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A B S T R A C T   

Adsorption using carbon materials is one of the most efficient techniques for removal of emerging contaminants 
such as pharmaceuticals from wastewater. However, high costs are a major hurdle for their large-scale appli-
cation in areas currently under economic constraints. While most research focuses on decreasing the adsorbent 
price by increasing its capacity, treatment costs for exhausted adsorbents and their respective end-of-life sce-
narios are often neglected. Here, we assessed a novel technique for recycling of exhausted activated biochars 
based on hydrothermal treatment at temperatures of 160–320 ◦C. While a treatment temperature of 280 ◦C was 
sufficient to fully degrade all 10 evaluated pharmaceuticals in solution, when adsorbed on activated biochars 
certain compounds were shielded and could not be fully decomposed even at the highest treatment temperature 
tested. However, the use of engineered biochar doped with Fe-species successfully increased the treatment ef-
ficiency, resulting in full degradation of all 10 parent compounds at 320 ◦C. The proposed recycling technique 
showed a high carbon retention in biochar with only minor losses, making the treatment a viable candidate for 
environmentally sound recycling of biochars. Recycled biochars displayed potentially beneficial structural 
changes ranging from an increased mesoporosity to additional oxygen bearing functional groups, providing 
synergies for subsequent applications as part of a sequential biochar system.   

1. Introduction 

The use of carbon materials for the adsorption of emerging con-
taminants is one of the most efficient means of tertiary wastewater 
treatment (Rizzo et al., 2019). With their high adsorption capacity, 
activated carbons are the current benchmark material for a variety of 
pollutant classes including emerging contaminants such as pharmaceu-
ticals and personal care products (Rout et al., 2021). However, the 
widespread use of activated carbon is hindered by high costs and 
consequently mainly limited to developed countries with stringent 
environmental protection, e.g. Switzerland, Germany or Sweden 
(Baresel et al., 2019). 

Biochar – a class of low-cost carbon adsorbents (Ahmed et al., 2015) 
– has been extensively researched as an economic and environmental 
means to enable the expansion of tertiary wastewater treatment to areas 
currently under economic constraints (Fdez-Sanromán et al., 2020). As 
the main cost drivers of activated carbons are the production, trans-
portation and regeneration of the adsorbent, biochar requiring lower 

energy input during production and utilising regionally available 
biomass waste streams provide a promising alternative (Joseph et al., 
2020). However, the overall cost of a remediation effort using a certain 
adsorbent material is determined not only by the economic cost of 
purchase or production of the material but also by the amount required 
for the expected removal outcome, which is in turn determined by the 
material’s adsorption performance. The overall cost can be displayed as 
the cost of removing a specified mass of contaminant from a given 
matrix, and treatment costs of exhausted adsorbents (Alhashimi and 
Aktas, 2017; Patel et al., 2019). Pristine biochars often display unsat-
isfactory adsorption capacities which add additional handling, storage 
and treatment costs due to the large amounts of adsorbents required 
(Krasucka et al., 2021). Common differences in adsorption capacities 
between pristine biochar and activated carbon can be in the order of 
magnitudes which often extinguish potential economic and environ-
mental advantages of biochar (Kozyatnyk et al., 2020; Krasucka et al., 
2021). Research on engineering biochar therefore often focuses on 
increasing its adsorption capacity (Duan et al., 2019). While engineered 
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biochar can achieve excellent adsorption performance (Wang et al., 
2020), extensive modification techniques can present trade-offs (Sizmur 
et al., 2017), such as lower yields (Jang and Kan, 2019), higher pro-
duction costs (Nguyen et al., 2019), secondary pollution from the pro-
duction process (Sewu et al., 2020; Wang et al., 2020), or the 
unsuitability for subsequent soil application (Duan et al., 2019). For 
extensively modified biochars, the renewable feedstock source might 
remain as the only advantage of biochar in comparison to fossil based 
activated carbons while the complexity of the production processes and 
feedstock requirements increases. A sole focus on adsorption capacity 
might therefore be of limited value for providing significant economic or 
environmental improvements for engineered biochars. 

Beside the adsorption performance, the treatment of exhausted car-
bon adsorbents is an often overlooked cost factor (Zanella et al., 2014). 
Current research on treatment technologies for exhausted carbon ad-
sorbents is almost entirely focused on regeneration methods, as these 
enable the reuse of the material for a limited number of cycles and 
therefore directly lower wastewater treatment costs (Zanella et al., 
2014). While a variety of regeneration method exists, even the most 
common thermal regeneration induces significant costs (Dutta et al., 
2019), rendering regeneration often inefficient and resulting in the 
incineration of exhausted adsorbents (Salvador et al., 2015). For bio-
char, efficient regeneration will be even more difficult to achieve as the 
costs of treating high volumes of biochar will be prohibitive. Although 
mostly neglected (Thompson et al., 2016), existing end-of-life scenarios 
for exhausted biochar adsorbents are thus often limited to landfilling or 
incineration. This lack of research on alternative treatment steps might 
obstruct the environmental and economic potential of biochar as a 
sustainable low-cost adsorbent through negligence of its purpose as a 
negative emission technology. Hagemann et al. (2018) defined the 
differentiating parameter between biochar and activated carbon as the 
purpose of long-term carbon sequestration for the former. Therefore, an 
efficient use of biochar will require novel treatment techniques targeting 
biochar’s original aims. As stated by Wurzer et al. (2019) recycling 
without regeneration can present such an alternative scenario for 
low-cost adsorbents by enabling a continued use of the recycled material 
in subsequent applications. Recycling focused on decontamination will 
not be restrained by the need to restore the original adsorbent proper-
ties, instead concentrates on degrading the contaminants. Recycled 
biochar can then be utilised in subsequent applications requiring 
different material characteristics to provide additional economic reve-
nues while retaining its carbon sequestration potential. 

