208 °C—1h 21.6 (0.1) 1.23 49.5
208 °C—3.5h 21.4(0.5) 1.22 45.8
220°C—2.3h 22.3(0.1) 1.27 40.0

The elemental composition of the hydrochars was arranged in the van Krevelen diagram of
Figure 1. As can be seen, the H/C and O/C atomic ratios decreased as the reaction temperature was
increased from 180 to 220 °C. The fact that HTC reduced the ratios of the starting DWAS confirms the
prominent role of dehydration and decarboxylation reactions in addition to hydrolysis [51]. Thus,
the H/C and O/C ratios for DWAS were 1.74 and 0.57, respectively, which are rather different from
those for brown coal and lignite. As noted earlier, temperatures below 180 °C resulted in insubstantial
carbonization. The H/C and O/C ratios for the most carbonized hydrochar (viz., that obtained by HTC
at 208 °C for 3.5 h) were 14 and 24% lower, respectively, than those for DWAS.

The content in fixed carbon (FC), which ranged from 8.1 to 15.8% (Table 2), increased with
increasing reaction temperature. The hydrochars complied with the quality standard for graded
thermally treated and densified biomass fuels for industrial use (ISO 17225-8) [52] in terms of HHV
(>17 MJ/kg), sulfur content (<0.5%) and volatile matter content (<75%). However, they exceeded the
maximum nitrogen content (<3%) required for reduced NO, emissions. In any case, this shortcoming
can be circumvented by blending the hydrochars with coal or biomass residues [32,38,39]—alternatively,
the fuel properties of the hydrochars can be modified with an acid-based treatment [53] to reduce
potentially harmful emissions.

In line with previous results [32,41,54,55], the hydrochars exhibited low porosity (Spgt < 24 m?/g).
Further insight into their microporosity was gained from the CO, adsorption isotherms at 273 K for
the hydrochar obtained by carbonization at 208 °C for 1 h. Thus, the isotherms allowed for a surface
area of 252 m?/g and a micropore volume of 0.154 cm?/g to be calculated. Titirici [56] reported surface
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areas in the same range for glucose (183 m?/g) and sucrose (173 m?/g) hydrothermally treated at 180 °C
and additionally detected ultramicropores ca. 0.5 um in size.

Sewage sludge contains substantial amounts of nutrients such as phosphorus, nitrogen and
potassium. These elements are essential nutrients and critical components of most fertilizers. This led
us to examine the effect of the process temperature on the persistence of the main macro and
micronutrients in the carbon materials. As can be seen from Figure 2, the N, K, and Na contents
decreased—and those of the PW increased—as the temperature was raised. Phosphorus was largely
retained in the solid materials obtained at low temperatures and only transferred to PW above 152 °C.
There are no quality standards for the use of hydrochars to ameliorate soil [57]. Pyrolytic biochars
must comply with the requirements of the European Biochar Certificate, which was used as a reference
for the hydrochars obtained here [58,59]. Our hydrochars fulfilled the conditions for use as soil
ameliorants, in regards to carbon content (>50%) and O/C atomic ratio (<0.4). The macronutrients N,
P and K are known to promote plant growth. The NPK proportions of the hydrochars were lower
than those of commercial fertilizers (15/15/15) [60]. In particular, they were 6.8/6.0/1.0 and 6.8/2.5/1.0
for the materials obtained by HTC at 152 and 208 °C, respectively, for 1 h. Based on the foregoing,
the hydrochars can be used as supplements to improve soil quality while reducing the costs associated
to conventional fertilizers. However, some studies have suggested an adverse effect of hydrochars on
plant growth [61-64]. In any case, cleaning hydrochars with water can make them suitable for soil
reclamation and agriculture, albeit at an increased cost [65].

=0 Hydrogenation
184 Reduction Oxidation : B ; 1134\(’\)/“ACS_2'3 h
Dehydrogenation O-‘k e 152°C-1h
i v DWAS A 152°C-35h
o | s 180°C-0.5 h
g G e 180°C-23h
2 L gl 5 A 180°C-4 h
k=) = /! | ¥ 208°C-lh
o L29% / ' m 220°C-2.3h
= T : Lignite'e Decarboxylation al e
1.04 7 |
i T coaf\\ ///; Dehydration )
084 \\ \-::,‘ Polarity Demethanation
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O/C atomic ratio

Figure 1. Van Krevelen diagram of DWAS and of carbon materials obtained at different temperatures
and reaction times.
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Figure 2. Contents in major nutrients and micronutrients of the carbons materials obtained by heating
at 152 and 208 °C for 1 h.
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3.2. Air Activation of Hydrochars

Mild thermal treatments may have a beneficial effect on the surface functionality (viz.,
the concentrations of carboxyl, hydroxyl and phenol groups) of low-cost adsorbents [66]. Figure 3
shows the results of activating the hydrochar obtained by carbonization at 208 °C for 1 h by heating at
300-450 °C in the air for 2 h. As can be seen, the BET area of the activated hydrochar decreased as the
temperature increased, probably through excessive carbon burn-off, which boosted pore collapse [67,68].
The volume ratio of mesopores to total pores (Vmeso/Viotal) followed a similar trend and peaked at 0.9
at 350 °C. The carbon content on an ash-free basis decreased from 44% to 30%, and the ash increased
content from 61% to 87%, as the temperature was raised (results not shown). Air-activation of the
starting DWAS provided a carbonaceous material with a negligible surface area (Sggr < 3 m?%/g).
This result attests to the importance of an HTC treatment prior to activation for more accurate control
of the pore structure.

