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• Sewage sludge HTL solids activated after
partial recovery of nutrients.

• Demineralization significantly enhances
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• Activated solid residues show high capac-
ities for adsorption of methylene blue.
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effluent reduced below detection limits.

• Synergies between HTL and wastewater
treatment are further enhanced.
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 Solid residue fromhydrothermal liquefaction (HTL) of nutrient rich feedstock presents a promising source to recover valu-
able nutrients, such as phosphorus, in the solid form. The presentwork shows for thefirst time the potential of utilizing the
waste residue remaining after nutrients extraction from HTL of sewage sludge, as renewable adsorbents. A parametric
study was undertaken to investigate the influence of chemical activation conditions (temperature, residence time, activa-
tion agent loading, washing after activation) on raw and partially demineralized HTL solids. Kinetic and equilibrium ad-
sorption investigation was undertaken for the removal of methylene blue (MB) from aqueous solution. For comparison
purposes, a commercial activated charcoal (AC) was used. Demineralization was found to have a significant influence
in the adsorption capacity of the resultant adsorbents. Three adsorbents were found to follow the Langmuir adsorption
model, while the acid washed demineralized adsorbent had higher adsorption capacity than AC and was found to follow
the Freundlich adsorption model. The superior performance of the acid washed demineralized adsorbent was verified
from the kinetic study where all adsorbents were found to best fit the pseudo-second order model. Adsorption capacities
for MB at equilibrium were 367.1, 332.3, 297.4 and 87.6 mg/g, for acid washed demineralized adsorbent, AC,
demineralized adsorbent, and raw adsorbent, respectively. Finally, the most promising adsorbents were assessed for
their adsorption capacity to remove pharmaceuticals present in a real wastewater treatment effluent. Results indicated ul-
timate concentration for all targeted compounds below the detection limits for acid washed demineralized adsorbent,
AC and demineralized adsorbent. Future implementation of HTL technology in wastewater treatment facilities, will not
only provide an efficient way to valorize sewage sludge into bio-crude and nutrients, but can also enhance technology
integration by providing the precursors for renewable adsorbents needed in tertiary treatment of wastewater.
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1. Introduction

Hydrothermal liquefaction (HTL) is one of the most promising technol-
ogies for producing advanced biofuels from a variety of biomass and waste
feedstock. The main product is bio-crude, which resembles petroleum
crude oil in properties, and after conventional hydrogenation can be dis-
tilled to drop-in fuels. Bio-crude however is not the only product from
HTL. Since the process is carried out in the presence of water (typically
20 % dry matter, 80 % water) and at high temperatures (typically
300–400 °C) and pressures (typically 150–300 bar) much of the organic
and inorganic content of the parent feedstock is distributed in the aqueous,
solid and gaseous (mainly CO2) phases from HTL. While HTL has received
much attention in the last decade, the main focus has been on the produc-
tion of bio-crude, which is the main desirable product, the resultant
byproducts have received considerably less attention. Nevertheless, in the
context of sustainability and circular economy, emerging future chemical
processes must ensure the further valorization and/or treatment of any re-
sultant byproducts to minimize waste generation and maximize resource
utilization.

The solid fraction resulting fromHTL, hereafter referred to as HTL solids
(HTL-S), contains a significant fraction of insoluble inorganics as well as
some organic carbon. It should be noted that HTL-S are different from
hydrochar which is a common term used for the description of solids de-
rived from hydrothermal carbonization (HTC). Depending on the parent
feedstock, HTL-S can have high concentrations of valuable nutrients such
as P and Ca that can be recovered to be used as fertilizer (Ovsyannikova
et al., 2019; Ovsyannikova et al., 2020). For instance, HTL-S derived from
sewage sludge have been shown to have an ash content up to 80 wt%,
with phosphorus and calcium content of approximately 10 wt% and 22
wt%, respectively. High concentrations of valuable nutrients such as
P and Ca in HTL-S offer the opportunity of extracting them for further val-
orization to fertilizer (Ovsyannikova et al., 2019; Ovsyannikova et al.,
2020). After extraction of these nutrients (usually by leaching) the remain-
ing solids (partially demineralized) are likely enriched in the organic frac-
tion (carbon) and can have further applications.

One of these applications can be the production of renewable adsor-
bents (also referred to as activated carbons), for their subsequent employ-
ment in pollutants removal from contaminated water, including
wastewater. Application of such process-byproduct for wastewater treat-
ment, realizes the conversion of a waste to value-added material and can
enhance the economic efficiency of HTL process as well as create an effi-
cient and cheap adsorbentmaterial compared to commercially available ac-
tivated carbons. In the context of wastewater treatment plants (WWTP),
HTL has been identified as a very promising technology for valorizing the
resultant sewage sludge to bio-crude. The positive techno-economics of
the technology (Seiple et al., 2020; Do et al., 2020) has led to the develop-
ment of the first HTL demonstration plants in WWT facilities (Danish
Energy Agency (EUDP), n.d.; Hydrothermal Processing of Wastewater
Solidshttp://www.genifuel.com/text/Genifuel Case Study for BlueTech
Forum, 2018).

HTL technology offers a series of advantages when compared to anaer-
obic digestion, which is the current state of the art technology for valorizing
sewage sludge. HTL can also destroy organic micropollutants (OMPs),
namely pharmaceuticals and biocides, present in sewage sludge due to
the high temperatures and pressures employed by the process (Silva
Thomsen et al., 2020). However, in the majority of current WWTPs, a frac-
tion of these compounds remains in the treated effluent and ends up in the
aquatic environment due to their (pseudo-)persistency and insufficient re-
moval by conventionalwastewater treatment. Some of themost recalcitrant
OMPs have been found in concentrations significantly higher than 1 μg/L in
wastewater effluents (Verlicchi et al., 2012). The concentrations of these
specific compounds are an emerging concern due to their risks in human
health and aquatic life (Gutiérrez et al., 2021). Adsorption processes can
provide a simple and efficient solution for the removal of OMPs from the
final wastewater effluents, by incorporating them in tertiary treatment in
existing WWTPs (Silva et al., 2019). In a future wastewater treatment
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plant where HTL technology is utilized for the production of advanced
biofuels, the solid by-product from the technology can be used for both
extracting nutrients that can be used as fertilizers (P, Ca, etc.) but also as
a renewable adsorbent, replacing fossil derived activated carbons, for
OMPs removal prior to wastewater effluent discharge to the environment.

Biomass and waste-based adsorbents have been widely investigated as
cheaper andmore sustainable alternatives to fossil derived conventional ac-
tivated carbons (AC). Biochars derived from torrefaction, pyrolysis or gasi-
fication and hydrochars derived from hydrothermal carbonization (HTC),
of a variety of biomass and waste feedstock, have been broadly studied
for their adsorption capacity in the removal of dyes, organics, heavymetals,
pharmaceuticals, etc. fromwastewaters. Formethylene blue (MB), which is
themost commonly employed dye, the adsorption capacity has been shown
to range from zero tomore than 450mg/g (Rafatullah et al., 2010; Hameed
et al., 2007). The good adsorption capacities of biochars have encouraged
their application for the removal of emerging contaminants, such as phar-
maceutical compounds, fromwastewaters.Maximum adsorption capacities
in excess of 100 mg/g, depending on the target compound (i.e. naproxen,
diclofenac, ibuprofen, etc.), have been reported (Silva et al., 2019;
Delgado-Moreno et al., 2021; Shin et al., 2021; Román et al., 2020).