Hydrothermal treatments (HT) utilise the change in solvothermal 
properties of water under elevated temperature and pressure and might 
be suitable for such novel recycling treatments. Due to the use of water 
as the reaction medium, HT have the potential to present advantages in 
terms of energy consumption and operational procedures in comparison 
to common thermal regeneration methods which rely on additional 
drying steps and high operating temperatures (Salvador and Jiménez, 
1996). Hydrothermal carbonisation (HTC) and liquefaction (HTL) are 
differentiated based on the operating temperature of approximately 
160–250 ◦C (HTC) and 250–400 ◦C (HTL), as well as their main product 
fraction, i.e. solid or liquid (Huang and Yuan, 2016). While generally 
directed at the synthesis of solid carbon, HTC is also known to gradually 
decompose pharmaceuticals (Svahn and Björklund, 2015). The presence 
of biomass can hereby act as a catalyst for the decomposition of the 
contaminants (Weiner et al., 2013). However, while most research 
analysed the fate of pharmaceuticals during biomass conversion (vom 
Eyser et al., 2015), only a few studies exist on hydrothermal carbon-
isation of contaminants adsorbed on activated carbon (Sühnholz et al., 
2018; Weiner et al., 2017). To our knowledge, the use of hydrothermal 
treatments for exhausted biochar or activated biochar has not been 
tested before. Sühnholz et al. (2018) studied hydrothermal regeneration 
of activated carbon loaded with organic micropollutants at temperatures 
between 200 and 240 ◦C, displaying degradation of a variety of micro-
pollutants. However, no observations indicating full conversion of 

micropollutants such as caffeine, ibuprofen or triclosan were made, 
rendering HTC conditions insufficient for complete decontamination of 
loaded adsorbents. In comparison, HTL operated at temperatures be-
tween 300 and 320 ◦C was found to fully degrade pharmaceuticals and 
pesticides in raw sewage sludge (Silva Thomsen et al., 2020) and led to a 
significant reduction in TOC content of treated pharmaceutical waste-
water (Thakur et al., 2019). However, no studies on the use of HTL 
conditions for the degradation of pharmaceuticals adsorbed on carbon 
adsorbents exist today. 

Beside the dominating influence of treatment temperature on the 
stability of pharmaceuticals (Svahn and Björklund, 2015), several 
transition metals are known to catalytically enhance the decomposition 
of organic matter, e.g. Fe-species under HTC conditions (Saadattalab 
et al., 2020), and Cu-species in HTL (Falamarzian et al., 2014). 
Fe-species are also well known catalysts in biochar production to in-
crease the production efficiency (Collard et al., 2012; Xia et al., 2019), to 
add magnetic properties to biochar (Lyu et al., 2020; Yi et al., 2019), to 
enhance the adsorption of pharmaceuticals (Rocha et al., 2020; Wurzer 
and Mašek, 2021), and to possess catalytic degradation potential 
(Faheem et al., 2020). Due to the non-toxicity and availability of Fe, the 
use of doped carbon adsorbents might present multiple advantages for 
the use in hydrothermal treatment of exhausted adsorbents. Further-
more, metal-doped carbon adsorbents are unsuitable for common ther-
mal regeneration due to increased reactivity of the introduced metals 
with common oxidising agents (i.e. CO2, steam), resulting in excessive 
burn-offs (Duan et al., 2012; Lambert et al., 2002). Therefore, hydro-
thermal recycling might provide a suitable carbon-efficient alternative 
for engineered biochar. 

In this study, the use of hydrothermal treatments for the recycling of 
exhausted activated biochars was tested for the first time to evaluate the 
suitability for biochars of varying elemental composition and structural 
stability. We used two activated biochars made from softwood and 
wheat straw pellets, and one commercial activated carbon as a reference 
material. Additionally, three magnetic activated biochar composites 
produced from the same feedstocks were included to examine the effect 
of Fe-doping on the treatment efficiency. The carbon adsorbents were 
first loaded with a mixture of 10 pharmaceuticals covering a wide range 
of compound classes. The exhausted adsorbents were then hydrother-
mally treated over a temperature range of 160–320 ◦C. After adsorption 
and HT, the process water and adsorbents were analysed for the remains 
of the pharmaceutical parent substances. The main aim of this study was 
the evaluation of changes in the physicochemical properties of the ad-
sorbents before and after the HT at 320 ◦C as the impact of hydrothermal 
recycling treatments on activated biochars was previously untested and 
represent crucial information for the development of sustainable recy-
cling methods for exhausted activated biochar. 

2. Materials and methods 

2.1. Adsorbents 

In this study, a set of five activated biochars previously described in 
detail in Wurzer and Mašek (2021), and one commercial activated car-
bon (Aquasorb 2000; Jacobi) were used as adsorbent materials. Briefly, 
activated biochars were made from softwood pellets (SWP) and wheat 
straw pellets (WSP) and three magnetic activated biochar composites 
were produced by mixing the same feedstocks with ochre – an iron rich 
mining waste – prior to pyrolysis. Pyrolysis was conducted at a highest 
treatment temperature of 550 ◦C under N2 atmosphere, and subsequent 
activation was conducted under a constant stream of CO2 at 800 ◦C. The 
activated carbon (AquaSorb 5000) represents a commercial reference 
material for wastewater treatment. All carbon samples were washed in 
deionised water (DI), dried at 105 ◦C and sieved to a particle size of 
0.125–0.5 mm to avoid a particle size effect as described by Kårelid et al. 
(2017). Samples were labelled according to the feedstock source fol-
lowed by the mass of added ochre, i.e. SWP5 denotes softwood pellets 
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with an addition of 5 wt% (d.b.) ochre prior to pyrolysis. 