Well-carbonized hydrochars obtained by HTC at 180 °C for 4 h, 208 °C for 1 or 3.5 h and 220 °C
for 2.3 h and were air-activated at 325 °C for 2 h to assess the influence of the carbonization conditions
on the pore structure of the resulting carbons. Figure 4 shows the carbon content and surface area of
the air-activated hydrochars. As can be seen, air-activation under the stronger conditions increased
Sper. The HTC conditions (temperature, mainly) therefore played a crucial role in the development of
the pore network in air-activated carbon materials, which confirms that the surface area and porosity
of the resulting hydrochars can be controlled by adjusting the HTC conditions [69].

50
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Figure 3. Carbon content on an ash-free basis, surface area (Spgr), and Vmeso/Viotal ratio of the
hydrochar obtained by heating at 208 °C for 1 h and air-activated at different temperatures.
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325 °C for 2 h.
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3.3. Chemical Activation of Hydrochars

The hydrochar obtained by heating at 208 °C for 1 h was activated chemically with K,COs3, KOH,
FeCl3 and ZnCl, in a single-step process at 650 or 850 °C for 1 h. Table 5 summarizes the properties of
the resulting carbons. As can be seen, their surface area increased with increasing temperature and was
relatively high for the carbons obtained with KOH (968 m2/g), K>COj5 (832 mz/g) and ZnCl, (1030 m2/g) at
850 °C, especially if one considers the high ash content of the precursor hydrochar (19.7 wt %). These Sggr
values are similar to those reported by Benstoem et al. [70]. The carbons obtained by activation with FeCls,
however, had relatively low surface areas (411-443 m?/g), possibly as a result of the high ash content of the
material facilitating the incorporation of Fe into the carbonaceous structure. The micropore and mesopore
contents of the chemically activated carbons (0.136-0.398 and 0.079-0.271 cm®/g, respectively) were both
higher than those of the precursor hydrochar (Vineso = 0.026 cm®/g).

Table 5. Selected properties of the chemically activated carbons.

. st . . : . Elemental Composition (%) ? SgeT Vinicro Vineso ©
Material urry pH T (°C) Ash (%) Fixed Carbon (%) c N s (m?/g) (em3/g) (cm®/g)
650 13.1(0.5) 55.0 (1.3) 61.1(0.6) 5.8(0.3) 0.2(0.1) 583 0.235 0.189
K,CO5-AC 5.5
850 43.4(0.8) 28.9 (1.0) 349(1.0) 05(.1) 0.1(0.1) 832 0.290 0.268
KOH-AC 66 650 18.0 (0.5) 52.0 (1.4) 609(27) 74(0.2) 0.7(0.1) 402 0.162 0.079
B ! 850 10.9 (0.4) 67.2(1.7) 81.0(3.8) 1.3(0.1) 0.1(0.1) 968 0.354 0.271
FeCla-AC 51 650 37.6 (0.7) 23.8 (0.5) 399(0.1) 48(0.2) 0.1(0.1) 443 0.179 0.098
3 : 850 584 (1.2) 7.5(0.3) 289(0.2) 1.8(0.1) 0.2(0.1) 411 0.136 0.146
Z0Cl-AC 5.7 650 9.4 (0.3) 65.9 (1.3) 66.4(0.1) 69(0.2) 0.3(0.1) 661 0.249 0.145
2 ’ 850 18.6 (0.6) 50.1 (1.6) 576 (3.0) 53(0.2) 0.6(0.1) 1030 0.398 0.204

2 Composition data in wt % o.d.b. ® Volume of micropores. ¢ Volume of mesopores.

3.4. Surface Chemistry of the Hydrochars

Figure S1 shows SEM images of DWAS, hydrochars and air-activated hydrochars. As can
be seen from Figure Sla,b, DWAS was virtually a nonporous solid of quasi-spherical morphology.
However, the hydrochar obtained by HTC at 208 °C for 1 h (Figure Slc,d) was irregularly shaped and
contained few pores—probably as a result of recondensation of volatile substances. The hydrochars
additionally contained agglomerated and aggregated structures not present in DWAS. As can be seen
from Figure Slef, the air-activated hydrochars exhibited major changes in their surface, which was
rougher and consisted of aggregated microgranules.

Figure S2 shows SEM images of hydrochars activated chemically at 850 °C for 1 h. These materials,
with rigid surfaces and well-developed structures, were markedly different from the untreated and
air-activated hydrochars. Further, their morphology was strongly dependent on the activation method
used. Thus, the surface of the chemically activated hydrochars K,CO3-AC (Figure S2a,b) and KOH-AC
(Figure S2c,d) consisted of irregularly shaped particles, the surface of the former carbon being rougher
than that of the latter. By contrast, the carbon FeCl3-AC exhibited a heterogeneous morphology and
poorly developed porosity (Figure S2e,f). Finally, activation with ZnCl, caused the formation of visible,
more prominent cracks with large cavities (Figure S2g,h).

Figure S3 shows the FTIR spectra for DWAS, hydrochars and various physically and chemically
activated hydrochars while their FTIR absorption bands are given in Table S1. The main peaks for
the carbon obtained by heating at 208 °C for 1 h (Figure S3a) fell in four different spectral regions.
The peak associated to hydroxyl groups in the first region was smaller for hydrochars compared to
DWAS, which is suggestive of dehydration [71]. Further, the bands associated to asymmetric and
symmetric C-H bond stretching of methylene groups at 2970 and 2860 cm ™!, respectively, in the second
region [49] were weaker in the hydrochars, probably as a result of changes in the nonpolar alkyl carbon
groups [71]. The peak associated to stretching of the N-O bond in the third region [49] was also smaller,
probably because the HTC removed some nitrogen from the DWAS. Finally, the peak assigned to
stretching of C-O bonds in alcohols and C-O-R groups in aliphatic ethers [72] in the fourth region
increased with increasing temperature, which suggests the dehydration of alcohols [73].
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Figure S3b shows the FTIR spectra for air-activated hydrochars obtained at different temperatures.
As can be seen, the peaks associated to O-H stretching vibrations in carboxyl or hydroxyl groups
decreased with the increasing activation temperature. The band associated to C=N stretching was
especially prominent for the carbon obtained at 325 °C. Further, the peaks for C-O and C-O-R in
alcohols, phenols, carboxylic acids and esters [74] increased with increasing temperature. Carboxyl,
anhydride, lactone and phenolic hydroxyl groups are known to influence the surface acidity of activated
carbons. Additionally, the presence of surface acid groups creates their surface polar, which can
increase their adsorption capacity for polar alkaline adsorbates such as ammonia, alcohol vapors and
water vapor [75,76].

