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Abstract
Hydrothermal carbonization (HTC) is a thermochemical process that produces biofuels and carbon-based materials from 
wastes; the solid product is commonly known as hydrochar. However, the fate of common pharmaceutical products dur-
ing HTC has not been explored extensively. Knowledge on degradation pathways for emerging contaminants is important 
for further application of hydrochar, especially for water purification and soil amendment. Therefore, the objective of 
this study was to investigate the degradation of two emerging pollutants (i.e., oxytetracycline and 17β-estradiol) with 
HTC temperature, residence time, and initial chemical states. High-performance liquid chromatography and gas chroma-
tography–mass spectroscopy (GCMS) were used to analyze the levels of degradation of oxytetracycline and β-estradiol 
and the secondary products generated due to their primary degradations, respectively. The results showed that the 
degradation of oxytetracycline and β-estradiol did not depend significantly on the HTC temperature and residence 
time. However, their degradation depends significantly on the initial pH of the solution. The maximum degradation of 
oxytetracycline and β-estradiol was observed at 84.1 ± 2.9% and 100% at initial pH 8 and pH 3, respectively. GCMS results 
showed that stable acidic compounds (such as benzoic acid and furoic acids) were produced due to the degradation of 
both oxytetracycline and β-estradiol in most of the experimental conditions.

Graphic abstract Synopsis: Degradation of both oxytetracycline and β-estradiol mainly produced benzoic acid and other 
functionalized monocyclic aromatics 
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1 Introduction

Hydrothermal carbonization (HTC) is a promising thermo-
chemical process that converts wet biomass like animal 
manures into solid fuel and functionalized materials by 
using high temperatures and saturated vapor pressures 
[1–3]. Traditionally, lignocellulosic biomasses have been 
mainly used as a feedstock for HTC to produce solid fuel 
with properties similar to lignite coal [4]. In the last few 
years, however, HTC technology has been used for numer-
ous non-lignocellulosic biowastes [5, 6]. Two major advan-
tages that can be attributed to HTC of biowastes include 
(a) remediation of wastes and (b) synthesis of value-added 
products [2]. Due to the low fuel quality of waste-derived 
hydrochars compared to coal, alternative applications 
of hydrochars have been explored (i.e., hydrochars used 
as adsorbent, filter media, fertilizer) [1, 7–10]. Unlike lig-
nocellulosic biomass, biowastes like manure, sewage 
sludge, and septage often contain emerging pollutants 
including hormones and antibiotics. In fact, more than 
3300 ± 700 ng/L of estradiol and 290 ± 50 ng/L of neomycin 
were reported in the runoff from farmland amended with 
dairy manure [11, 12]. Hormones are biologically active at 
very low levels and may disrupt the reproductive endocri-
nology of fish, while antibiotics facilitate the development 
and proliferation of antibiotic resistance bacteria [13]. 
Therefore, both hormones and antibiotics are considered 
as emerging pollutants for the environment and need to 
be prevented from reaching food and water sources. HTC 
has already been proven to carbonize these waste materi-
als that may contain hormones and antibiotics; however, 
in order to apply hydrochar as adsorbent, filter media, or 
fertilizer, the fate of these contaminants needs to be stud-
ied [14, 15].

The solvent properties of water at ambient conditions 
are drastically different compared to the properties at sub-
critical conditions [16]. The dielectric constant of water 
decreases, and the water dissociation constant increases 
with increasing temperature. As a result, subcritical water 
around 160–280 °C shows more significant self-dissocia-
tion into  H+ and  OH– and is also influenced by the strong 
clustering effect [17]. This leads to a high “local concentra-
tion” of  H+ and  OH– ions. As a result, a hydrogen atom of 
water comes very near to a reactive center of an organic 
molecule. Most hormones and antibiotics (i.e., oxytetracy-
cline, β-estradiol, etc.) contain saturated and unsaturated 
C–C bonds, as well as ketones, hydroxyls, and amines. 
Thus, individual compounds participate in different types 
of reactions (e.g., hydrolysis, nucleophilic substitution, 

deprotonation, etc.) and degrade differently at different 
rates in subcritical conditions [18].