On the contrary, HTL-S have received considerably less attention on
their potential application as adsorbents for the removal of pollutants
fromwastewaters. Parsa et al. (Parsa et al., 2019) found amaximumMB ad-
sorption capacity (qm) of 226 mg/g by utilizing HTL-S produced from HTL
of macroalgae in a batch reactor at 350 °C without any prior activation. Liu
and Zhang (Liu and Zhang, 2009) examined the removal of lead fromwater
by using HTL-S produced from HTL of lignocelluloses, in a batch reactor at
350 °C without any prior activation, and found maximum lead removal ca-
pacity of 4.25 mg/g for HTL-S from pinewood. Liu et al. (Liu et al., 2010)
also compared the performance of biochar (from pyrolysis) and HTL-S
from pinewood, without activation, in their adsorption capacity for copper
removal from aqueous solutions and found higher maximum copper ad-
sorption capacity in HTL-S than biochar (4.46mg/g and 2.75mg/g, respec-
tively) even though biochar had a higher BET surface area than HTL-S (29
m2/g and 21 m2/g, respectively). Leng et al. (Leng et al., 2015) examined
the performance of HTL-S produced from sewage sludge at different HTL
temperatures and in different solvent media (acetone, ethanol, methanol)
and showed maximum Malachite green adsorption capacity of 49.3 mg/g
for HTL-S produced at 280 °C in the presence of acetone. Arun et al.
(Arun et al., 2018) achieved approximately 55 % removal of COD, NO3,
NH3 and PO4 from wastewater by applying HTL-S from microalgae
(Chlorella vulgaris) produced at 350 °C in a batch reactor, after cold activa-
tion by mixing with KOH (1:1 ratio).

While some of these studies show promising results for the application
of HTL-S as adsorbents, the influence of chemical activation on the adsorp-
tion capacity of HTL-S has not been previously investigated. Moreover, the
effect of demineralization, a necessary step to recover the nutrients
speciated in the solid byproduct during HTL, on the subsequent adsorption
capacity of activated HTL-S has not been part of any study. Finally, the
pharmaceuticals adsorption capacity of HTL-S, by using either model com-
pounds or real wastewater, has not been the focus of any previous study.
These, along with the importance of further valorizing byproduct streams
generated from renewable chemical technologies to increase resource re-
covery and reduce waste generation, were the primary motivations of the
present study.

To this end, the main aim of this study is to assess the feasibility of pro-
ducing renewable adsorbents from the solid byproduct of sewage sludge
HTL and investigate their potential for pharmaceuticals removal from
wastewater streams. More specifically, HTL-S produced at the continuous
pilot-scale HTL plant of Aarhus University (AU), resembling actual indus-
trial conditions, were utilized as precursors for renewable adsorbents pro-
duction via chemical activation. The influence of pyrolysis temperature,
pyrolysis residence time, activation agent loading, demineralization of
HTL-S and post-activation treatment, on methylene blue (MB) adsorption
capacity was used as initial screening for the produced adsorbents. MB ad-
sorption on the produced adsorbents was further evaluated by fitting the
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experimental data to adsorption isotherm and kinetic models and com-
pared with a commercial activated carbon. Finally, the most promising ad-
sorbents were tested for their capacity to adsorb pharmaceuticals from a
real wastewater effluent.

2. Materials and methods

2.1. Materials

HTL solids (HTL-S) were acquired from the inlinefilter of AU pilot-scale
HTL reactor (Anastasakis et al., 2018) during processing of primary sewage
sludge at 325 °C. Sewage Sludge used for the HTL run was collected from
the Viborg WWTP (Energy Viborg A/S), after the primary treatment and
was processed at 9.4 % dry matter (DM) content after pretreatment by ro-
tary vacuum drum filtration to increase the dry matter content (Silva
Thomsen et al., 2020). Average residence time (RT) in the pilot scale reac-
tor was 20 min (including cooling time). Recovered HTL-S were dried in an
oven at 105 °C overnight and were afterwards ground to powder. HCl (1
M), KOH pellets (≥85 %) and methylene blue (MB) were purchased from
VWR. Dye solutions used for the adsorption and kinetic experiments were
prepared by dissolving the required amount ofMB in distilledwater.Waste-
water effluent samples were collected from the secondary settling tank of
Bjergmarken WWTP in Roskilde, Denmark. Commercial activated carbon
(activated charcoal, CAS 7440-44-0), in a powder form, used for compari-
son purposes, was purchased by Sigma Aldrich.

2.2. Preparation of activated carbons/adsorbates

Prior to activation, part of HTL-S was acid washed to remove a signifi-
cant portion of phosphorus present, that can be further valorized to fertil-
izer. Briefly 50 g of HTL-S were mixed with 500 mL of HCl (1 M). The
mixture was placed under controlled stirring in a multitron incubator for
16 h, at 80 rpm and 25 °C, followed by additional stirring for 6 h, at
150 rpm and 65 °C (Ruban et al., 2001). The resultant mixture was filtered
to separate the extract and the partially demineralized solids (hereafter de-
noted as HTL-S-DEM). HTL-S-DEM were washed with demineralized water
and filtered under suction to remove excess HCl until achieving a neutral
pH. Subsequently, HTL-S-DEM were dried in an oven at 105 °C for 24 h.

HTL-S (as received – prior to demineralization) and HTL-S-DEM (after
demineralization – leaching) were impregnated with KOH (activating
agent) at two different mass ratios (1:1 and 2:1 activating agent/solids)
prior to pyrolysis. Appropriate amounts of solids and activation agent
were mixed in a solution and were placed in an ultrasonic bath (VWR
ULTRASONIC CLEANER) for 2 h, at room temperature. Subsequently, the
mixtures were dried at 105 °C for 24 h in an oven.

Next, impregnated samples were subjected to pyrolysis in a tubular fur-
nace (Carbolite Gero 30–1200 °C) under controlledN2 atmosphere, with 10
°C/min heating rate, at two temperatures (600 °C and 800 °C) and two res-
idence times (1 and 4 h). After cooling down, the resultant renewable ad-
sorbents were washed with demineralized water until achieving a neutral
pH, for the removal of reaction products, and were subsequently dried in
an oven at 105 °C for 24 h. An additional treatment by replacing water
washing with acidwashing for HTL-S-DEM (HTL-S-DEM-A.W.) was applied
in order to evaluate the effect of washing agent in the removal of reaction
products and other impurities. Acid washed samples were washed with
0.5 M HCl (cold washing) until the filtrate had clear color. Subsequently
they were washed with demineralized water, to remove excess HCl, until
neutral pH and oven dried at 105 °C for 24 h. A simplified flow diagram
of the experimental procedure for the preparation of the renewable adsor-
bents is shown in Fig. S1 in Supporting information (SI).