Figure S3c shows the FTIR spectra for chemically activated hydrochars. As can be seen, the band
associated with the stretching of O-H bonds, C-O bonds in alcohols and C—O-R bonds in aliphatic
ethers in K,CO3-AC was the strongest. The activated carbons obtained from the hydrochars contained
increased amounts of oxygenated (carboxyl, carbonyl and phenol) functional groups.

3.5. Adsorption of Sulfamethoxazole, Antipyrine and Desipramine.

Figure 5 shows the adsorption isotherms at 20 °C for sulfamethoxazole (a), antipyrine (b),
and desipramine (c) in the activated carbons obtained by chemical activation at 850 °C. The isotherms
are of the L type in the Giles classification [77]. The experimental data were fitted to the Langmuir
Equation (10):

qL-Kr-Ce
de= T % .C.
1+ K;-C,

where g, is the equilibrium adsorbate loading onto the adsorbent (mg/g), C. the equilibrium liquid-phase
concentration of adsorbate (mg/L), q; the monolayer adsorption capacity of the carbon (mg/g) and Ky
the Langmuir constant (L/mg).

(10)
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Figure 5. Adsorption isotherms at 20 °C for sulfamethoxazole (a), antipyrine (b), and desipramine
(c) on the chemically activated carbons FeCl3-AC, ZnCl,-AC, KOH-AC and K2CO3-AC. Symbols:
experimental values. Lines: fitting to the Langmuir equation.
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Table 6 shows the parameter values and correlation coefficients obtained. As canbe seen, the results
fitted the Langmuir equation quite well. The highest calculated monolayer Langmuir adsorption
capacities for SMX, APN and DPN of KOH-AC were 422, 212 and 160 mg/g, respectively, all of which
are fairly similar to the experimental values (412, 198 and 146 mg/g, respectively). The adsorption
capacity of the activated hydrochars was seemingly influenced more markedly by their mesoporosity
than by their BET area, which is consistent with their considerably higher mesopore volumes (KOH =
K,CO3 > ZnCl, > FeCl3). The substantial differences in adsorption capacity can be ascribed in part to
the low surface area of FeCl3-AC relative to the other carbons.

Table 6. Parameters of the Langmuir equation for the adsorption of sulfamethoxazole, antipyrine and
desipramine on chemically activated carbons obtained at 850 °C.

Sulfamethoxazole
Parameter FeCl3-AC ZnCl,-AC KOH-AC K>CO3-AC
q1 (mg/g) 145.8 (2.3) 309.2 (9.6) 4229 (3.9) 350.5 (7.1)
K1, (L/mg) 0.07 (0.01) 0.06 (0.01) 0.19 (0.01) 0.68 (0.09)
R? 0.997 0.991 0.998 0.991
Antipyrine
Parameter FeCl3-AC ZnCl,-AC KOH-AC K>CO3-AC
q1 (mg/g) 50.0 (2.4) 64.5 (2.6) 212.6 (2.2) 200.7 (8.7)
K1 (L/mg) 0.01 (<0.01) 0.02 (<0.01) 0.05 (<0.01) 0.01 (<0.01)
R? 0.992 0.986 0.998 0.989
Desipramine
Parameter FeCl3-AC ZnCl,-AC KOH-AC K>CO3-AC
q1 (mg/g) 65.9 (3.1) 95.8 (2.0) 160.7 (8.5) 132.1 (4.4)
K1 (L/mg) 0.29 (0.06) 1.00 (0.10) 0.40 (0.09) 0.67 (0.11)
R? 0.982 0.995 0.971 0.983

Errors represent the 95% confidence interval.

4. Conclusions and Future Outlook

Hydrothermal carbonization can be an effective choice for valorizing dewatered waste activated
sludge as it provides a renewable solid fuel (hydrochar) with a high energy density and a higher
heating value that is similar to that of sub-bituminous coal. As the hydrochar has high ash and nitrogen
contents, it should be blended with other biomass waste for combustion if it is to comply with the
quality standard of graded thermally treated and densified biomass fuels for industrial use.

Another relevant alternative might be to use the hydrochar as a precursor of activated carbon.
Air-activation provides a mild, cost-effective treatment for producing activated carbons with a relatively
high surface area (Sger = 120 m?/g) from DWAS hydrochar. By contrast, chemical activation provides
activated carbons with a relatively large surface area (402-1030 m?/g), a fairly different porous structure
and the potential for use as adsorbents. Mesoporosity in the carbons proved more influential than
surface area on their adsorption capacity, the carbons activated with KOH and K,COj exhibiting the
highest capacity for the three emerging pollutants studied.

From a technical and economical point of view, further investigation into the design and simulation
of the hydrothermal carbonization process is strongly recommended. Very few studies have been
focused on determining the energy efficiency of the HTC process through a modeling approach and
especially concerning energy integrations and heat recovery. A greater focus on techno-economic
analysis could produce interesting findings concern investment and operational costs saving for a
large-scale HTC plant coupled with activation processes.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/15/3534/s1,
Figure S1: SEM images of DWAS (a, b), hydrochar (208 °C for 1 h) (c, d), and air-activated hydrochar (325 °C
for 2 h) (e, f). Figure S2: SEM images of K,CO;3-AC (a, b), KOH-AC (c, d), FeCl3-AC (e, f), and ZnCl,-AC (g, h)
activated at 850 °C for 1 h. Figure S3: FTIR spectra of dewatered waste activated sludge and carbon materials
obtained at different temperatures and reaction times (a); air-activated carbons obtained at several temperatures
(b); and chemically-activated carbons obtained at 650 and 850 °C (c). Table S1: Assignment of Fourier transform
infrared (FTIR) spectroscopy absorption bands of DWAS and several hydrochars physical and chemically activated.