As of now, few studies have been conducted to investi-
gate the degradation of pharmaceutical products at HTC 
conditions. Weiner et al. [19] investigated the influence of 
HTC temperature and residence time on the degradation 
of organic pollutants (i.e., ibuprofen, diclofenac, tetrabu-
tyltin, etc.). They observed that each pollutant degraded 
differently at different HTC conditions and some of them 
formed stable intermediates (mainly functionalized phe-
nolic compounds) which cannot further degrade at that 
HTC condition. Recently, Eyser et  al. [20] studied the 
removal efficiency of pharmaceuticals (i.e., diclofenac, 
ibuprofen, phenazone, carbamazepine, etc.) from sewage 
sludge during HTC at a single condition (temperature: 
210 °C and residence time: 4 h). They found that most com-
pounds were degraded or at least reduced from their ini-
tial concentration, after HTC. Other methods using hydro-
thermal treatment as part of a treatment process have 
shown success as well in removing hormones from waste 
streams. A combined treatment method using algae and 
hydrothermal treatment was performed by Shin et al. [21] 
in order to remove several estrogenic compounds from 
swine manure. Results reported are promising, with more 
than 75% of all examined estrogenic compounds being 
removed in the final product phase. Concentrated oxy-
tetracycline residue was treated hydrothermally by Gong 
et al. [22] who reported near full removal of the common 
antibiotic with hydrothermal conditions of 180 °C and 
120 min. However, this residue is extremely concentrated, 
while the levels of antibiotics and hormones found in dairy 
wastes are typically very low [23, 24].

Currently, six steroids and more than 50 antibiotics are 
approved by the Food and Drug Administration (FDA) for 
use in feed animals [25]. The hormones are estradiol, pro-
gesterone, testosterone, trenbolone acetate, progestin 
melengestrol acetate, and zeranol, where the common 
antibiotics are roxithromycin, sarafloxacin, virginiamycin, 
oxytetracycline, and neomycin [25, 26]. Although it is clear 
from the literature that HTC can degrade some micro-pol-
lutants/pharmaceuticals, the HTC degradation of common 
antibiotics and hormones as they are found on dairy farms 
(e.g., low concentration and in the presence of other com-
pounds) has not been investigated.

Therefore, the objective of this study is to investigate 
the degradation phenomenon of emerging pollutants of 
dairy manure with respect to HTC process conditions such 
as temperature, residence time, and initial pH and to then 
develop following a proposed degradation mechanism 
based on the degradation products found. In order to 
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understand the phenomenon, a series of HTC experiments 
were conducted at different temperatures, residence time, 
pH, and in the presence of glucose by using two model 
compounds (oxytetracycline and β-estradiol). Oxytetracy-
cline and β-estradiol were chosen for this study because 
they are the most commonly used hormone and antibiot-
ics on dairy farms. Since these compounds are not found in 
isolation, additional experiments with glucose (a common 
HTC feedstock) were included to examine how oxytetra-
cycline and β-estradiol degradation behavior may change 
in isolation compared to degradation in the presence of 
other compounds. High-performance liquid chromatogra-
phy (HPLC) and gas chromatography coupled with a mass 
spectrometer (GCMS) were used to analyze the presence 
of unreacted pollutants and degraded products in process 
liquid, respectively.