2.2. Adsorbent characterisation 

Carbon adsorbents were characterised before and after HT at 320 ◦C 
for C,H,N,S content (ultimate analysis, O by difference), structural sta-
bility (TGA - thermogravimetric analysis), textural properties (N2 
physisorption), crystallographic structure (X-ray diffraction), and mag-
netic susceptibility (MS) as previously described in detail in Wurzer and 
Mašek (2021). Additionally, surface functionality was evaluated by 
Fourier-transform infrared spectroscopy (ATR-FTIR) with a 4 cm− 1 

resolution and 32 scans per spectrum between 4000 and 400 cm− 1. Solid 
yields after the hydrothermal treatment were determined in triplicates 
using a larger sample size of 100 mg of adsorbent and calculated as the 
difference of the dried (105 ◦C, overnight) adsorbent before and after 
HT. Changes in adsorbent properties before and after HT were tested for 
significance using a two-sample F-test and subsequent two-sample t-test 
(p < 0.05; OriginPro). 

2.3. Pharmaceuticals and chemicals 

The selection of pharmaceuticals was based on Oesterle et al. (2020), 
representing compounds commonly found in treated wastewater in the 
European Union and covers a wide range of compound classes (Lindberg 
et al., 2014; Loos et al., 2013). Two of the compounds, caffeine and 
fluconazole, also serve as wastewater indicator substances (Yi et al., 
2019). The set of compounds covers a wide range of log KOW-values: 
− 0.07 - Caffeine (CAF); 0.5 - Fluconazole (FLU); 0.7 - Trimethoprim 
(TRI); 2.25 - Carbamazepine (CAR); 2.36 - Hydroxyzine hydrochloride 
(HYD); 3.01 - Tramadol (TRA); 3.34 - Oxazepam (OXA); 3.95 - Flecai-
nide (FLE); 4.95 – Amitriptyline (AMI); 6.26 – Clotrimazole (CLO). More 
detailed information about the pharmaceuticals can be found in 
Table S1. For the adsorption experiments, a multicompound stock so-
lution of 10 pharmaceuticals (analytical grade) was prepared with in-
dividual concentrations of 2 mg L− 1 (CLO and FLE) and 4 mg L− 1 (AMI, 
CAF, CAR, FLU, HYD, OXA, TRA, TRI) dissolved in DI water, and 5 wt% 
methanol (HPLC grade, Fisher Chemical). Dichloromethane (highly pure 
>99%), methanol and formic acid (FA, 98–100% purity) were used for 
the extraction of the pharmaceuticals from the carbon samples, 
following the method described in detail by Oesterle et al. (2020). 

2.4. Adsorption and hydrothermal treatment 

Adsorption and hydrothermal treatment were performed in standard 
borosilicate test tubes (Fisher Scientific, UK) as reaction vessels to avoid 
the risk of potential catalytic effects of steel liners (De Souza et al., 
2014). Adsorption tests were conducted by mixing 30 mg (d.b.) of 
adsorbent with 7 ml of pharmaceutical stock solution within the reaction 
vessel, corresponding to a contaminant loading of 8 mg g− 1 of adsorbent 
and a filling ratio of 60 vol% of the reaction vessel. The vessel was 
flushed with N2 to remove residual air before the glass tube was flame 
sealed, vortexed for 30 s and placed on an overhead shaker for 24 h at 
ambient temperature to achieve full (>99%) adsorption. The maximum 
concentration to achieve full adsorption by all adsorbents was tested 
beforehand. The sealed reaction vessels were then placed into stainless 
steel reactors (SS-16-HLN-3, Swagelok). The reactors were filled with DI 
water to approximately 60 vol% and N2 to counterpressure the inserted 
sealed glass tubes during the hydrothermal treatment and to avoid 
bursting under increasing pressure. The sealed reactors were heated in a 
muffle furnace to the target temperatures between 160 and 320 ◦C for 4 
h with a heating rate of 8 ◦C min− 1. Once cooled, the liquid phase was 
sampled through 0.45 μm nitrocellulose syringe filters. The char samples 
were transferred to falcon tubes by flushing with DI water, centrifuged 
at 4700 rpm for 10 min before the supernatant was removed manually. 
Control runs with DI water were conducted for all temperatures and 
adsorbents. Additional blanks with pharmaceutical solution but without 

carbon adsorbents were conducted to evaluate the influence of prior 
adsorption to carbon on the degradation of pharmaceuticals in HT 
conditions. 

2.5. Extraction and LC-MS/MS 

Extraction of the remaining pharmaceuticals from the adsorbents 
after HT was done according to Oesterle et al. (2020). Briefly, 10 ml of a 
stock solution with a ratio of 10:10:1 dichloromethane: methanol: for-
mic acid was mixed with the adsorbent (30 mg), vortexed and sonicated 
for 20 min. The samples were centrifuged at 4700 rpm for 10 min, the 
supernatant collected, and a second similar extraction cycle was con-
ducted. The combined supernatants were dried under a stream of N2, 
dissolved in 10 ml DI water and filtered through 0.45 μm nitrocellulose 
syringe filters. 20 μl of internal standard containing approximately 50 ng 
of the relevant deuterated pharmaceuticals was added before the sam-
ples were stored at 4 ◦C for subsequent liquid chromatography tandem 
mass spectrometry (LC-MS/MS) using a TSQ Quantum Ultra EMR triple 
quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA, 
USA). Targeted LC-MS/MS analysis was performed using online solid 
phase extraction as described in detail in Lindberg et al. (2014). The 
supernatant was similarly analysed for remaining pharmaceuticals. 
Recovery rates were calculated by subtracting the extractable pharma-
ceutical concentration after the adsorption phase from the initial con-
centration of the stock solution (Table S3). All experiments and analyses 
were done in triplicates. 