Author Contributions: Conceptualization, A.EM., E.D. and M.A.d.1.R.; methodology, A.EM. and M.A.d.1.R.;
software, J.A.V,; validation, J.A.V.; formal analysis, A.F.M.; investigation, J.A.V.; resources, A EM., E.D. and
M.A.D.M.R;; data curation, J.A.V.; writing—original draft preparation, J.A.V,; writing—review and editing, A.EM.,
E.D. and M.A.d.1LR; visualization, ].A.V.; supervision, A.EM., E.D. and M.A.d.1.R.; project administration, A.FM.,
E.D.; funding acquisition, A.EM., E.D.”, please turn to the CRediT taxonomy for the term explanation. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Spain’s MINECO (Project PID2019-108445RB-100) and the Madrid Regional
Government (BIOTRES Project S2018/EMT-4344). M. A. de la Rubia acknowledges additional funding by the
Spanish Ministry of Economy and Competitiveness (Project RYC-2013-12549).

Acknowledgments: The authors are grateful to J. Sanchez-Moreno and F. ]. Manzano for their invaluable help.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AC: activated carbon; APN: antipyrine; COD: chemical oxygen demand; DPN: desipramine; DWAS: dewatered
waste activated sludge; FC: fixed carbon; FTIR: Fourier-transform infrared spectroscopy; HC: hydrochar; HHV:
higher heating value; HTC: hydrothermal carbonization; SMX: sulfamethoxazole; VM: volatile matter.

References

1.  OECD. Information Environment Database Sewage Sludge Production and Disposal. Available online:
http://www.oecd.org/ (accessed on 1 May 2020).

2. Li,R;Zhang, Z,;Li, Y.,; Teng, W.; Wang, W.; Yang, T. Transformation of apatite phosphorus and non-apatite
inorganic phosphorus during incineration of sewage sludge. Chemosphere 2015, 141, 57-61. [CrossRef]
[PubMed]

3. De Andrés, ].M.; Roche, E.; Narros, A.; Rodriguez, M.E. Characterisation of tar from sewage sludge
gasification. Influence of gasifying conditions: Temperature, throughput, steam and use of primary catalysts.
Fuel 2016, 180, 116-126. [CrossRef]

4. Lumley, N.P.G,; Ramey, D.F,; Prieto, A.L.; Braun, R.J.; Cath, T.Y.; Porter, ]. M. Techno-economic analysis of
wastewater sludge gasification: A decentralized urban perspective. Bioresour. Technol. 2014, 161, 385-394.
[CrossRef] [PubMed]

5. Alvarez, J.; Lopez, G.; Amutio, M.; Bilbao, J.; Olazar, M. Preparation of adsorbents from sewage sludge
pyrolytic char by carbon dioxide activation. Process. Saf. Environ. Prot. 2016, 103, 76-86. [CrossRef]

6. Monsalvo, V.M.; Mohedano, A.F,; Rodriguez, J.J. Activated carbons from sewage sludge. Desalination 2011,
277,377-382. [CrossRef]

7. Folgueras, M.B.; Diaz, R.M.; Xiberta, J.; Prieto, I. Volatilisation of trace elements for coal-sewage sludge
blends during their combustion. Fuel 2003, 82, 1939-1948. [CrossRef]

8.  Hitzl, M.; Corma, A.; Pomares, F; Renz, M. The hydrothermal carbonization (HTC) plant as a decentral
biorefinery for wet biomass. Catal. Today 2014, 257, 154-159. [CrossRef]

9. Libra, J.A.; Ro, K.S.; Kammann, C.; Funke, A.; Berge, N.D.; Neubauer, Y.; Titirici, M.-M.; Fithner, C.; Bens, O.;
Kern, J.; et al. Hydrothermal carbonization of biomass residuals: A comparative review of the chemistry,
processes and applications of wet and dry pyrolysis. Biofuels 2011, 2, 71-106. [CrossRef]

10. Danso-Boateng, E.; Shama, G.; Wheatley, A.D.; Martin, S.J.; Holdich, R.G. Hydrothermal carbonisation
of sewage sludge: Effect of process conditions on product characteristics and methane production.
Bioresour. Technol. 2015, 177, 318-327. [CrossRef]

11. Fornes, F; Belda, R.M.; Fernandez de Cérdova, P.; Cebolla-Cornejo, J. Assessment of biochar and hydrochar
as minor to major constituents of growing media for containerized tomato production. J. Sci. Food Agric.
2017, 97, 3675-3684. [CrossRef]


http://www.mdpi.com/1420-3049/25/15/3534/s1
http://www.oecd.org/
http://dx.doi.org/10.1016/j.chemosphere.2015.05.094
http://www.ncbi.nlm.nih.gov/pubmed/26113414
http://dx.doi.org/10.1016/j.fuel.2016.04.012
http://dx.doi.org/10.1016/j.biortech.2014.03.040
http://www.ncbi.nlm.nih.gov/pubmed/24727699
http://dx.doi.org/10.1016/j.psep.2016.06.035
http://dx.doi.org/10.1016/j.desal.2011.04.059
http://dx.doi.org/10.1016/S0016-2361(03)00152-2
http://dx.doi.org/10.1016/j.cattod.2014.09.024
http://dx.doi.org/10.4155/bfs.10.81
http://dx.doi.org/10.1016/j.biortech.2014.11.096
http://dx.doi.org/10.1002/jsfa.8227