2.3. Solids characterization

Carbon, hydrogen, nitrogen and sulfur (CHNS) composition was ana-
lyzed using a VarioMacrocube (Elementar, Germany) calibrated on a sulfa-
nilamide standard. Oxygen content was calculated by difference. Moisture,
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volatilematter,fixed carbon as well as ash contentswere analyzed via prox-
imate analysis, which was undertaken using TGA/DSC 3 T 73 Star system
(Metler Toledo, Germany). Homogenized samples were heated from 45 °C
to 900 °C at a heating rate of 20 °C/min in a N2 atmosphere (50 mL/min)
followed by introduction of air (50 mL/min) for 30 min. Samples were an-
alyzed via Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) on an Optima 4300 DV (Perkin Elmer, United States) to deter-
mine the inorganic elements. Prior to ICP analysis, the samples were
digested by acid-assisted microwave digestion (Multiwave 3000, Anton
Paar, United States). Approximately 0.1 g of sample was added to a quartz
digestion tube alongside 5 mL of nitric acid. The calibration curves were
attained using standards from commercial certified solutions and by dilut-
ing the standards with nitric acid. There was a linear relationship between
the concentration and instrument response (R2 ≥ 0.99).

2.4. Adsorption of basic dye – methylene blue & data processing

Methylene blue (MB) dye was selected for the initial adsorption and ki-
netic studies for the produced renewable adsorbents. To determine the ad-
sorption capacity and to evaluate the adsorption isotherms of the prepared
adsorbents, batch adsorption experiments were conducted by using differ-
ent concentrations of aqueous MB solution (50–400 mg/L) for a contact
time of 2 h and adsorbent dosage of 1 g/L at room temperature. All batch
experiments were carried out by using 10 mL portions of dye solution and
the mixtures were subsequently shaken for 2 h using a Grant-Bio PTR-60
360° Multirotator at 100 rpm. After the end of the desired time, the solu-
tions were filtered via 0.2 μm syringe filter and the supernatants were sub-
sequently analyzed with a “Spectroquant ® Prove 600” (MERCK)
spectrophotometer at awavelength of 254 nm. Prior to analysis the spectro-
photometer had been calibrated with known concentrations of MB solu-
tions and the correlation factor obtained after the calibration procedure
was R2 > 0.99.

The percentage dye removal and adsorption capacity at equilibrium (qe,
mg/g) of the adsorbents were calculated by Eqs. (1) and (2), respectively
(Parsa et al., 2019; Maneerung et al., 2016; Khoshbouy et al., 2019):

Removal %ð Þ ¼ C0 � Ceð Þ
C0

� 100 (1)

qe mg=gð Þ ¼ C0 � Ceð Þ
m

� V (2)

where C0 is the initial dye concentration (mg/L), Ce is the equilibrium con-
centration in the solution (mg/L), V is the volume of the solution (mL) and
m is the adsorbent mass (mg).

The obtained experimental data, for selected samples, were fitted to the
non-linear form of the isotherm equations of Langmuir and Freundlich
(Ayawei et al., 2017), represented by Eqs. (3) and (4), respectively, by
using an optimization routine based on the Nelder–Mead method.

qe ¼
qmKLCe

1þ KLCe
(3)

qe ¼ KFC1=n
e (4)

where qm is the maximum adsorption capacity (mg/g), KL the Langmuir
equilibrium constant related to adsorption capacity (L/mg), Ce the amount
of solute (MB) in the liquid phase at equilibrium (mg/L), KF the Freundlich
adsorption constant ((mg/g) (L/mg)1/n) and 1/n is the adsorption intensity
indicating the heterogeneity of the adsorbent's surface.

For each model, the residual root-mean square error (RMSE) (Eq. (5))
was applied to investigate the fitting of the adsorption isotherms to the
equilibrium data.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑
N

i¼1
qe,exp � qe,cal

� �2

i

s
(5)



Table 1
Proximate and ultimate analysis of HTL solids (HTL-S) and HTL solids after demin-
eralization (HTL-S-DEM).

HTL-S HTL-S-DEM

Proximate analysis (wt%)
Moisture 0.8 0.4
Volatile matter 23.8 28.7
Fixed carbon 6.3 18.1
Ash 69.1 52.8

Ultimate analysis (wt%)
C 20.9 35.3
H 2 3
N 1.1 1.7
S 0.49 0.42
Oa 6.4 6.8

a Calculated by mass balance (O = 100-C-H-N-S-Ash).

Fig. 1. Inorganics removal during demineralization of HTL-S (negative removal
indicates increased concentration of the relevant inorganics).
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where qe,exp is the adsorption capacity as determined by the experiments,
qe,calc is the calculated adsorption capacity by the fitting of experimental
data into the models and N is the number of experimental data.

To evaluate the adsorption kinetics of MB onto the surface of the ad-
sorbents, batch experiments were conducted at different time intervals
(10–120 min) by using MB concentration of 400 mg/L and adsorbent
dosage of 1 g/L at room temperature. The amount of dye adsorbed per
mass unit of adsorbent at each time interval (qt, mg/g) was calculated
by Eq. (6):

qt mg=gð Þ ¼ C0 � Ctð Þ
m

� V (6)

where Ct is the residual concentration after shaking during the corre-
sponding time (t, min).

The obtained experimental kinetic data, for selected samples, were
fitted to the non-linear form of two of the most commonly adopted ki-
netic models to describe adsorption data under non-equilibrium condi-
tions; the pseudo-first order and the pseudo-second order kinetic
models (Lin and Wang, 2009; Ho and McKay, 1999), represented by
Eqs. (7) and (8), respectively. The fitting was performed by using an op-
timization routine based on the Nelder–Mead method to further investi-
gate the adsorption mechanism.

qt ¼ qe 1 � e � k1 t
� �

(7)

qt ¼
k2q2e t

1þ k2qet
(8)

where k1 and k2 are the rate constants for the pseudo-first order and the
pseudo-second order kinetic models, respectively. For each model the
residual root-mean square error (RMSE), previously introduced in
Eq. (5) (here using qt instead of qe), was applied to investigate the fitting
of the kinetic models to the kinetic data.

2.5. Pharmaceuticals adsorption – wastewater effluent

Real effluent wastewater collected from the secondary settling
tank of Bjergmarken WWTP in Roskilde, Denmark was used for batch
adsorption experiments of selected adsorbents in order to investigate
their adsorption performance in pharmaceuticals removal. Table S1 in
Supporting Information (SI) shows the concentration of pharmaceuti-
cals in the wastewater effluent (WW). For the adsorption and kinetic
experiments, the same procedure as previously described (Section 2.4)
was followed.

For the quantification of pharmaceuticals, a routine method used by the
research group was used (Silva Thomsen et al., 2020; Liang et al., 2021).
Briefly, the samples were thawed at room temperature, vortex shaken for
10 s, and then centrifuged at 2500 RCF for 15 min. The supernatant was di-
rectly analyzed (10 μL injection) by an Agilent 1200 series high-
performance liquid chromatograph (HPLC) coupled to a 5500 Qtrap mass
spectrometer (MS/MS) (Sciex, USA). A Phenomenex Synergi™ 4 μm
Polar-RP 80 Å LC column (150 × 2 mm) was used for at 20 °C. The mass
spectrometer was operated with electrospray ionization in positive mode
(ESI(+)), which was set at 400 °C with a capillary voltage of 4500 V. The
LC multi-step gradient, as well as all detailed MS/MS parameters, together
with all analytical quality parameters can be found elsewhere (Silva
Thomsen et al., 2020; Liang et al., 2021). Limits of detection ranged be-
tween 0.01 and 1.3 μg/L. The quantification was done using an 8 points-
calibration curve ranging from 0.01 to 10 μg/L and isotopically labeled
internal standards.