3. Results and discussion 

3.1. Degradation of pharmaceuticals in hydrothermal conditions 

Hydrothermal treatment of the multi-compound stock solution 
induced complete conversion of all pharmaceutical parent compounds 
at the highest treatment temperature of 320 ◦C (Fig. 1). 

Clotrimazole was the least stable compound under HT conditions, 
displaying no detectable concentration already at the lowest treatment 
temperature of 160 ◦C, likely due to rapid thermal hydrolysis in acidic 
media (Abdel-Moety et al., 2002; OSPAR Commission, 2005). Similarly, 
oxazepam is prone to degradation in acidic medium under elevated 
temperatures (>200 ◦C) (Frigerio et al., 1973), which explains the 
increased decomposition at lower temperatures compared to the other 
evaluated contaminants (Fig. 1). Acidic conditions during hydrothermal 
treatment even in the absence of acidic additives can occur due to the 
ability of subcritical water to act as an acid or base catalyst or from 
degradation products of the organic feedstock material during hydro-
thermal conversion (Akiya and Savage, 2002). The concentrations of the 
remaining parent compounds decreased to more than 70% of their 

Fig. 1. Degradation of pharmaceuticals in multi-component solution under 
hydrothermal conditions between 160 and 320 ◦C. Remaining contaminants 
after hydrothermal treatment in % of initial concentration. Mean of triplicates. 
Error bars represent ±1 Standard Error (SE). Results for Clotrimazole were 
below the detection limit for all temperatures and therefore not shown. 
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initial concentrations at 160 ◦C with the highest stability for fluconazole 
> trimethoprim > caffeine > hydroxyzine. These four pharmaceuticals 
were found at concentrations higher than 25% at a treatment temper-
ature of 240 ◦C. A significant step in the degradation was observed be-
tween 240 and 280 ◦C, with almost complete degradation (<1% 
remaining) at 280 ◦C for all evaluated contaminants. At 320 ◦C, none of 
the parent compounds could be detected. Only a limited number of 
studies have assessed the degradation of pharmaceuticals under hy-
drothermal conditions, and even fewer have examined the same com-
pounds of interest. Svahn and Björklund (2015) observed an increase in 
hydrothermal degradation of several antibiotics and caffeine between 
200 and 250 ◦C, comparable to the reduction in concentration between 
240 and 280 ◦C in this study. The Svahn and Björklund study found 
caffeine to display a high HT stability of >95% at 250 ◦C, comparable to 
results by Sühnholz et al. (2018), but significantly higher than results 
obtained in this study (25%). For trimethoprim, Taboada-Santos et al. 
(2019) observed a higher degradation by thermal hydrolysis at 170 ◦C, 
while results by Svahn and Björklund (2015) were comparable to this 
study (59% vs. 100% and 97%). The observed differences between 
studies might be explained by differences in the composition of the 
multicompound mixtures, different retention times at the highest 
treatment temperatures ranging from a few minutes to hours, and 
non-standardised reactor configurations. 

Interestingly, we observed a correlation between log KOW values of 
the individual contaminants and the degradation efficiency for all ana-
lytes except clotrimazole and oxazepam (Figure S2), with lower degra-
dation for highly polar substances (i.e. substances with low log KOW). 
However, this was not the case in the above mentioned studies, which 
highlights the need for further research into the degradation mecha-
nisms of pharmaceuticals under hydrothermal conditions. 

3.2. The effect of prior adsorption on contaminant degradation 

Degradation of contaminants adsorbed to activated softwood bio-
char (SWP) in relation to the HT temperature can be seen in Fig. 2, with 
similar general trends for all evaluated adsorbents (Table S4). 

Prior adsorption to carbon adsorbents showed increased pharma-
ceutical degradation at lower temperatures up to 240 ◦C, in comparison 
to the treated stock solution, similar to results obtained by Sühnholz 
et al. (2018). Six out of 10 pharmaceuticals were completely converted 
at 160 ◦C, the lowest treatment temperature evaluated, while trimeth-
oprim and carbamazepine were fully degraded at 240 ◦C. Contrastingly, 
caffeine and fluconazole showed comparable conversion trends only up 
to 240 ◦C between scenarios with and without the presence of adsor-
bents. A further increase in temperature did not lead to complete 
degradation of the contaminants. Noteworthy, for all adsorbents and 
temperatures, most of the non-degraded pharmaceuticals (>99.5%) 
were observed in the extracts of the adsorbents rather than in the HT 

aqueous phase (Table S4). 
Detectable contaminant concentrations of caffeine and fluconazole 

even at the highest treatment temperature of 320 ◦C indicate a protec-
tive effect of adsorption (Fig. 3). Pham et al. (2013) and Weiner et al. 
(2013) described similar results for the hydrothermal conversion of 
pharmaceuticals in the presence of biomass. Pham et al. (2013) 
explained the reduced degradation by the low water solubility of the 
target compounds and a partitioning favouring the adsorption to the 
solid adsorbent which effectively reduced its degradation. However, the 
low KOW values of caffeine (− 0.07) and fluconazole (0.5) indicate that 
the observed protective effect is related to the adsorption strength rather 
than partitioning. If caffeine and fluconazole were desorbed during the 
hydrothermal treatment, degradation would be expected, and the 
observed concentrations in the extractions at a treatment temperature of 
280 ◦C can therefore be interpreted as the result of strongly adsorbed 
compounds. Sato et al. (2018) observed a similar influence of caffeine 
binding in green coffee beans on its HT extraction efficiency. Strongly 
adsorbed caffeine on biochars and magnetic biochars, resistant to 
desorption was also observed by Liyanage et al. (2020). 