2  Materials and methods

2.1  Materials

Oxytetracycline and 17β-estradiol (referred to as 
β-estradiol) were purchased from Sigma-Aldrich (St. 
Louis, MO) for HTC experiments. HCl (0.01 M) and NaOH 
(0.01 M) were purchased from Fisher Scientific to prepare 
the samples with defined pH. High-performance liquid 
chromatography (HPLC)-grade acetonitrile (ACN) and 
trifluoroacetic acid (TFA) were procured from Fisher Sci-
entific (Hanover Park, IL) for HPLC. In addition, pyridine, 
bistrifluoroacetamide (BSFTA) with trimethylsilyl chloride 
(TMSC) (99:1), and dichloromethane (DCM) were procured 
from Sigma-Aldrich (St. Louis, MO) for derivatization of the 
HTC products.

2.2  Methods

2.2.1  Sample preparation

Pure oxytetracycline and β-estradiol were dissolved in DI 
water to prepare the corresponding stock solutions. The 
solubilities of oxytetracycline and β-estradiol in DI water 
are 13 mg/L at 25 °C and 3.6 mg/L at 27 °C, respectively 
[27]. The stock solution of oxytetracycline was prepared 
at the same concentration of its water solubility as the 
highest concentration of oxytetracycline in cow manure 
was observed 13.77 mg/kg [23]. Although the solubility 
of β-estradiol is 3.6 mg/L, a stock solution was prepared 
as a concentration of 110 µg/L because the presence of 
β-estradiol in manure is approximately 110 µg/L [24]. Initial 
pH of the solution was controlled by adding 0.01 M HCl or 
0.01 M NaOH.

2.2.2  Experimental methods

A 100 mL Parr reactor (reactor series 2430, Moline, IL) was 
used to perform the HTC experiments. A Parr propor-
tional–integral–derivative (PID) controller (Model 4848) 
with an accuracy of ± 3 °C was used to control the reac-
tion temperature. The pressure was not controlled but 
was monitored during the HTC reaction with a pressure 
gauge. The reactor was filled with 45 ml of the stock solu-
tion for each experiment. The HTC experiments were con-
ducted at five different temperatures (180, 220, 260, 280, 
and 300 °C), two different residence times (0.5 and 6.0 h), 
and five different pH (3, 4, 7, 8, and 10) to investigate the 
effects of HTC temperature, residence time, and acidity/
alkalinity on the degradation of β-estradiol and oxytetra-
cycline individually. In addition, 2 g of glucose was added 
to select experiments to investigate its effect on the deg-
radation of β-estradiol and oxytetracycline. The initial pH 
of these glucose-containing solutions was 3.65. A detailed 
experimental matrix is shown in Table 1. The reactor was 
heated at a constant rate of 10 °C/min until it reached the 
desired temperature and then held at that temperature for 
either 0.5 or 6 h. At the end of the HTC reaction time, the 
heater was turned off, and the reactor was rapidly cooled 
to room temperature ( ∼ 30 °C) by placing it in an ice-water 
bath. Solid products were filtered using Whatman 41 filter 
paper, and around 10 ml of process liquid was collected 
and refrigerated in a glass vial for further analyses. All 
experiments were completed in triplicate.

2.2.3  Characterization of HTC process liquid

HTC process liquid samples were analyzed using Agilent 
1100 series HPLC instrument (Santa Clara, CA) fitted with 

Table 1  Detailed experimental matrix of hydrothermal degradation 
of β-estradiol and oxytetracycline at various HTC conditions

* N = neutral pH, #POG = presence of glucose

Sample Residence 
time (hr)

HTC tem-
perature ( °C)