Data analysis, as possible, followed the same approach used for the
adsorption of the basic MB dye.
4

3. Results & discussion

3.1. Characterization of HTL solids

Table 1 shows the proximate and ultimate (CHNS & O) analysis of the
HTL solids as received (HTL-S) and after demineralization (HTL-S-DEM).
Demineralization increases the volatile matter and fixed carbon (content
of the solids) while at the same time reduces their ash content, as expected.
Fixed carbon is increased trifold upon demineralization while carbon
content of HTL-S-DEM is 1.7 times higher than in HTL-S. This significant
increase in carbon content suggests that demineralized HTL solids
could potentially be better precursors for the preparation of renewable
adsorbents. However, ash content is still high in HTL-S-DEM (52.8 wt%)
with approximately 23% reduction in ash content of the solids upon demin-
eralization.

Inorganic analysis (Fig. 1) revealed that a large fraction of the Phospho-
rus present in HTL-S is removed upon demineralization (>90 %). This indi-
cates the possibility of further treatment of the leachate for P recovery, for
example through struvite precipitation as shown by Ovsyannikova et al.
(Ovsyannikova et al., 2020), for subsequent application as fertilizer.
HTL-S from sewage sludge are rich in P and Ca with just these two macro-
nutrients making up approximately 50 % of the ash content of HTL-S. The
contribution of the two macronutrients in the ash content of HTL-S-DEM
is decreased to only 10%as revealed by the inorganic analysis. The selected
demineralization method proved highly efficient in removing certain inor-
ganics such as P, Ca, Mn, Zn (>80 %), moderately efficient in removing
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other inorganics (e.g. K, Na, Al, Mg, etc.), while inorganics such as Ti, Fe, Si
and Cr were found to be concentrated in HTL-S-DEM.

3.2. Adsorption studies

3.2.1. Effect of initial MB concentration and activation conditions
In order to investigate the influence of demineralization, pyrolysis con-

ditions and initial MB concentration in the adsorption performance of the
prepared adsorbents, batch adsorption experiments were carried out by
using aqueous solutions of MB at different initial concentrations (50–400
mg/L). HTL solids as received (HTL-S) and HTL solids after demineraliza-
tion (HTL-S-DEM) were mixed with KOH at a 1:1 ratio and pyrolyzed at
two different temperatures (600 °C and 800 °C) and residence times (1 h
and 4 h). All adsorbents were water washed after activation until neutral
pH.

Fig. 2 shows the results of MB removal (Fig. 2(a)) andMB adsorption ca-
pacity (Fig. 2(b)) for the prepared adsorbents as well as a comparison with
commercial activated charcoal (AC), which is used as a reference. HTL-S as
received without any demineralization or activation (raw) were found to
have relatively low MB removal capacity (8–15 % MB removal for the dif-
ferent initial MB concentrations) and are not shown in the figure. As it is
clear fromFig. 2(a) the removal efficiency decreaseswith increasing the ini-
tial MB concentration for all adsorbents examined as expected. Since the
adsorbents' reactive sites are constant, the removal efficiency is higher at
lower initial MB concentrations due to the availability of sufficient active
sites for MB ions adsorption. At the same time, the MB adsorption capacity
increasesmonotonically with increasing initial MB concentrations, until ap-
proaching a plateau at the highest initialMB concentration examined, since
the driving force (C0) for MB ions to be adsorbed on the solids' surface sites
is greater.

Fig. 2 further depicts the clear effect of demineralization and pyrolysis
temperature on the adsorption capacity of the resultant adsorbents. Both
demineralization and high pyrolysis temperature significantly increase
MB removal and MB adsorption capacity. HTL-S-DEM activated at 800 °C
show similar removal efficiency and adsorption capacity with commercial
activated charcoal (AC) at low initial MB concentrations (up to 100
mg/L) while both indexes becoming lower than those of AC for higher ini-
tial MB concentrations. Approximately 67 % MB removal and qe = 270
mg/g MB adsorption capacity were achieved with both renewable adsor-
bents compared to approximately 79 % and 335 mg/g, respectively, by
the commercial AC, at the highest initial MB concentration examined
(400 mg/L). Increase in pyrolysis residence time (4 h compared to
Fig. 2. The effect of initial MB concentration and activation (pyrolysis) conditions (tem
comparison with commercial activated carbon (AC). Dashed lines represent HTL soli
demineralization (1:1 impregnation, V = 10 mL; adsorbent amount = 10 mg; tempera
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1 h) didn't show any positive effect on the adsorption capacity of the adsor-
bates.

The higher carbon and lower ash contents of HTL-S-DEM (Table 1) sig-
nificantly improves the resultant adsorbents' adsorption performance after
activation. Even though the ash content of HTL-S-DEM is still high com-
pared to i.e., biochars (52.8 wt% compared to typical values of 10–20 wt
% for biochars) and hence their carbon content is also significantly lower
they still show good adsorption properties. Apart of the carbon content of
the adsorbent precursor which promotes the performance of the resultant
adsorbents, the nature of inorganic composition appears to have a signifi-
cant influence as well. Agrafioti et al. (Agrafioti et al., 2014) found an in-
crease in the removal of As and Cr from aqueous solutions by
impregnating rice husk biochars with Ca and Fe (hence increasing their
ash and reducing their carbon contents). Demineralization of HTL-S
changes the inorganic equilibrium and as shown previously (Fig. 1) leads
to the concentration of certain inorganics such as Fe, Ti, etc. This difference
in inorganic composition alongwith the increased carbon content of HTL-S-
DEM can explain the significant improvement in adsorption performance of
demineralized samples after activation. Parsa et al. (Parsa et al., 2019) also
found good adsorption performance of high ash (44.8 wt%) & low carbon
(35.4 wt%) HTL-S from Cladophora glomeratamacroalgae (without any ac-
tivation) with approximately 60%MB removal and qe= 200mg/gMB ad-
sorption capacity at initial MB concentration of 400 mg/L. Higher
activation temperatures also result in adsorbents with improved sorption
properties since they promote the reaction between the activation agent
(e.g. KOH) and carbon which leads to the formation of pore structures
(Patra et al., 2021).

While the combined effect of both demineralization and higher pyroly-
sis temperature on MB adsorption/removal is clear, the individual effect of
these parameters is inconclusive. Demineralization appears to have a nega-
tive effect on adsorbents prepared at lower pyrolysis temperatures (600 °C)
since they showed lower MB removal and qe than their non-demineralized
counterparts (Fig. 2). Furthermore, the increase in pyrolysis temperature
and residence time did not show any clear effect on MB removal and qe
for HTL-S samples. These ambiguities might arise from the lower adsorp-
tion capacities/removals of these samples that can introduce higher er-
rors/inconsistencies due to competing adsorption-desorption of MB ions
on the reduced active sites available on the solids' surfaces.