If the protective effect of prior adsorption is dependent on the 
desorption rate, it will be determined by the chemical and structural 
characteristics of the adsorbents. In this study, only small differences 
between biochars based on their feedstock source could be observed. 
Activated softwood biochars showed slightly higher degradation effi-
ciency for caffeine (e.g. 15.5% vs. 25.6% remaining caffeine for SWP and 
WSP respectively) while wheat straw biochars showed increased flu-
conazole degradation (e.g. 31.9% (SWP) vs. 23.6% (WSP)). A compar-
ison between Fe-doped and undoped samples revealed more pronounced 
differences with two contrasting trends depending on the HT tempera-
ture. At low temperatures of 160 ◦C and 200 ◦C, undoped samples 
showed a lower contaminant retention than doped samples for caffeine 

Fig. 2. Degradation of contaminants adsorbed on activated softwood biochar 
(SWP) with increasing hydrothermal treatment temperature. Mean of triplicates 
adjusted for experimental recovery rates (Table S3). Error bars represent ±1 
Standard Error (SE). 

Fig. 3. Remaining fluconazole (FLU; top) and caffeine (CAF; bottom) concen-
trations (in % of initial concentration) after hydrothermal treatment of all ad-
sorbents (adjusted for recovery rate – Table S3) and stock solution without 
adsorbent. Mean of triplicates. Error bars represent ±1 standard error (SE). 
SWP – softwood biochar, SWP5 – softwood biochar doped with 5% ochre, WSP 
– wheat straw biochar, AC – activated carbon. 
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(SWP at 160 ◦C and 200 ◦C: 32% and 29%; SWP10: 58 and 63%) and 
fluconazole (SWP: 57% and 44%; SWP10: 72% and 68%). An opposing 
trend was observed at temperatures from 240 to 320 ◦C. Here, Fe-doping 
increased the degradation, indicating a catalytic effect of Fe on the 
degradation of the pharmaceuticals or differences in the adsorption 
mechanism to Fe-doped biochars. For caffeine, this resulted in unde-
tectable concentrations at 320 ◦C for SWP10. For fluconazole, all but 
two ochre-amended biochars (SWP10 and WSP 5) showed notable 
protection of the pharmaceutical parent compound from degradation at 
280 ◦C, with more than 24% of the initial concentration remaining in 
contrast to 0.38% in the absence of an adsorbent. Contrastingly, SWP10 
(0.4%) and WSP5 (0.53%) showed similar trace levels of the parent 
compound as the raw pharmaceutical solution. One possible explanation 
for these different trends at lower temperatures (160–240 ◦C) and higher 
temperatures (>240 ◦C) might be found in Dittmann et al. (2020). 
Within their study, adsorption of carbamazepine on activated carbons at 
low contaminant loadings resulted in preferential adsorption to 
high-energy adsorption sites, e.g. graphite-like crystallites within the 
pore structure of activated carbon or heteroatoms within the carbon 
skeleton. These high-energy adsorption sites proved to be responsible for 
incomplete desorption and decomposition even at temperatures above 
the decomposition temperature of pure carbamazepine. In a previous 
study (Wurzer and Mašek, 2021), the adsorption capacity of the same 
Fe-doped biochars increased for caffeine by 68% (SWP10) and 193% 
(WSP5) in contrast to unamended samples (i.e. SWP and WSP). For 
fluconazole, an increase of 98% (SWP10) and 251% (WSP5) was 
observed. At low contaminant loadings significantly increased adsorp-
tion of caffeine and fluconazole was observed, indicating the presence of 
similar high-energy adsorption sites, i.e. graphite-like crystallites, in the 
doped samples (Cai and Larese-Casanova, 2014). This would explain the 
higher retention of caffeine and fluconazole of Fe-doped samples at low 
temperatures (i.e. 160 ◦C and 200 ◦C) as a result of strong adsorption to 
defective carbon structures in doped biochar exceeding the desorption 
energy at low temperatures in comparison to unamended samples. At 
240 ◦C, Fe-doped samples were comparable to unamended samples (e.g. 
for fluconazole 39.5% vs. 43%; SWP and SWP10), while at 280 ◦C 
Fe-doping might catalyse the desorption or degradation of caffeine and 
fluconazole with a larger effect seen for fluconazole (e.g. 39.1% vs. 

0.7%; SWP and SWP10). While catalytic activity of Fe-species are well 
documented for HTC and HTL (Sun et al., 2010), no studies exist on the 
effects of Fe-species on the desorption efficiency in subcritical water. 
Interestingly, the remaining concentrations of caffeine and fluconazole 
on activated carbon remained relatively constant between 160-240 ◦C 
and 160–280 ◦C, respectively. We hypothesize that strongly bound 
compounds were seemingly unaffected until a certain temperature was 
reached at which desorption was initiated, which might in turn indicate 
a higher homogeneity of occupied adsorption sites on activated carbon 
than on the assessed biochars. 

3.3. Recycled adsorbent properties 

Hydrothermal treatment at 320 ◦C showed minimal solid losses for 
softwood biochars and activated carbon ranging from 3 to 3.6 wt% (d. 
b.), with slightly higher losses for wheat straw biochars of 5.4 and 6.5 wt 
% (d.b.) (Table 1). Solid losses of approximately 5% are similar to su-
percritical regeneration of activated carbon (3.7–5.1% (Salvador et al., 
2013);). 