Molecules 2020, 25, 3534 13 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wang, T.; Zhai, Y.; Zhu, Y.; Li, C.; Zeng, G. A review of the hydrothermal carbonization of biomass waste for
hydrochar formation: Process conditions, fundamentals, and physicochemical properties. Renew. Sustain.
Energy Rev. 2018, 90, 223-247. [CrossRef]

Roman, S.; Libra, J.; Berge, N.; Sabio, E.; Ro, K.; Li, L.; Ledesma, B.; Alvarez, A.; Bae, S. Hydrothermal
carbonization: Modeling, final properties design and applications: A review. Energies 2018, 11, 216.
[CrossRef]

Cha, J.S.; Park, S.H.; Jung, S.-C.; Ryu, C.; Jeon, J.-K_; Shin, M.-C.; Park, Y.-K. Production and utilization of
biochar: A review. J. Ind. Eng. Chem. 2016, 40, 1-15. [CrossRef]

Basso, D.; Patuzzi, F; Castello, D.; Baratieri, M.; Rada, E.C.; Weiss-Hortala, E.; Fiori, L. Agro-industrial waste
to solid biofuel through hydrothermal carbonization. Waste Manag. 2016, 47, 114-121. [CrossRef] [PubMed]
De la Rubia, M.A.; Villamil, J.A.; Rodriguez, ].J.; Mohedano, A.F. Effect of inoculum source and initial
concentration on the anaerobic digestion of the liquid fraction from hydrothermal carbonisation of sewage
sludge. Renew. Energy 2018, 127, 697-704. [CrossRef]

Villamil, J.A.; Mohedano, A.E.; Rodriguez, ].].; de la Rubia, M.A. Valorisation of the liquid fraction from
hydrothermal carbonisation of sewage sludge by anaerobic digestion. J. Chem. Technol. Biotechnol. 2018, 93,
450-456. [CrossRef]

Aragoén-Bricefio, C.; Ross, A.B.; Camargo-Valero, M.A. Evaluation and comparison of product yields and
bio-methane potential in sewage digestate following hydrothermal treatment. Appl. Energy 2017, 208,
1357-1369. [CrossRef]

Ranzi, EIM.; Filho, RM.; Volpe, M.; Fiori, L.; Merzari, F.; Messineo, A.; Andreottola, G. Hydrothermal
Carbonization as an Efficient Tool for Sewage Sludge Valorization and Phosphorous Recovery.
Chem. Eng. Trans. 2020, 80, 2020.

Stutzenstein, P.; Weiner, B.; Kohler, R.; Pfeifer, C.; Kopinke, F.-D. Wet oxidation of process water from
hydrothermal carbonization of biomass with nitrate as oxidant. Chem. Eng. J. 2018, 339, 1-6. [CrossRef]
Villamil, J.A.; Mohedano, A.F,; Rodriguez, J.J.; Borja, R.; de la Rubia, M.A. Anaerobic co-digestion of the
organic fraction of municipal solid waste and the liquid fraction from the hydrothermal carbonization of
industrial sewage sludge under thermophilic conditions. Front. Sustain. Food Syst. 2018, 2, 1-7. [CrossRef]
De la Rubia, M.A.; Villamil, ].A.; Rodriguez, ].J.; Borja, R.; Mohedano, A.F. Mesophilic anaerobic co-digestion
of the organic fraction of municipal solid waste with the liquid fraction from hydrothermal carbonization of
sewage sludge. Waste Manag. 2018, 76, 315-322. [CrossRef] [PubMed]

Wirth, B.; Mumme, J. Anaerobic digestion of waste water from hydrothermal carbonization of corn silage.
Appl. Bioenergy 2013, 1, 1-10. [CrossRef]

Marin-Batista, ].D.; Villamil, ].A.; Rodriguez, ].].; Mohedano, A.F.; de la Rubia, M. A. Valorization of microalgal
biomass by hydrothermal carbonization and anaerobic digestion. Bioresour. Technol. 2018, 274, 395-402.
[CrossRef] [PubMed]

Merzari, F.; Langone, M.; Andreottola, G.; Fiori, L. Methane production from process water of sewage sludge
hydrothermal carbonization. A review. Valorising sludge through hydrothermal carbonization. Crit. Rev.
Environ. Sci. Technol. 2019, 49, 1-42. [CrossRef]

Marin-Batista, ].D.; Villamil, J.; Qaramaleki, S.V.; Coronella, C.J.; Mohedano, A.E,; de la Rubia, M.A. Energy
valorization of cow manure by hydrothermal carbonization and anaerobic digestion. Renew. Energy 2020.
[CrossRef]

Wang, L.; Chang, Y.; Li, A. Hydrothermal carbonization for energy-efficient processing of sewage sludge:
A review. Renew. Sustain. Energy Rev. 2019, 108, 423-440. [CrossRef]

Villamil, ].A.; de la Rubia, M.A; Diaz, E.; Mohedano, A.F. Technologies for wastewater sludge utilization and
energy production: Hydrothermal carbonization of lignocellulosic biomass and sewage sludge. In Wastewater
Treatment Residues as Resources for Biorefin. Products and Biofuels; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 133-153.