3.2.2. Effect of activation agent dosage and washing of resultant adsorbents
Based on the previous screening results, demineralized HTL solids and

activation conditions of 800 °C and 1 h were selected to further investigate
perature-residence time) on (a) MB removal and (b) MB adsorption capacity and
ds as received (no demineralization) while solid lines represent HTL solids after
ture = 25 °C; t = 2 h; rpm = 100).
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the influence of activation agent (KOH) loading and post-activation wash-
ing (water or acid & water) on the MB adsorption capacity. HTL-S-DEM
were mixed at two different mass ratios with KOH (1:1 and 1:2) prior to py-
rolysis at 800 °C for 1 h. The resultant adsorbents were water washed until
natural pH after activation. In addition, HTL-S-DEM mixed with 1:1 KOH
ratio, pyrolyzed at 800 °C for 1 h were firstly acid (HCl) washed, followed
by water washing.

The results for MB removal and MB adsorption capacity for these sam-
ples along with a comparison with a commercial AC, used as a reference,
after batch adsorption experiments are presented in Fig. 3. Higher KOH
ratio did not have any effect on MB removal and adsorption capacity of
the samples. Both indexes were found almost identical for samples with
lower KOH ratio, with a small difference in MB removal and adsorption ca-
pacity at initial MB concentration of 300 mg/L which can be attributed to
experimental errors/inconsistencies. On the other hand, acid washing of
the prepared adsorbents was found to have a significant influence on
their MB removal and adsorption capacity. Acid washed adsorbent exhib-
ited the same MB removal efficiency (100 %) and adsorption capacity
(297 mg/g) as the commercial AC for initial MB concentrations up to 300
mg/L, while for higher initial MB concentrations it surpassed AC perfor-
mance. The range of initial MB concentration examined was extended to
a maximum of 700 mg/L where the acid washed renewable adsorbent ex-
hibited 70 % MB removal capacity (compared to 55 % for the AC) and
497 mg/g adsorption capacity (compared to 379 mg/g for the AC). Acid
washing of the sample after activation, more efficiently removes any reac-
tion products (e.g. tars) that might have condensed on the surface of the
particles aswell as the excess potassium fromKOH, increasing the availabil-
ity of vacant sites on the solid's surface and hence improving the adsorption
capacity. These results suggest the potential of the production of highly ef-
ficient renewable adsorbents from the solid residue of HTL after partial de-
mineralization.

3.2.3. Effect of contact time
Contact time is one of the most important parameters for optimization

and scale up of adsorption processes in order to achieve a cost-effective
design. Based on the previous adsorption results, four samples were
selected for further investigation of the effect of contact time on the
adsorption of MB. Two of the most promising renewable adsorbents,
demineralized HTL solids pyrolyzed at 800 °C for 1 h (1:1 KOH ratio),
water and acid & water washed, were examined at room temperature for
2 h with an initial MB concentration of 400 mg/L. Commercial AC and
non-demineralized HTL-S (pyrolyzed at 800 °C for 1 h at 1:1 KOH ratio)
were used as a reference.
Fig. 3. The effect of activation agent dosage (1:1 & 1:2 KOH) and post-activation t
and comparison with commercial activated carbon (AC). All samples were activated a
t = 2 h; rpm = 100).
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Fig. 4 shows the effect of contact time on the removal efficiency (Fig. 4
(a)) and adsorption capacity (Fig. 4(b)) of MB by the different adsorbents.
Adsorption rapidly takes place for all samples at the initial stage (before
10 min) due to the availability of abundant free surface sites. Following,
for higher contact times adsorption rate either decreases or reaches a pla-
teau, depending on the sample. MB adsorption for non-demineralized
HTL-S appears to reach a plateau already after 10 min of contact time. Re-
moval efficiency stabilizes at approximately 20 % while adsorption capac-
ity at approximately 85 mg/g, indicating that all the available surface
sites are already occupied by MB ions in just 10 min of contact time. On
the other hand, MB adsorption by HTL-S-DEM proceeds faster during the
first 10 min of contact time, followed by a gradual reduction in the adsorp-
tion rate until approaching equilibrium at contact time of approximately 60
min. At 60 min it was found that more than 65 % of MB was removed with
an adsorption capacity of 265mg/g. The commercial AC showed a superior
performance with higher adsorption rate, removal efficiency and adsorp-
tion capacity than HTL-S-DEM. Approximately 80 % of MB was removed
with an adsorption capacity of 320 mg/g at 60 min of contact time with
the commercial AC. Nevertheless, acid washing of HTL-S-DEM after activa-
tion showed a similar behavior as the commercial AC in the adsorption of
MB ions. Adsorption rate, removal efficiency and adsorption capacity are
approximately the same for HTL-S-DEM-A.W. and AC for contact times up
to 60 min. Surprisingly, for longer contact times (120 min) the removal ef-
ficiency and adsorption capacity, for MB ions, for the acid washed renew-
able adsorbent both continue to increase, ultimately surpassing the
performance of the commercial AC. Approximately 98 % MB removal and
395 mg/g MB adsorption capacity occurred by the acid washed renewable
adsorbent in 120 min of contact time (compared to 78 % and 335 mg/g
for AC, respectively). This confirms the results shown previously (Fig. 3)
where the acidwashed renewable adsorbentwas found to have consistently
higher MB removal efficiency and adsorption capacity than commercial
AC for initial MB concentrations higher than 300 mg/L. This suggests
a possible change in the adsorption mechanism of the acid washed adsor-
bent which was further examined through adsorption isotherms in next
section (3.3).

3.3. Adsorption isotherms

The equilibrium data fromMB adsorption were fitted into two common
adsorption isotherm models, the Langmuir and Freundlich isotherm
models, to further investigate the characteristics of the adsorption process
between solid and liquid phases at equilibrium. Based on the previous
screening results, four samples were selected to further investigate the
reatment with acid (A.W.) on (a) MB removal and (b) MB adsorption capacity
t 800 °C for 1 h (V = 10 mL; adsorbent amount = 10 mg; temperature = 25 °C;



Fig. 4. Effect of contact time on (a) MB removal and (b) MB adsorption capacity by ACs prepared under different treatments (raw – demineralized - demineralized & acid
washed HTL solids, all samples 1:1 KOH activated at 800 °C for 1 h) and comparison with commercial activated carbon (AC) (C0 = 400 mg/L, V = 10 mL, adsorbent
amount = 10 mg; temperature = 25 °C; rpm = 100).
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adsorption process. All renewable adsorbents were prepared at 1:1 KOH
ratio followed by pyrolysis at 800 °C for 1 h. HTL-S as received (prior to de-
mineralization - HTL-S-800C-1h) and demineralized HTL-S, water (HTL-S-
DEM-800C-1h) and acid washed (HTL-S-DEM-800C-1h-A.W.) after activa-
tion, were compared to commercial activated charcoal (AC).
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Fig. 5. Equilibrium adsorption isotherms (Langmuir & Freundlich models) for adsorpt
(HTL-S-DEM-800C-1h) (c) demineralized HTL solids washed with acid after activatio
1 h) and (d) comparison with commercial activated charcoal (AC) (V = 10 mL; Adsorb
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Fig. 5 shows the results of fitting the non-linear Langmuir and
Freundlich isotherm equations into the MB adsorption equilibrium data
for the selected adsorbents. Non-linear regression, rather than linearization
of the isotherm equations, which is commonly applied for deriving the ad-
sorption parameters, was employed to ensure a more robust procedure to
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ion of MB using (a) raw HTL solids (HTL-S-800C-1h) (b) demineralized HTL solids
n (HTL-S-DEM-800C-1h-A.W.) (All samples activated with 1:1 KOH at 800 °C for
ent amount = 10 mg; temperature = 25 °C; t = 2 h; rpm = 100).