Differences between the feedstocks might be due to loss of water- 
soluble species such as K, P or Ca as observed in HT of raw biomass 
(Smith et al., 2016). Degradation products of the pharmaceuticals might 
also be re-adsorbed to the carbon matrix, however, the total mass 
change would be minimal as the pharmaceuticals represent less than 1 
wt% (d.b.) of the total mass. The high solid yields (>93%) therefore 
indicate a good stability of carbon adsorbents under harsh hydrothermal 
conditions at 320 ◦C and are higher than typical yields in thermal 
regeneration of 70–90% (Duan et al., 2012; Kozyatnyk et al., 2020). 

Ultimate analysis confirmed only moderate changes after HT, with 
increasing carbon contents for biochars containing a higher initial ash 
content, resulting in carbon yields ranging from 93.5 to 103.7%. Slightly 
elevated carbon yields over 100% might be due to the use of filter paper 
for the yield determination (Whatman Nr.1), with adsorption of dis-
solved materials from the HTC liquid phase onto the cellulose filter not 
being included in the subsequent biochar characterisation. The minor 
carbon losses during the recycling treatment present significant envi-
ronmental benefits regarding the carbon sequestration potential of the 
recycled adsorbents. A clear distinction to thermal regeneration can be 

Table 1 
Physicochemical properties of adsorbents before (bHTC) and after (aHTC) hydrothermal treatment at 320 ◦C. * indicates significant (p < 0.05) difference between 
bHTC and aHTC. (VM- Volatile Matter, FC – Fixed Carbon, MS – Magnetic Susceptibility, SSA – Specific surface area, Pore size – average pore width, micro PV – 
micropore volume, meso PV – mesopore volume, total PV – total pore volume).   

Unit Sample 

SWP  SWP 5  SWP 10  WSP  WSP 5  AC  

bHTC aHTC bHTC aHTC bHTC aHTC bHTC aHTC bHTC aHTC bHTC aHTC 

Proximate Analysis 
VM wt.%, d.b. 6.7 8.0 * 11.5 14.3 * 15.9 17.3  8.1 7.8  13.0 11.6  2.6 2.1  
FC wt.%, d.b. 91.4 88.8 * 80.0 75.5 * 67.0 67.3  70.6 76.3 * 55.2 62.6 * 80.4 82.2  
Ash wt.%, d.b. 1.9 3.1  8.5 10.3  17.1 15.4  21.3 15.9 * 31.8 25.9 * 17.0 15.7  
Ultimate analysis 
C wt.%, d.b. 85.68 84.50  70.86 69.97  68.79 72.30  64.06 70.24 * 62.37 68.85 * 76.15 73.90 * 
H wt.%, d.b. 0.74 1.11 * 0.80 0.79  0.79 0.74 * 0.86 0.88  0.77 0.97 * 0.46 0.67 * 
N wt.%, d.b. 0.17 0.16  0.14 0.29 * 0.19 0.25 * 0.93 1.04 * 0.77 0.83 * 0.24 0.28 * 
S wt.%, d.b. 0.08 0.00 * 0.12 0.12  0.11 0.08 * 0.10 0.03 * 0.21 0.15 * 0.86 0.12 * 
O wt.%, d.b. 11.43 11.10  19.58 18.56  13.02 11.24  12.75 11.92  4.08 3.35  5.29 9.30  
H/C mol/mol 0.10 0.16 * 0.13 0.13  0.14 0.12 * 0.16 0.15 * 0.15 0.17 * 0.07 0.11 * 
O/C mol/mol 0.10 0.10  0.21 0.20  0.14 0.12  0.15 0.13 * 0.05 0.04  0.05 0.09 * 
Magnetic S.  

106 m3 kg− 1 86 306 * 26672 34342 * 47722 50157 * 1 153 * 25450 27105 * 201 245  
XRD   GO  M M  M M, GO     M M, GO     
N2 physisorption 
SSA m2 g− 1 624 432 * 660 365 * 730 595  620 582  506 512  982 853  
Pore size nm 1.95 2.184  2.018 3.049 * 3.21 3.549 * 1.927 2.678 * 2.128 2.581  2.23 2.081  
micro PV cm3 g− 1 0.2 0.134 * 0.22 0.117 * 0.185 0.146  0.211 0.152  0.167 0.12  0.547 0.274  
meso PV cm3 g− 1 0.063 0.076  0.071 0.147  0.221 0.303  0.054 0.152  0.07 0.12  0.24 0.183  
total PV cm3 g− 1 0.29 0.21 * 0.329 0.264  0.584 0.449  0.295 0.333 * 0.264 0.281 * 0.625 0.457  
HT yield wt.%, d.b.  97.01   96.36   96.8   94.61   93.54   96.39   
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found in the high carbon yield of HT of at least 93%, while mass loss 
during thermal regeneration can be mostly attributed to the loss of 
carbon species. 

A comparison of volatile matter (VM) and fixed carbon (FC) content 
of the loaded and hydrothermally treated adsorbents further confirmed 
the stability of the carbon matrix. While VM for all samples decreased 
slightly after HT, only SWP10 showed a statistically significant reduc-
tion from 15.9 to 13.4%. The fixed carbon content increased for samples 
with reduced ash content after HT (SWP10, WSP, WSP5), indicating 
leaching of ash rather than an increased stability of the adsorbent ma-
trix. High ash content samples such as WSP (21.3%) and WSP5 (31.8%) 
showed the largest reduction of ash content under HT conditions 
(− 5.4% and − 5.9%, respectively). A comparison between ochre- 
amended samples with their pure counterparts indicated that the 
decrease in ash of WSP biochars was related to the mineral phase of the 
feedstock itself rather than the ochre addition. Similar losses observed 
for WSP and WSP5 in combination with no significant reduction of ash 
content recorded for SWP10 (− 1.7%, p > 0.05) and even increased ash 
content for SWP5 (+1.8%, p > 0.05) means that no trend could be 
discerned for the ochre-amended samples. The increasing ash content of 
SWP and SWP5 can also explain their slightly lowered FC content 
(− 2.6% and − 4.5%, p < 0.05). 