Fang, J.; Zhan, L.; Ok, Y.S.; Gao, B. Minireview of potential applications of hydrochar derived from
hydrothermal carbonization of biomass. |. Ind. Eng. Chem. 2018, 57, 15-21. [CrossRef]

Song, E.; Park, S.; Kim, H. Upgrading Hydrothermal Carbonization (HTC) Hydrochar from Sewage Sludge.
Energies 2019, 12, 2383. [CrossRef]


http://dx.doi.org/10.1016/j.rser.2018.03.071
http://dx.doi.org/10.3390/en11010216
http://dx.doi.org/10.1016/j.jiec.2016.06.002
http://dx.doi.org/10.1016/j.wasman.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26031328
http://dx.doi.org/10.1016/j.renene.2018.05.002
http://dx.doi.org/10.1002/jctb.5375
http://dx.doi.org/10.1016/j.apenergy.2017.09.019
http://dx.doi.org/10.1016/j.cej.2018.01.080
http://dx.doi.org/10.3389/fsufs.2018.00017
http://dx.doi.org/10.1016/j.wasman.2018.02.046
http://www.ncbi.nlm.nih.gov/pubmed/29500082
http://dx.doi.org/10.2478/apbi-2013-0001
http://dx.doi.org/10.1016/j.biortech.2018.11.103
http://www.ncbi.nlm.nih.gov/pubmed/30551042
http://dx.doi.org/10.1080/10643389.2018.1561104
http://dx.doi.org/10.1016/j.renene.2020.07.003
http://dx.doi.org/10.1016/j.rser.2019.04.011
http://dx.doi.org/10.1016/j.jiec.2017.08.026
http://dx.doi.org/10.3390/en12122383

Molecules 2020, 25, 3534 14 of 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Escala, M.; Zumbiihl, T.; Koller, C.; Junge, R.; Krebs, R. Hydrothermal carbonization as an energy-efficient
alternative to established drying technologies for sewage sludge: A feasibility study on a laboratory scale.
Energy Fuels 2013, 27, 454—460. [CrossRef]

Parshetti, G.K.; Liu, Z; Jain, A.; Srinivasan, M.P,; Balasubramanian, R. Hydrothermal carbonization of
sewage sludge for energy production with coal. Fuel 2013, 111, 201-210. [CrossRef]

Aragon-Briceno, C.; Grasham, O.; Ross, A.B.; Dupont, V.; Camargo-Valero, M.A. Hydrothermal carbonization
of sewage digestate at wastewater treatment works: Influence of solid loading on characteristics of hydrochar,
process water and plant energetics. Renew. Energy 2020, 157, 959-973. [CrossRef]

Merzari, F.; Goldfarb, J.; Andreottola, G.; Mimmo, T.; Volpe, M.; Fiori, L. Hydrothermal carbonization as a
strategy for sewage sludge management: Influence of process withdrawal point on hydrochar properties.
Energies 2020, 13, 2890. [CrossRef]

Hansen, L.J.; Fendt, S.; Spliethoff, H. Impact of hydrothermal carbonization on combustion properties of
residual biomass. Biomass Convers. Biorefinery 2020, 1-12. [CrossRef]

Zhai, Y.; Peng, C.; Xu, B.; Wang, T.; Li, C.; Zeng, G.; Zhu, Y. Hydrothermal carbonisation of sewage sludge
for char production with different waste biomass: Effects of reaction temperature and energy recycling.
Energy 2017, 127, 167-174. [CrossRef]

Koottatep, T.; Fakkaew, K.; Tajai, N.; Pradeep, S.V.; Polprasert, C. Sludge stabilization and energy recovery
by hydrothermal carbonization process. Renew. Energy 2016, 99, 978-985. [CrossRef]

Mazumder, S.; Saha, P; Reza, M.T. Co-hydrothermal carbonization of coal waste and food waste:
Fuel characteristics. Biomass Convers. Biorefin. 2020, 1-11. [CrossRef]

Wilk, M.; Magdziarz, A.; Jayaraman, K.; Szymarnska-Chargot, M.; Gokalp, I. Hydrothermal carbonization
characteristics of sewage sludge and lignocellulosic biomass. A comparative study. Biomass Bioenergy 2019,
120, 166-175. [CrossRef]

Heidari, M.; Dutta, A.; Acharya, B.; Mahmud, S. A review of the current knowledge and challenges of
hydrothermal carbonization for biomass conversion. J. Energy Inst. 2018, 92, 1779-1799. [CrossRef]

Saetea, P.; Tippayawong, N. Characterization of adsorbent from hydrothermally carbonized and steam
activated sewage sludge. In Proceedings of the World Congress on Engineering; Newswood Limited: London,
UK, 2013; Volume 3.

Spataru, A ; Jain, R.; Chung, ].W.; Gerner, G.; Krebs, R.; Lens, PN.L. Enhanced adsorption of orthophosphate
and copper onto hydrochar derived from sewage sludge by KOH activation. RSC Adv. 2016, 6, 101827-101834.
[CrossRef]

Monsalvo, V.M.; Fernandez Mohedano, A.; Rodriguez, J.J. Activated carbons from sewage sludge. Application
to aqueous-phase adsorption of 4-chlorophenol. Desalination 2011, 277, 377-382. [CrossRef]

Brunauer, S.; Emmett, PH.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc. 1938,
60, 309-319. [CrossRef]

Rey, A.; Zazo, J.A.; Casas, J.A.; Bahamonde, A.; Rodriguez, J.J. Influence of the structural and surface
characteristics of activated carbon on the catalytic decomposition of hydrogen peroxide. Appl. Catal. A Gen.
2011, 402, 146-155. [CrossRef]

Caliskan, E.; Gokttirk, S. Adsorption characteristics of sulfamethoxazole and metronidazole on activated
carbon. Sep. Sci. Technol. 2010, 45, 244-255. [CrossRef]

Zhao, Y,; Lin, S.; Choi, J.-W.; Bediako, J.K.; Song, M.-H.; Kim, J.-A.; Cho, C.-W.; Yun, Y.-S. Prediction of
adsorption properties for ionic and neutral pharmaceuticals and pharmaceutical intermediates on activated
charcoal from aqueous solution via LFER model. Chem. Eng. |. 2019, 362, 199-206. [CrossRef]
Monteagudo, ].M.; Duran, A.; San Martin, I.; Carrillo, P. Effect of sodium persulfate as electron acceptor
on antipyrine degradation by solar TiO2 or TiO2/rGO photocatalysis. Chem. Eng. ]. 2019, 364, 257-268.
[CrossRef]