pH

β-estradiol 0.5 180 N*

0.5 220 3, 4,  N*, 8, 10,  POG#

0.5 260 N*

0.5 280 N*

0.5 300 N*

6.0 220 N*

Oxytetracycline 0.5 180 N*

0.5 220 3, 4,  N*, 8, 10,  POG#

0.5 260 N*

0.5 280 N*

0.5 300 N*

6.0 220 N*
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a Bio-Sil C18 HL 90-3 S (150 mm × 4.6 mm, Ref. 615–0250). 
Samples (20 µL) were loaded onto the column equilibrated 
with 39.6% acetonitrile in 0.1% (v/v) trifluoroacetic acid 
(aq). Elution proceeded isocratically for 1 min followed 
by a linear gradient to 90% (v/v) acetonitrile in 0.1% tri-
fluoroacetic acid (aq) over 14 min. Flow rates were set at 
0.4 mL/min for all samples. The column was re-equilibrated 
for 10 min between each injection. Oxytetracycline was 
detected using an in-line fluorescence detector with exci-
tation and emission wavelengths of 280 nm and 310 nm, 
respectively. Similarly, β-estradiol was detected using an 
in-line ultraviolet (UV) detector at an absorbance wave-
length of 235 nm. Peak areas of known concentrations 
of oxytetracycline and β-estradiol standards were inte-
grated to generate calibration curves. The lower limit of 
detection (LOD) of oxytetracycline and β-estradiol was 
observed to be 80 and 22 µg/L, respectively. Additionally, 
for non-HPLC characterization, UV–Vis was performed 
using a Hach DR/6000 spectrophotometer. This was used 
to analyze oxytetracycline degradation before and after 
HTC treatment by measuring a shift in peak absorbance 
wavelength. A sample of oxytetracycline was prepared at 
1 µg/L and compared to a similar sample that had been 
treated. Samples were serially diluted to ensure that peak 
absorbance wavelength was concentration dependent.

GCMS was used for the identification of unknown 
components produced in the HTC reaction. The silylation 
derivatization of the polar components was performed to 
qualitatively identify unknown components. For silylation 
derivatization, liquid samples (125 μL) were freeze-dried 
in deactivated 1.5 mL vials. ACN (100 μL) was added to 
dissolve the dried solids. Then, pyridine (50 μL) and BSFTA 
with TMCS (99:1) (100 μL) were added into the vials. The 
capped vials were placed in a water bath for 2 h to allow 
complete silylation. The temperature of the water bath 
was maintained at 65  °C. After silylation, the samples 
were cooled to room temperature and an aliquot (100 μL) 
was collected and diluted with dichloromethane (1.4 mL). 

Samples were injected into a Shimadzu GCMS-QP2010S 
instrument (Chicago, IL) equipped with Shimadzu 
SHR5XLB column (30 m × 0.25 mm ID, 0.25 μm film thick-
ness) and electron ionization (EI) mass detector. The elec-
tron ionization is the ionization technique used to form 
ions (and fragments) which then will be separated accord-
ing to their mass-per-charge ratio (m/z) in a mass analyzer 
and detected. The column temperature was maintained at 
80 °C for 2 min, then increased to 260 °C at a rate of 10 °C/
min, and then kept there for 2 min.

3  Results and discussion

3.1  Degradation of β‑estradiol at different HTC 
conditions

β-estradiol is a steroid hormone which has two hydroxyl 
groups: one at the C3 position and another at the 17β posi-
tion. β-estradiol was able to be partially degraded by the 
HTC process, with specific results shown in Fig. 1. Gener-
ally, increasing HTC temperature, time, and either alkalinity 
or acidity increased the amount of degradation. Figure 1 
shows that the degradation of β-estradiol was 29.7 ± 2.1% 
at 180 °C. This value increased gradually with increasing 
HTC temperature from 180 to 260 °C, with 48.5 ± 2.5% deg-
radation at 300 °C (both trials were for 0.5 h at neutral pH). 
Increasing the treatment time, while at 220 °C and neutral 
pH, increased the degradation (from 37.6 ± 6.0% at 0.5 h 
to 53.6 ± 2.0% at 6.0 h) but still did not fully remove the 
β-estradiol. Changing pH had a more significant impact 
on degradation, as Fig. 1 shows that the degradation of 
β-estradiol treated at neutral conditions for 30 min at 
220 °C was 37.6 ± 6.0% and further increased to 58.6 ± 0.4% 
and 100% at pH of 10 and pH of 3, respectively.