Larger decreases in the ash content of wheat straw biochars will also 
be influenced by the ash composition. Hydrothermal carbonisation is 
known to release minerals from the feedstock into the liquid phase, 
which is further enhanced under hydrothermal liquefaction conditions. 
Wheat straw biochar contain higher contents of potentially water- 
soluble species such as Ca, Mg and K (Tab.S7). While all biochars 
were washed in DI water prior to the adsorption experiments, solvent 
properties of water at subcritical conditions were vastly increased and 
might have resulted in additional leaching during HT. It is important to 
note that the magnetic susceptibility was enhanced for all ochre- 
amended biochars after hydrothermal treatment (Table 1). This con-
firms the stability of magnetite/maghemite species present in the bio-
char composite samples, which was further backed by XRD analysis, and 
highlights the loss of water-soluble species as the main reason for the 
decreased ash contents. Hydrothermally treated Fe-doped biochars 
showed XRD peak signals at 29.95◦, 35.25◦, 42.9◦, 56.9◦ and 62.4◦, 
confirming the continuous presence of magnetite (Fe3O4) or maghemite 
(γ-Fe2O3) (Dastgheib et al., 2014). A comparison of XRD spectra from 
biochars before and after HT revealed several other changes, with 
increasing relative peak intensity at 15–30◦, representing amorphous 
carbon and decreasing intensity at 40–50◦ for graphitic carbon struc-
tures. Noteworthy, new peaks emerged at 12◦ which might indicate the 
presence of graphene oxide, especially in samples SWP, SWP10, and 
WSP5. A comparison of XRD patterns of SWP10 before and after HT 
highlights the appearing peak at 12◦ which could indicate chemical 

oxidation of graphitic structures (Fig. 4). 
The surface functionality of the treated adsorbents was only 

marginally influenced by HT. Generally, all biochar samples displayed 
increasingly similar spectra after HT, i.e. displaying a homogenising 
effect on the surface of ochre-amended and unamended samples. How-
ever, as confirmed by XRD and MS, a peak at 590 cm− 1 representing 
Fe3O4 vibration in magnetic biochars was largely unaffected, further 
confirming the stability of magnetite/maghemite during the HT (Ma 
et al., 2020). All biochars showed a peak shift from 1100 cm− 1 (C–O–C) 
to 1025 cm− 1, representing C–O vibration, which was significantly more 
pronounced after HT for SWP5 and SWP10 (Liu et al., 2015; Uchimiya 
et al., 2011b). Carboxyl peaks at 1740 cm− 1 were unaffected by HT 
while C––O intensity (1550-1600 cm− 1) increased, especially for SWP 
(Lou et al., 2016). The creation of additional C–O and C––O bonds might 
indicate catalytic activity of Fe during HT. While unamended SWP dis-
played only a significant intensity increase for C––O, SWP5 and SWP10 
showed additional high intensity peaks for C–O, pointing towards a 
higher reactivity of Fe to HT induced oxidation. A decrease in peak in-
tensity for all biochars around 875 cm− 1 and 1450 cm− 1 indicates the 
loss of C––H groups after HT (Jung and Kim, 2014). 

Significant changes of HT on biochars can also be noticed for the 
textural parameters, i.e. SSA, micropore volume, total pore volume, and 
average pore size. Surface area of all biochars decreased after HT, with 
larger decreases for softwood biochars than wheat straw biochars (SWP: 
− 30.7%/− 192 m2; WSP: − 6.1%/− 38 m2). Contrastingly, Sühnholz 
et al. (2018) found the SSA of commercial activated carbon to be stable 
at a temperature of 240 ◦C, indicating an effect of the harsher treatment 
conditions (320 ◦C) applied in this study. The observed decrease in SSA 
is also reflected in the pore volumes and can be solely related to the 
micropore region of the biochars while the mesopore region (SSA and 
pore volume) increased for all samples (Table 1). Mustafa et al. (2021) 
observed the re-adsorption of transformation products after regenera-
tion to significantly decrease the micropore surface area of activated 
carbons, which might also be the case during HT. Additionally, pore size 
distributions revealed a swelling of mesopores (Fig. 4 and S3) and due to 
the parallel closure of narrow micropores the average pore diameter 
increased for all biochars into mesopore dominated (>2 nm). The in-
crease in mesopore volume could be related to the leaching of minerals 
as mentioned before and also reported by Schreiter et al. (2020). 
However, similar to the changes in the carbon elemental composition 
analysis, samples with lower ash content (SWP, SWP5) were impacted 
differently than biochars with a high initial ash content (SWP10, WSP, 
WSP5). While all biochars showed decreasing micropore volumes, the 
decrease is lower with higher initial ash content (e.g. SWP: 
− 33%/− 0.066 cm3 g− 1; SWP10: − 21%/− 0.039 cm3 g− 1). Enlargement 
of mesopores could also indicate a non-rigid carbon structure prone to 
structural deformation due to the high pressures applied as shown for 

Fig. 4. Left: XRD spectra for activated softwood biochar (SWP) before and after hydrothermal treatment (HT) at 320 ◦C. Purple reference pattern: Magnetite - RRUFF 
ID: R061111.9. Right: Pore size distribution of SWP10 before and after HT at 320 ◦C. Mean of triplicates. Lines represent mean value of triplicate analysis; coloured 
area displays ±1 standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

C. Wurzer et al.                                                                                                                                                                                                                                 



Environmental Pollution 316 (2023) 120532

7

non-activated biochars before (Maziarka et al., 2021). Correspondingly, 
commercial activated carbon displayed the least structural changes after 
HT, which might be related to its increased carbon stability as indicated 
by the lowest ratio of VM to FC content of all evaluated adsorbents 
(Table 1). Structural rearrangements in activated biochars during HT 
corroborate the changes seen in the XRD spectra. 