Fig. 6. Separation factor (RL) for adsorption of MB on raw HTL solids (HTL-S-800C-
1h), demineralized HTL solids (HTL-S-DEM-800C-1h) and commercial activated
charcoal (AC).
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determine the fitting parameters (Kumar et al., 2008). The calculated pa-
rameters for the two models and for the different adsorbents under investi-
gation along with the root-mean square error (RMSE) associated with the
fitting of the equations are shown in Table 2.

From the RMSE values, as well as the graphs of the experimental and
corresponding calculated data through the isotherm models, it appears
that the adsorption process of MB on the different adsorbents can be better
described by the Langmuir isotherm model for all samples examined, with
one exception. For the acid washed demineralized HTL-S adsorbent, the
Freundlich isotherm model was found to better describe the data. The
good agreement with the Langmuir isotherm model, indicates that MB
ions form monolayer coverage on the adsorbents' surface which becomes
saturated once the available vacant surface sites are occupied. The calcu-
latedmaximumadsorption capacity (qm) for activated rawHTL-S, activated
water washed demineralized HTL-S, activated acid washed demineralized
HTL-S and commercial AC, using the Langmuir isotherm model, were
103.5, 269.1, 452.1 and 355.1 mg/g, respectively. Similarly, the calculated
Langmuir constants (KL) increased following the same order with numeri-
cal values of 0.0145, 1.8, 4.2 and 2.6 L/mg, respectively.

Demineralization of HTL-S increases the maximum adsorption capacity
and the Langmuir constant of the resultant adsorbent more than twofold
and more than hundredfold, respectively. The remarkable increase in KL

shows the improved affinity of the demineralized adsorbent towards the
MB adsorbate. This could be due to the higher availability of adsorption
sites on the demineralized sample probably because of its more porous
structure and larger surface area (Heibati et al., 2015). Both parameters
(qm andKL) were found to further increase, surpassing the respective values
of the commercial AC, by acidwashing the adsorbent after activation. How-
ever, acid washed HTL-S-DEM was found to follow a different adsorptive
mechanism (Freundlich instead of Langmuir model). However, it has to
be noted that Freundlich isotherm model is a simple mathematical, rather
than physical, model that accounts for the heterogeneity of adsorption
(Chiou, 2002).

The dimensionless separation factor, RL (Eq. (9)), was further calculated
for the adsorbents found to follow the Langmuir isotherm mechanism.

RL ¼ 1
1þ KLC0

(9)

The separation factor provides further insights on the nature of the sorption
with RL = 0 indicating irreversible adsorption, linear for RL = 1, favorable
for 0<RL< 1 and unfavorable forRL> 1 (Al-Ghouti and Da’ana, 2020). The
calculated RL values at different initial MB concentrations are shown in
Fig. 6. Values of RL < 1 were calculated for all adsorbents indicating favor-
able adsorption of all samples towards MB. Demineralization of HTL-S re-
duced RL by two orders of magnitude, compared to the raw HTL-S,
showing similar performance to AC. For high initial MB concentrations,
RL approaches zero for HTL-S-DEM and AC, suggesting more favorable ad-
sorption of MB ions on the surface of the adsorbents.

Common to non-acid washed demineralized adsorbent and activated
charcoal (Fig. 5-b& d, respectively) that were found to follow the Langmuir
isotherm, the acidwashed demineralized adsorbent (Fig. 5-c) is also charac-
terized by a steep increase in the amount of MB adsorbed to approximately
328 mg/g as indicated by the calculated Freundlich constant, Kf. However,
instead of reaching a plateau the amount adsorbed continues to rise for in-
creased initial MB concentrations, following a second rather linear trend
Table 2
Calculated constants and root-mean square error (RMSE) for Langmuir and Freundlich

Models Parameters HTL-S-800C-1h

Langmuir qm (mg/g) 103.5
KL (L/mg) 0.0145
RSME 4.2

Freundlich 1/n 0.38
KF(mg/g)(L/mg)1/n 9.8
RSME 4
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albeit with a reduced gradient. Rather than assumingmonolayer adsorption
on homogeneous surfaces (Langmuir model), acid washed adsorbent fol-
lows multilayer adsorption on heterogeneous surfaces (Freundlich
model). Freundlichmodel assumes that the stronger active sites are initially
utilized, and the activity (i.e., the gradient of the isotherm) is then reduced
with more site utilization. Being a mathematical rather than a physical
model, Freundlich model cannot estimate a limit in adsorption capacity
as in case of the Langmuir model (qm). The strength of the adsorption can
be represented by the value of parameter n, in the Freundlich isotherm,
with high values indicating strong adsorption. For the acid washed
demineralized sample a value n = 13.9 has been calculated suggesting
strong binding between the adsorbate and the adsorbent. Even though di-
rect comparisons with the samples following Langmuir isotherm cannot
be made, an indication of the relative intensity of the absorption can be in-
ferred by comparing either n value for the Freundlich fitting or its counter-
part (KL) for the Langmuir. The acid washed demineralized adsorbent
shows an increased intensity of the adsorption, more than 60 % (67 %
and 61 % considering the ratios of n and KL values, respectively) with re-
spect to the commercial activated charcoal.

The calculated maximum adsorption capacity for the renewable adsor-
bents, excluding the acid washed sample, are in the same range as the
ones reported by Parsa et al. (Parsa et al., 2019). They found MB qm of
104.7 and 226.3 mg/g by utilizing HTL-S produced from two different
types of macroalgae, albeit without any prior activation. The present
study shows that renewable adsorbentswith significantly improved adsorp-
tion properties can be produced fromHTL-S by demineralization, chemical
activation and acid washing after activation. Interestingly, Parsa et al.
found that the sample with the higher adsorption capacity was better de-
scribed by the Freundlich adsorptionmodel which was the case in the pres-
ent study with acid washed demineralized HTL-S. Yuan et al. (Yuan et al.,
2011) utilized another solid process residue, digestate from anaerobic di-
gestion of manure (similar waste feedstock to sewage sludge used in the
present study), to examine its MB adsorption capacity after activation.
isotherm models for adsorption of MB onto the different adsorbents.