It is also valuable to know what compounds are being 
formed from the degradation of the β-estradiol. The GCMS 
data show consistently that the same compounds were 

Figure. 1  Percentage of 
degradation of β-estradiol at 
different HTC conditions with 
and without the presence of 
glucose. The parent concen-
tration of β-estradiol was 
110 μg/L
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formed regardless of temperature, time, or pH of treat-
ment. For all β-estradiol trials, fragment ions were found 
at m/z 44, 77, 105, 135, and 179. This is an 82% match for 
benzoic acid that has been functionalized by a trimethyl-
silyl ester (formed as a result of the derivatization process). 
2-methyl 3-furoic acid (with a 75% match), 3-methyl-buta-
noic acid (with a 75% match), and glucose (with a 95% 
match) were also found as minor products in the product 
liquid for all experiments involving β-estradiol. This pro-
file was found regardless of treatment conditions, which is 
significant as this suggests that the initial products formed 
are stable and will not degrade further. McCollom et al. 
[28] have hypothesized that the degradation of toluene to 
benzene under hydrothermal conditions with metal cata-
lysts goes through a benzoic acid step. Since this study 
did not evaluate metal catalysts, it is expected that any 
monocyclic aromatic degradation products would still be 
found after treatment. No benzene was found in any of 
the samples prepared in this study, suggesting that the 
monocyclic aromatics that form from the ring breaking 
mechanism are stable. This is in agreement with an earlier 
study that found monocyclic aromatics are stable even 
at conditions that exceed those explored in this study 
[29]. The ring cleavage of β-estradiol could be responsi-
ble for forming benzoic acid, rather than the combination 
of smaller fragments into an aromatic ring. Given that 
2-methyl 3-furoic acid is found in all samples, while there 
is no initial furoic oxygen in β-estradiol, fragmentation and 
subsequent hydrolysis/oxidation must be occurring during 
the degradation process as well.

Changing the pH had a more significant effect on the 
degradation of β-estradiol compared to HTC temperature 
or reaction time. This indicates that the degradation of 
β-estradiol proceeds via an acid-/base-catalyzed reac-
tion. Since additional oxidizing or reducing agents were 
not added, it is expected that there would be a variety of 
short-chained carboxylic acids in the product phase due 
to the hydrolysis of the fragmentation products that result 
from the ring opening degradation of the β-estradiol. 
This is exactly what was found with the detection of both 
2-methyl 3-furoic acid and 3-methyl-butanoic acid [30, 
31]. Onwudili et al. demonstrated in their study on oxi-
dative degradation of phenanthrene that benzoic acid 
and other oxygen-containing aromatics are stable under 
hydrothermal conditions even when paired with aliphatic 
oxygenates [32]. These studies, when paired with the 
characterization of the degradation products, show that 
the non-aromatic portions of β-estradiol are the weakest 
points that should be targeted to promote degradation. 
Furthermore, trials with non-neutral pH show that base- 
and acid-catalyzed reactions are the most likely pathway 
for β-estradiol degradation. The glucose additive trial dem-
onstrates that additional fragments are able to attack the 

same sites and further enhance degradation. As previously 
mentioned, the literature supports that oxygenated ali-
phatics alone are not enough to break down the benzoic 
acid products [32]. The addition of glucose has a signifi-
cant impact on the stability of β-estradiol. At the end of 
treatment, there was no β-estradiol remaining. Glucose is 
known to form furan derivatives (as well as a fair amount 
of acids) such as hydroxymethyl furfural and furfural when 
hydrothermally treated by itself [33]. These intermediates 
(see Table S1) may facilitate ring opening mechanisms 
previously discussed and result in total degradation of 
β-estradiol. The GCMS profile suggests additional carbox-
ylic acid formation with the detection of both acetic acid 
(89% match) and pentatonic acid (93% match). Figure S1 
shows the major products found in the process liquid and 
the corresponding GC peaks. Furan compounds were not 
found, aside from the 2-methyl 3-furoic acid which was 
also detected in the trials that did not have added glucose. 
These would be expected in the degradation products of 
glucose, but were not found when glucose and β-estradiol 
were both degraded. The universally accepted HTC degra-
dation mechanism of glucose must have interactions with 
either β-estradiol or its degradation products, as glucose 
was detected as a degradation product of the β-estradiol 
at all conditions while neither furfural nor hydroxymethyl 
furfural was found [34].