Kim, D.; Lee, K,; Park, K.Y. Hydrothermal carbonization of anaerobically digested sludge for solid fuel
production and energy recovery. Fuel 2014, 130, 120-125. [CrossRef]

Volpe, M.; Fiori, L. From olive waste to solid biofuel through hydrothermal carbonisation: The role
of temperature and solid load on secondary char formation and hydrochar energy properties. . Anal.
Appl. Pyrolysis 2017, 124, 63-72. [CrossRef]

Funke, A.; Ziegler, F. Hydrothermal carbonization of biomass: A summary and discussion of chemical
mechanisms for process engineering. Biofuels Bioprod. Biorefin. 2010, 4, 160-177. [CrossRef]


http://dx.doi.org/10.1021/ef3015266
http://dx.doi.org/10.1016/j.fuel.2013.04.052
http://dx.doi.org/10.1016/j.renene.2020.05.021
http://dx.doi.org/10.3390/en13112890
http://dx.doi.org/10.1007/s13399-020-00777-z
http://dx.doi.org/10.1016/j.energy.2017.03.116
http://dx.doi.org/10.1016/j.renene.2016.07.068
http://dx.doi.org/10.1007/s13399-020-00771-5
http://dx.doi.org/10.1016/j.biombioe.2018.11.016
http://dx.doi.org/10.1016/j.joei.2018.12.003
http://dx.doi.org/10.1039/C6RA22327C
http://dx.doi.org/10.1016/j.desal.2011.04.059
http://dx.doi.org/10.1021/ja01269a023
http://dx.doi.org/10.1016/j.apcata.2011.05.040
http://dx.doi.org/10.1080/01496390903409419
http://dx.doi.org/10.1016/j.cej.2019.01.031
http://dx.doi.org/10.1016/j.cej.2019.01.165
http://dx.doi.org/10.1016/j.fuel.2014.04.030
http://dx.doi.org/10.1016/j.jaap.2017.02.022
http://dx.doi.org/10.1002/bbb.198

Molecules 2020, 25, 3534 15 of 16

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

ISO. Solid Biofuels—Fuel Specifications and Classes—Part. 8: Graded Thermally Treated and Densified Biomass Fuels
(17225-8:2016); ISO: Geneva, Switzerland, 2016.

Burguete, P.; Corma, A.; Hitzl, M.; Modrego, R.; Ponce, E.; Renz, M. Fuel and chemicals from wet
lignocellulosic biomass waste streams by hydrothermal carbonization. Green Chem. 2016, 18, 1051-1060.
[CrossRef]

Alatalo, S.-M.; Repo, E.; Mikild, E.; Salonen, J.; Vakkilainen, E.; Sillanpdd, M. Adsorption behavior of
hydrothermally treated municipal sludge & pulp and paper industry sludge. Bioresour. Technol. 2013, 147, 71-76.
Zhang,].; Lin, Q.; Zhao, X. The hydrochar characters of municipal sewage sludge under different hydrothermal
temperatures and durations. J. Integr. Agric. 2014, 13, 471-482. [CrossRef]

Titirici, M.M. Hydrothermal Carbonisation: A Sustainable Alternative to Versatile Carbon Materials. Ph.D.
Thesis, University of Potsdam, Potsdam, Germany, 2012.

EBC European Biochar Certificate—Guidelines for a Sustainable Production of Biochar. Available online:
http://www.european-biochar.org/biochar/media/doc/ebc-guidelines.pdf (accessed on 15 May 2020).

De Mena Pardo, B.; Doyle, L.; Renz, M.; Salimbeni, A. Industrial Scale Hydrothermal Carbonization:
New Applications for Wet Biomass Waste; Ttz Bremerhaven: Bremerhaven, Germany, 2016.

Dieguez-Alonso, A.; Funke, A.; Anca-Couce, A.; Rombola, A.; Ojeda, G.; Bachmann, J.; Behrendt, F. Towards
biochar and hydrochar engineering—Influence of process conditions on surface physical and chemical
properties, thermal stability, nutrient availability, toxicity and wettability. Energies 2018, 11, 496. [CrossRef]
Cervera-Mata, A.; Navarro-Alarcon, M.; Delgado, G.; Pastoriza, S.; Montilla-Gémez, J.; Llopis, J.;
Sanchez-Gonzalez, C.; Rufian-Henares, J.A. Spent coffee grounds improve the nutritional value in elements
of lettuce (Lactuca sativa L.) and are an ecological alternative to inorganic fertilizers. Food Chem. 2019, 282,
1-8. [CrossRef] [PubMed]

Rillig, M.C.; Wagner, M.; Salem, M.; Antunes, PM.; George, C.; Ramke, H.-G.; Titirici, M.-M.; Antonietti, M.
Material derived from hydrothermal carbonization: Effects on plant growth and arbuscular mycorrhiza.
Appl. Soil Ecol. 2010, 45, 238-242. [CrossRef]

Schimmelpfennig, S.; Miiller, C.; Griinhage, L.; Koch, C.; Kammann, C. Biochar, hydrochar and uncarbonized
feedstock application to permanent grassland—Effects on greenhouse gas emissions and plant growth.
Agric. Ecosyst. Environ. 2014, 191, 39-52. [CrossRef]

Kalderis, D.; Papameletiou, G.; Kayan, B. Assessment of orange peel hydrochar as a soil amendment: Impact
on clay soil physical properties and potential phytotoxicity. Waste Biomass Valoriz. 2018, 10, 1-14. [CrossRef]
Busch, D.; Stark, A.; Kammann, C.I.; Glaser, B. Genotoxic and phytotoxic risk assessment of fresh and treated
hydrochar from hydrothermal carbonization compared to biochar from pyrolysis. Ecotoxicol. Environ. Saf.
2013, 97, 59-66. [CrossRef]