HTL-S-DEM-800C-1h HTL-S-DEM-800C-1h-A.W. AC

269.1 452.1 355.1
1.8 4.2 2.6

23.9 80.9 22.9
0.18 0.072 0.12

123.9 328.1 201.1
31.9 10.7 32.4
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They used H3PO4 as activation agent and activated the residue at 500 °C for
2 h, followed by acid washing of the resultant renewable adsorbent under
boiling reflux. The authors found that Langmuir model was better in de-
scribing the MB adsorption with maximum adsorption capacity of 344.8
mg/g which is lower than the one reported in the present study by the
acid washed (cold washing) demineralized adsorbent (452.1 mg/g). This
suggests the potential of producing renewable adsorbents with superior
adsorption properties by utilizing solid residues from HTL. Nevertheless,
HTL-S utilized in the present study were demineralized before activation,
which was not the case in the study by Yuan et al. where the biogas residue
was used as received for the activation. However, it has to be noted the sig-
nificant difference in the composition of the samples in terms of fixed car-
bon (20.9 vs 6.3 wt% for biogas residue and HTL-S, respectively) and ash
contents (2.1 vs 69.1 wt% for biogas residue and HTL-S, respectively),
among others. The low fixed carbon and high ash content of HTL-S,
makes pre-treatment by demineralization necessary to improve the adsorp-
tion properties of the resultant adsorbents. This however comes, with the
clear advantage of recovering a significant fraction of the phosphorus pres-
ent in HTL-S, by demineralization, which can then be further utilized for
renewable fertilizers.

3.4. Adsorption kinetics

Two kinetic models, the pseudo-first order and the pseudo-second order
were utilized to interpret the rate and mechanism of MB adsorption onto
the most promising renewable adsorbents (HTL-S-800C, HTL-S-DEM-
800C, HTL-S-DEM-800C-A.W.), as identified previously, and onto the com-
mercial AC. As in the case of isotherms, non-linear regressionwas employed
for the fitting of experimental data to the kinetic models. It has been shown
that the linearization of the kinetic equations distorts the kinetics by intro-
ducing uncertainty and biasness, often leading to favoring the pseudo-
second order model even for data that would be expected to fit the
pseudo-first order model (Lin and Wang, 2009; Revellame et al., 2020).

The calculated kinetic parameters and their corresponding error analy-
sis through RMSE are summarized in Table 3 while the results of the non-
linear fitting are depicted in Fig. 7 (at initial MB concentration of 400
mg/L). From RMSE analysis and by visual observation of each individual
plot in Fig. 7, it can be concluded that the pseudo-second ordermodel better
describes the overall adsorption process for all samples examined. The
pseudo-second order model assumes that the MB uptake process is due to
chemisorption resulting from the chemical bonds between the adsorbate
and the active sites of the adsorbents (Vadivelan and Vasanth Kumar,
2005). Since chemisorption occurs on vacant active sites (single layer pro-
cess) it agrees with the previous findings of MB ions following monolayer
coverage on the adsorbents surface (Langmuir isotherm model).

Even though the data for all adsorbents fitted the pseudo-second order
model better, the acid washed adsorbent was found to have a relative
high RMSE value (27.1 compared to 2.1–5.1 for rest of the samples) and
the respective calculated adsorption capacity (qe) obtained did not match
closely with the values obtained experimentally (Fig. 7(c)). A similar devi-
ation from the behavior of the other adsorbents was also observed previ-
ously since the adsorption of MB by the acid washed sample was found to
be better described by the Freundlich instead of the Langmuir isotherm
model. As previously mentioned, the Freundlich model suggests non-ideal
Table 3
Adsorption kinetic parameters and root-mean square error (RMSE) calculated for pseudo
adsorbents.

Models Parameters HTL-S-800C-1h

Pseudo-first order k1 (min−1) 0.346
qe (mg/g) 86.4
RSME 2.2

Pseudo-second order k2 (g/mg min) 0.0227
qe (mg/g) 87.6
RSME 2.1
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and multilayer adsorption on heterogenous surface of the adsorbent. It ap-
pears that both kinetic models cannot fully capture the overall sorption pro-
cess for the acid washed sample. The experimental data for these specific
samples show amore complex behavior with respect to the untreated coun-
terparts, namely a pseudo-equilibrium reached at low adsorption times
(compatible with the kinetics of the untreated samples) followed by a sec-
ondary adsorption at a reduced rate. The fast initial adsorption rate until
the plateau can be attributed to the utilization of surface sites, while the sec-
ond section can be associated to diffusion-limited adsorption. This latter re-
gime possibly results from part of the active sites being hindered; e.g.
present in the micro-porosity of the material.

The calculated adsorption capacity at equilibrium (qe) was found
highest for acid washed HTL-S-DEM followed by commercial AC, HTL-S-
DEM and HTL-S with 367.1, 332.2, 297.4 and 87.6 mg/g, respectively. As
in the case of the isotherms study, the kineticfittings showed that activation
of demineralized solids from HTL can produce renewable adsorbents with
slightly lower adsorption capacity than commercial AC while acid washing
after activation can lead to renewable adsorbents with superior adsorption
capacity than commercial AC. The adsorption capacity (qe) for both HTL-S-
DEM samples was found higher than the one reported by Parsa et al. (231.8
mg/g) (Parsa et al., 2019), by utilizing HTL-S from the macroalga
C. glomerata without activation and using initial MB concentration of 450
mg/L (versus 400 mg/L used in the present study). The authors of the
study also found the adsorption of MB by HTL-S from two macroalgae spe-
cies to follow the pseudo-second order kinetic model, albeit by linearizing
the kinetic models. MB adsorption capacities in excess of 400 mg/g for re-
newable adsorbents prepared from agricultural and industrial wastes bio-
chars have been reported (Rafatullah et al., 2010). Hammed et al.,
achieved qe of 454.2mg/g (at 500mg/L initial MB concentration) by apply-
ing acid washing (HCl) on the resultant adsorbent from bamboo biochar by
linearizing however the kinetic models.

3.5. Pharmaceuticals removal from wastewater effluent

The concentration of the target pharmaceuticals in the effluent water
ranged from 0.07 to 12 μg/L for atenolol and iohexol, respectively. The
levels found, are in line with the expected concentrations for the specific
study site (Svendsen et al., 2020), as well as treated wastewater from
other conventional WWTPs (Gracia-Lor et al., 2012; Angeles et al., 2020).
In total, 12 pharmaceutical compounds, sulfamethizole, atenolol, metopro-
lol, carbamazepine, citalopram, diclofenac, venlafaxine, iohexol, iomeprol,
losartan, oxazepam, gabapentin were quantified in the effluent (Table S1)
and used for assessing the sorption potential of the most promising adsor-
bents. Similarly to Section 3.2.2, based on theMB screening results, two ac-
tivated solids and two references were used. Themost promisingmaterials,
HTL-S-DEMmixed with KOH (1:1) prior to pyrolysis at 800 °C for 1 h, with
or without an acid (HCl) washing step, were utilized. Demineralized HTL-S
without activation, as well as the commercial activated charcoal was used
as control.