Ring opening, hydrolysis, and decarboxylation reac-
tions are most likely responsible for the formation of the 
final products found in the product liquid. Figure 2 shows 
possible mechanisms for the formation of benzoic acid, 
2-methyl 3-furoic acid, and 3-methyl butanoic acid from 
β-estradiol. Since these compounds are generated from 
the degradation of both investigated compounds, they are 
of particular interest. The proposed mechanism is based 
on Onwudili et al.’s similar mechanism for the formation 
of single ringed systems from polycyclic structures under 
hydrothermal conditions [35]. This degradation process 
follows the general path of decarbonylation of cyclic car-
bons followed by hydrolysis and decarboxylation of ali-
phatic carbons that result from ring opening reactions. 
Only products and direct results of these basics steps are 
shown, additional intermediates and side products that 
may still result in the major degradation products are not 
included. For maximizing the degradation of compounds 
similar to β-estradiol, hydrothermal processes at acidic 
conditions with an oxidizing agent are ideal, with longer 
treatment times at higher temperatures being second-
ary factors that enhance degradation. For processes that 
focus on breaking down all components found from the 
hydrothermal treatment of biologically hazardous com-
pounds (and not just reducing the concentration of this 
β-estradiol specifically), targeting the most stable product 
or intermediate is the most important step. In this case, it is 
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the benzoic acid found in the post-treatment liquid phase. 
This agrees with other studies that did not use catalysts 
or agents to target the benzoic acid or structurally similar 
compounds. Monocyclic aromatics with aliphatic acids 
have been detected in numerous studies evaluating the 
hydrothermal degradation of less homogenous feeds such 
as lignin, olive mill wastes, and dairy manure [32, 36, 37].

3.2  Degradation of oxytetracycline at different HTC 
conditions

Oxytetracycline is a chemically unstable  C6 hydroxyl 
group compound whose C-ring can be dehydrated and 
aromatized in the presence of acid [38]. The results from 
this study showed that oxytetracycline readily degraded 

to some extents at all HTC conditions, probably due to 
higher ionic products of water at subcritical conditions 
[39]. Initial analysis of the HPLC data suggested that the 
degradation of oxytetracycline was around 75% for all 
experimental conditions, with the exception of acidic and 
basic trials resulting in 81.6 ± 1.1% and 84.1 ± 2.9% degra-
dation, respectively, as shown in Fig. 3 (both trials were for 
0.5 h at 220 °C). However, the 25% remaining had a peak 
inconsistent with oxytetracycline, occurring sooner. This 
suggests that a larger (> 300 g/mol) major degradation 
product is formed from the breaking down of the oxytet-
racycline. UV–Vis spectra revealed that the characteristic 
peak of oxytetracycline that appears around 350–370 nm 
was also completely absent. This product is most likely the 
major degradation product that is subsequently broken 
down into the smaller products. The acidic and basic tri-
als only lowered the concentration of the major degrada-
tion product and did not change the secondary products 
formed, once again supporting an acid-/base-catalyzed 
ring opening-type reaction resulting in the formation of a 
benzoic acid compound. The addition of glucose did not 
have a significant impact on the degradation of the oxy-
tetracycline, whereas with β-estradiol the presence of glu-
cose severely enhanced the degradation. The difference 
is most likely due to degradation of these components. 
Glucose will degrade between 180 and 200 °C [40], but 
by that point, oxytetracycline has already broken down 
into smaller components. With β-estradiol, glucose can 
interact with the degradation mechanism, but with oxy-
tetracycline, glucose can only interact with the degrada-
tion products, as the initial degradation step has already 
been completed.