Hitzl, M.; Mendez, A.; Owsianiak, M.; Renz, M. Making hydrochar suitable for agricultural soil: A thermal
treatment to remove organic phytotoxic compounds. J. Environ. Chem. Eng. 2018, 6, 7029-7034. [CrossRef]
Chen, Z; Ma, L; Li, S.; Geng, J.; Song, Q.; Liu, J.; Wang, C.; Wang, H.; Li, J.; Qin, Z.; et al. Simple
approach to carboxyl-rich materials through low-temperature heat treatment of hydrothermal carbon in air.
Appl. Surf. Sci. 2011, 257, 8686-8691. [CrossRef]

Chun, Y.; Sheng, G.; Chiou, C.T.; Xing, B. Compositions and sorptive properties of crop residue-derived
chars. Environ. Sci. Technol. 2004, 38, 4649-4655. [CrossRef]

Schimmelpfennig, S.; Glaser, B. One step forward toward characterization: Some important material
properties to distinguish biochars. |. Environ. Qual. 2012, 41, 1001-1013. [CrossRef] [PubMed]

Kambo, H.S.; Dutta, A. A comparative review of biochar and hydrochar in terms of production,
physico-chemical properties and applications. Renew. Sustain. Energy Rev. 2015, 45, 359-378. [CrossRef]
Benstoem, E; Becker, G.; Firk, J.; Kaless, M.; Wuest, D.; Pinnekamp, J.; Kruse, A. Elimination of
micropollutants by activated carbon produced from fibers taken from wastewater screenings using
hydrothermal carbonization. J. Environ. Manag. 2018, 211, 278-286. [CrossRef] [PubMed]

He, C.; Zhao, J.; Yang, Y.; Wang, J.Y. Multiscale characteristics dynamics of hydrochar from hydrothermal
conversion of sewage sludge under sub- and near-critical water. Bioresour. Technol. 2016, 211, 486—493.
[CrossRef]

He, C.; Giannis, A.; Wang, ].-Y. Conversion of sewage sludge to clean solid fuel using hydrothermal
carbonization: Hydrochar fuel characteristics and combustion behavior. Appl. Energy 2013, 111, 257-266.
[CrossRef]


http://dx.doi.org/10.1039/C5GC02296G
http://dx.doi.org/10.1016/S2095-3119(13)60702-9
http://www.european-biochar.org/biochar/media/doc/ebc-guidelines.pdf
http://dx.doi.org/10.3390/en11030496
http://dx.doi.org/10.1016/j.foodchem.2018.12.101
http://www.ncbi.nlm.nih.gov/pubmed/30711092
http://dx.doi.org/10.1016/j.apsoil.2010.04.011
http://dx.doi.org/10.1016/j.agee.2014.03.027
http://dx.doi.org/10.1007/s12649-018-0364-0
http://dx.doi.org/10.1016/j.ecoenv.2013.07.003
http://dx.doi.org/10.1016/j.jece.2018.10.064
http://dx.doi.org/10.1016/j.apsusc.2011.05.048
http://dx.doi.org/10.1021/es035034w
http://dx.doi.org/10.2134/jeq2011.0146
http://www.ncbi.nlm.nih.gov/pubmed/22751042
http://dx.doi.org/10.1016/j.rser.2015.01.050
http://dx.doi.org/10.1016/j.jenvman.2018.01.065
http://www.ncbi.nlm.nih.gov/pubmed/29408076
http://dx.doi.org/10.1016/j.biortech.2016.03.110
http://dx.doi.org/10.1016/j.apenergy.2013.04.084

Molecules 2020, 25, 3534 16 of 16

73.

74.

75.

76.

77.

Peng, C.; Zhai, Y.; Zhu, Y.; Xu, B.; Wang, T,; Li, C.; Zeng, G. Production of char from sewage sludge employing
hydrothermal carbonization: Char properties, combustion behavior and thermal characteristics. Fuel 2016,
176,110-118. [CrossRef]

Guo, Y.,; Rockstraw, D.A. Physicochemical properties of carbons prepared from pecan shell by phosphoric
acid activation. Bioresour. Technol. 2007, 98, 1513-1521. [CrossRef]

Huang, C.-C.; Li, H.-S.; Chen, C.-H. Effect of surface acidic oxides of activated carbon on adsorption of
ammonia. |. Hazard. Mater. 2008, 159, 523-527. [CrossRef]

Tamon, H.; Okazaki, M. Influence of acidic surface oxides of activated carbon on gas adsorption characteristics.
Carbon NY 1996, 34, 741-746. [CrossRef]

Giles, C.H.; MacEwan, TH.; Nakhwa, S.N.; Smith, D. A system of classification of solution adsorption
isotherms, and its use in diagnosis of adsorption mechanisms and in measurement of specific surface areas
of solids. J. Chem. Soc. 1960, 111, 3973. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.fuel.2016.02.068
http://dx.doi.org/10.1016/j.biortech.2006.06.027
http://dx.doi.org/10.1016/j.jhazmat.2008.02.051
http://dx.doi.org/10.1016/0008-6223(96)00029-2
http://dx.doi.org/10.1039/jr9600003973
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Dewatered Waste Activated Sludge 
	HTC and Hydrochar Activation Procedures 
	Characterization of Hydrochars and Activated Carbons 
	Adsorption Tests 

	Results and Discussion 
	Chemical and Structural Properties of the Hydrochars 
	Air Activation of Hydrochars 
	Chemical Activation of Hydrochars 
	Surface Chemistry of the Hydrochars 
	Adsorption of Sulfamethoxazole, Antipyrine and Desipramine. 

	Conclusions and Future Outlook 
	References