To better represent the adsorption potential under real conditions, sorp-
tionwas tested using the native concentration of compounds in the effluent,
and the removal % was calculated (Fig. 8). The removal data for raw efflu-
ent clearly shows the high capacity of both activated HTL-S-DEM samples
(>71 % removal), with and without acid washing, to sorb pharmaceuticals.
-first order and pseudo-second order models for adsorption of MB onto the different

HTL-S-DEM-800C-1h HTL-S-DEM-800C-1h-A.W. AC

0.095 0.155 0.223
269.3 330.1 318.9

6.1 35.9 8.6
4.8e-4 5.9e-4 0.0018

297.4 367.1 332.3
5.1 27.1 3.7
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Fig. 7.Kinetics for adsorption ofMBonto (a) rawHTL solids (HTL-S-800C-1h) (b) demineralizedHTL solids (HTL-S-DEM-800C-1h) (c) demineralizedHTL solids washedwith
acid after activation (HTL-S-DEM-800C-1h-A.W.) (All samples activatedwith 1:1 KOH at 800 °C for 1 h) and (d) comparisonwith commercial activated charcoal (AC). (C0=
400 mg/L; V = 10 mL; adsorbent amount = 10 mg; temperature = 25 °C; rpm = 100).
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The potential is similar to the commercial AC tested for all components
studied. Minimum removal efficiencies for pharmaceuticals ranged be-
tween 71 % and 98 % due to LOD of the analytical instrument. The lowest
end of removal (71 %) is greatly influenced by the low concentration of
atenolol in the wastewater effluent (0.07 μg/L) and the analytical instru-
ment's respective LOD (0.02 μg/L). Concentrations of all analyzed com-
pounds in raw wastewater effluent as well as in effluent after 2 h
adsorption on the different materials are given in Table S1 in Supporting in-
formation. Similarly, the high removal efficiencies shown for some pharma-
ceuticals (e.g. >98 % for iomeprol) are due to their high concentration in
the raw effluent (i.e. 11.1 μg/L for iomeprol) and the relatively low LOD
of the analytical instrument (i.e. 0.13 μg/L for iomeprol). The positive
error bars in Fig. 8 indicate the max removal that can theoretically be
achieved but was not possible to verify due to the low effluent concentra-
tions and LOD restrictions. Unlike activated HTL-S-DEM, HTL-S-DEMwith-
out activation showed only limited sorption (0 to 26 % removal),
demonstrating that also for the sorption of pharmaceuticals the activation
of demineralized solids is crucial. Due to the low concentrations present
and very fast adsorption (concentrations below LOD or LOQ within
10 min for all compounds after treatment with activated samples), addi-
tional tests performed using different dilutions and times did not provide
data for isotherm and kinetic investigation as most of the data points
were below detection limits. Table S2 shows the remaining concentrations
of the different pharmaceuticals after adsorption for 10min on the different
materials.

The results confirm the potential of HTL solids to adsorb pharmaceuti-
cals similar to pyrolysis derived biochars. Biochars derived from a wide
range of biomass and waste feedstock have been demonstrated for their
10
pharmaceutical adsorption properties (Silva et al., 2019; Ouyang et al.,
2020). As an example, Bagheri et al. (Bagheri et al., 2020) foundmaximum
adsorption capacity for diclofenac of 100.8 mg/g on phosphoric acid acti-
vated biochar derived from Moringa oleifera, albeit utilizing synthetic
model solution. A direct comparison with the results of the present study
cannot be undertaken because the adsorption capacities could not be esti-
mated due to limitations imposed by the low pharmaceuticals concentra-
tion in the utilized effluent. However, the present results highlight the
potential application in a real system. Considering the potential revealed,
it is important to further fully characterize the adsorption isotherms, deter-
mine maximum adsorption capacity and adsorption kinetics for pharma-
ceuticals. Further studies should cover a wider range of compounds,
potentially by spiking or using effluent with less treatment. Moreover, ef-
fect of pH, adsorbent dosage, shorter contact time, wastewater matrix, de-
sorption of the adsorbed compounds as well as possible desorption of the
heavy metals present in HTL-S (as revealed by the metal analysis) should
also be carefully assessed. Lastly, since the procedure for producing renew-
able adsorbents from HTL-S involves several individual processes associ-
ated with inputs of acids (demineralization and adsorbent washing),
bases (activation agent) and energy (high temperature pyrolysis), a holistic
approach for determining the overall sustainability of such an endeavor,
preferably through an LCA, is needed.

Futurewastewater treatment plants aiming tomaximize resource recov-
ery, can implement HTL technology for the valorization of sewage sludge to
renewable bio-crude oil. The solid fraction from HTL represents an attrac-
tive option for recovering the phosphorus present in sewage sludge, since
most of the phosphorus speciates in the solid fraction under hydrothermal
conditions. Extraction of phosphorus from the solids would require the



Fig. 8. Removal efficiency of pharmaceuticals by adsorbents derived from HTL
solids (HTL-S-DEM: demineralized HTL solids without activation, HTL-S-DEM-
800C-1h: demineralized HTL solids activated with at 1:1 KOH ratio at 800 °C for
1h followed by water washing, HTL-S-DEM-800C-1h-A.W.: demineralized HTL
solids activated with at 1:1 KOH ratio at 800 °C for 1 h followed by acid washing)
and comparison with commercial activated charcoal (AC). (V = 10 mL; adsorbent
amount = 10 mg; temperature = 25 °C; t = 2 h; rpm = 100). Values indicate
the minimum removal efficiency calculated based on limits of detection, error
bars indicate the max removal that can potentially be achieved.
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use of acids. The acid washed (demineralized) solids can then be further
valorized to renewable adsorbents for direct application in tertiary treat-
ment for the final removal of recalcitrant compounds from the wastewater
effluent as shown in the present study. In case of favorable overall life cycle
emissions of the integrated individual processes (considering background
and foreground data as well as replacement of fossil derived products)
and safe disposal of the used adsorbents (inert solids with no leaching of
adsorbed compounds or heavy metals), HTL can potentially provide a con-
tinuous source of renewable adsorbents precursors.

4. Conclusions

This study has demonstrated the potential of preparing renewable ad-
sorbents from the solid residue of hydrothermal liquefaction of sewage
sludge with application in wastewater treatment. Partial demineralization
of the solid residue is desired not only to improve the adsorption properties
of the resultant adsorbents, but also to recover valuable nutrients, such as
phosphorus, present in abundance in the solid phase from HTL of sewage
sludge.While non-demineralizedHTL solids showed amoderate adsorption
capacity towards dyes after activation (qe = 87.6 mg/g), demineralized
HTL solids showed a significant improvement in adsorption capacity (qe
= 297.4 mg/g). Acid washing of the renewable adsorbent after activation
was shown to further increase its adsorption capacity (qe = 367.1 mg/g)
surpassing that of a typical commercial activated charcoal (qe = 332.2
mg/g). Acid washing was also found to change the adsorption mechanism,
frommonolayer adsorption on homogeneous surfaces (Langmuir) to multi-
layer adsorption on heterogeneous surfaces (Freundlich). Both renewable
adsorbents derived from demineralized HTL solids, as well as the commer-
cial activated charcoal, were found to be highly efficient to remove pharma-
ceuticals (typical organic micropollutants) present in a real wastewater
treatment effluent. Application of the solid byproduct from HTL of sewage
sludge as a source for both valuable nutrients recovery and as a replacement
of fossil derived adsorbents used in tertiary wastewater treatment, can
11
potentially improve the economics of both HTL process and wastewater
treatment plants while enhancing resource recovery and sustainability.
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