The degradation of oxytetracycline produces similar 
benzoic acid compounds (see Figure S2 and Table S2) to 
those found in the liquid product after β-estradiol deg-
radation. The major degradation products, which were 
found at all hydrothermal conditions, include benzoic 
acid (78% match), 2-methyl 3-furoic acid (79% match), 

Figure. 2  Possible mechanism for the formation of benzoic acid, 
2-methyl 3-furoic acid, and 3-methyl butanoic acid from β-estradiol

Figure. 3  Percentage of deg-
radation of oxytetracycline at 
different HTC conditions with 
and without the presence of 
glucose. The parent concentra-
tion of oxytetracycline was 
13 mg/L
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3-phenyl-2-oxazolidinone (86% match), and 2,2 dimethyl 
butanol (59% match). Previous work in hydrothermal deg-
radation of nitrogen-containing aliphatic compounds has 
suggested a tautomerization-like mechanism that results 
in nitric or nitronic acid [41]. This mechanism may explain 
the formation of the only nitrogen-containing product 
(3-phenyl-2-oxazolidinone), where nitrogen is now part 
of a ring structure. This tautomerization mechanism 
would not only impact the nitrogen groups on oxytet-
racycline, but also the two enol locations. This nitrogen 
ring also explains why this fragment is so large compared 
to the results shown for β-estradiol, which had no nitro-
gen groups to form this type of ring. Tautomerization-like 
mechanisms involving hydrocarbons during hydrothermal 
treatment are well documented in producing valuable 
products like furfural [42]. Since tautomerization occurs 
so readily, it is expected that the degradation of oxytet-
racycline is rather complete or that at the very least sig-
nificant changes in functionality occur. Figure 4 shows the 
possible mechanism for the formation of major products 
from the degradation of oxytetracycline. In addition to 
the decarbonylation and hydrolysis reactions proposed 
for β-estradiol, oxytetracycline must also experience 
additional ring opening and tautomerization reactions 
to produce these compounds. Both Kochansky et al. and 
Rose et al. observed significant degradation of oxytetra-
cycline in water at atmospheric and hydrothermal condi-
tions, respectively [43, 44], suggesting once again that the 
hydrothermal conditions are severe enough to achieve 
total degradation of oxytetracycline. Similar to the deg-
radation of β-estradiol, more complete breakdown of the 
products requires the addition of an oxidizing agent to 
target the stable benzoic acid products that form from the 
aromatic ring.

4  Conclusions

Using a variety of hydrothermal treatment conditions, 
ranging from 180 to 300 °C, 0.5–6 h, and pH’s of 3–10; 
oxytetracycline and β-estradiol were degraded, and the 
degradation products were characterized. β-estradiol 
showed increased degradation with reaction severity 
with initial pH up to 100%, with benzoic acid being the 
major degradation product. The addition of glucose 
greatly increased the degradation of β-estradiol, nearly 
eliminating it from the product liquid. Oxytetracycline 
was shown to be less stable than β-estradiol, with at least 
71.0 ± 1.1% degradation at all experimental conditions. 
Once again, the major degradation product was shown 
to be benzoic acid or some other functionalized monocy-
clic aromatic. Unlike β-estradiol, which had mostly smaller 
fragments (molecular mass < 150 g/mole) after treatment, 

the hydrothermal degradation of oxytetracycline resulted 
in some larger fragments (molecular mass > 300). Both the 
degradation of oxytetracycline and β-estradiol are most 
likely the result of acid- or base-catalyzed ring opening 
mechanisms. Hydrothermal degradation conditions that 
maximize the amount of either hydronium or hydroxide 
should be used when targeting these polycyclic structures 
by either increasing the adding acids or bases rather than 
simply increasing the treatment temperature.
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