3.4. Hydrothermal recycling as an alternative treatment method 

Hydrothermal treatment at 320 ◦C seemed to fully degrade all 
studied pharmaceutical parent compounds on engineered biochars and 
activated carbon, showing promising results as an alternative treatment 
method to common high-temperature thermal regeneration methods. 
High carbon retention (93–103%) during HT treatment is one important 
advantage compared to common thermal regeneration methods with 
typical solid mass yields between 70 and 90% and often undisclosed 
carbon yields (Salvador et al., 2015). Additionally, a hydrothermal 
treatment will provide energy benefits by using wet adsorbents, abol-
ishing the need for heat demanding adsorbent drying prior to regener-
ation (Cheng et al., 2020). If used as a batch process, hydrothermal 
treatment might also be applied in-situ within the filter bed, potentially 
limiting handling losses and associated costs of transporting wet haz-
ardous adsorbents to regeneration facilities (Gabarrell et al., 2012; 
Zanella et al., 2014). 

As opposed to restoring the original properties of the adsorbents, the 
HT induced a decrease in microporosity in all biochars, while increasing 
the mesopore volume of the adsorbents. These structural changes might 
provide opportunities for subsequent uses of the treated adsorbents in 
different applications. A larger mesopore volume can increase the 
adsorption capacity for larger contaminants such as heavy metals (Hsieh 
and Teng, 2000; Leng et al., 2021), or enhance the nutrient adsorption 
capacity in an agricultural application scenario (Gong et al., 2019). In 
the context of a sequential biochar system, this structural alteration can 
be utilised to match suitable sequential uses to the changed material 
properties (Wurzer et al., 2019). Used as a soil amendment, recycled 
biochar might display beneficial properties compared to raw biochar, 
opening up alternative end-of-life scenarios for exhausted carbon ad-
sorbents (Harikishore Kumar Reddy et al., 2017). Another difference in 
biochar properties after HT treatment compared to common thermal 
regeneration can be found in the preservation of oxygen-containing 
functional groups (Cazetta et al., 2013), which might present advan-
tages in agricultural and environmental applications, e.g. the retention 
of heavy metals in soils (Uchimiya et al., 2011a). 

Furthermore, a wider range of materials is suitable for hydrothermal 
treatment in comparison to thermal regeneration which uses oxidising 
gases. Here, metallic species and minerals can catalyse carbon gasifi-
cation reactions and increase carbon burn-off, rendering thermal 
regeneration highly inefficient (Guo and Du, 2012; Lambert et al., 
2002). However, inorganic impurities or purposefully introduced 
metallic species as found in many engineered biochars do not present 
disadvantages for hydrothermal recycling. The Fe-doped biochars in this 
study even increased the recycling efficiency under hydrothermal con-
ditions, showcasing the potential of this method for novel carbon 
adsorbents. 

However, there are still areas that need to be addressed to ensure the 
environmental safety of decontaminated biochar, such as the type, 
concentration, toxicity, and fate of possible transformation products of 
the degraded contaminants. Additionally, understanding the correlation 
between structural properties of the target contaminants and their 
required degradation temperatures would enable the identification of a 
minimum threshold temperature for individual contaminants. For 
treatment of unknown contaminant mixtures on the other hand, un-
derstanding potential synergistic and/or antagonistic effects may be 
required as well. For future studies, assessment of a broader set of 
organic pollutants, the impact of natural organic matter on the degra-
dation performance, and the effects of incorporated catalysts on 

recycling of engineered biochar should be addressed to allow a more 
comprehensive evaluation of hydrothermal treatment as an alternative 
recycling method for carbon adsorbents. 

4. Conclusions 

Hydrothermal treatment was shown to be a viable method to degrade 
pharmaceuticals at temperatures of at least 320 ◦C. However, prior 
adsorption to carbon adsorbents protected two out of the 10 studied 
contaminants from degradation, leading to incomplete conversion of the 
parent compounds on non-doped activated biochar. Nonetheless, the 
efficiency of the hydrothermal treatment was increased by using spe-
cifically engineered biochars with Fe-doped surface functionality. We 
previously showed that the Fe-doped biochars display higher production 
efficiencies and improved adsorption capacities compared to their un-
amended counterparts (Wurzer and Mašek, 2021), while an increased 
recycling efficiency was observed within this study. These parallel 
benefits highlight the potential of designing biochars to increase their 
performance beyond a single application phase. The activated biochars 
were generally stable even in the harshest hydrothermal conditions used 
(320 ◦C) with a carbon retention of more than 93%, which further 
supports the viability of the treatment and preserves the carbon 
sequestration potential of biochar. Importantly, the observed 
HT-induced changes in biochar structural properties such as an 
increased mesopore volume can be beneficial for subsequent applica-
tions within a sequential biochar system. Here, hydrothermally recycled 
biochar might present advantages for agricultural applications to retain 
nutrients or heavy metals in soil. Beside these desirable effects on the 
biochar properties, a hydrothermal treatment can also provide operating 
benefits such as removing the need to dry the adsorbent prior to recy-
cling or its suitability for treating metal-doped engineered biochars. This 
study highlighted for the first time the opportunities of a HT treatment 
for the recycling of biochar and paves the way for novel solutions in 
dealing with exhausted carbon adsorbents. 
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