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a b s t r a c t

Hazardous waste dewatering is important for volume reduction and further treatment. Hazardous
organic wastes with low ratio of free to bound water, and low flash point are difficult to dewater and pose
an explosion risk for conventional thermal drying. Here, we develop a facile one-pot, alkali-assisted
hydrothermal treatment (AHT) method for cost-efficient hazardous waste dewatering, dry mass mini-
mization and volume reduction. Wet paint sludge (WPS), a hazardous organic waste, was reduced (79%
by total weight and 52% by dry mass) by dewatering through AHT hydrophobic modification, and the
product was nonflammable. Conversion of bound water to free water enhanced WPS dissolution for
further decomposition. Alkali was critical for boosting ether demethylation in the solid phase, and
cleavage of ethers forming alcohols that facilitated transfer of solid mass into the liquid phase. Polar
functional groups were eliminated through AHT, which increased the relative abundance of hydrophobic
functional groups on the surface of solid residues and promoted dewatering. We also demonstrate that
AHT can be widely adapted and scaled up to treat various hazardous organic waste streams, which is of
significant industrial and environmental interest.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Hazardous wastes, which are characterized by their ignitability,
corrosivity, reactivity and/or toxicity, are generated in large quan-
tities from industrial manufacturing process (D'Alisa et al., 2014;
Daniels, 1986). Disposal of hazardous waste is often outsourced to
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licensed incineration facilities that are approaching their treatment
capacities (Walser et al., 2012) (Garcia-Labiano et al., 2007).
Furthermore, hazardous wastes disposal represents a significant,
quantity-dependent cost (Table S1). Considering the growing
amounts of hazardous wastes being generated, rising disposal
costs, and public opposition to the siting of new disposal facilities, it
is important to develop strategies for waste volume reduction (e.g.,
through enhanced dewatering) that also facilitate further treat-
ment in a safe and cost-effective manner (Lim et al., 2011; Xu et al.,
2018).

Most chemical process industries (e.g., refineries, pharmaceu-
tical, automotive, and textile) use water, solvents and polymers,
that end up in their hazardous wastes (Dmitrienko and Strizhak,
2018; Yin et al., 2015; Zhang et al., 2007; Zhu et al., 2018). These
industries generate large quantities of hazardous organic waste
(often volatile sludge) with a large fraction of non-drainable
moisture; i.e., low ratio of free to bound water (Guo et al., 2019;
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Table 1
Experiments designed by CCD and the responses of TMR and DMR.

Run Variable A Temperature (ºC) Variable B
Time (h)

TMR(%) DMR(%)

1 200 5 69.5 26.7
2 220 4 73.1 38.4
3 260 4 76.1 44.3
4 240 3 70.3 33.4
5 200 3 54.7 24.8
6 220 4 71.2 38.4
7 240 5 75.6 42.3
8 220 4 71.3 36.6
9 220 4 72.8 38.2
10 220 6 72.8 37.5
11 180 4 58.6 16.3
12 220 2 63.3 23.4
13 220 4 72.5 36.3
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Xiao et al., 2018). Bound water, which significantly contributes to
waste volume, is held tightly to the polar groups or ionic sites on
molecules, and cannot be squeezed out by conventional dewatering
technologies such as high-pressure plate and frame filter pressing,
belt press filtering and centrifuge processing (Christensen et al.,
2015). Thermal drying processes (TDP) are often used to evapo-
rate moisture from the dewatered wastes (Bennamoun et al., 2013).
However, separating water from the hazardous organic waste by
TDP suffers from low energy efficiency (Zhang et al., 2014), and
poses an explosion hazard due to the low flash point of these
wastes (Liaw et al., 2010; Salihoglu and Salihoglu, 2016). Note that
dewatering is important to reduce the waste volume through solid-
liquid separation, but it does not per se achieve dry mass reduction
(Christensen et al., 2015). This underscores the need for broadly
applicable and cost-effective treatment approaches that reduce
both the volume and dry mass of hazardous organic sludges.

Hydrothermal treatment (HT), which is conducted in a closed
reactor at 180e350 �C under autogenous pressure, offers a reliable
route to convert waste activated sludge into value-added products
(Higgins et al., 2017; Li et al., 2017) and facilitate dewatering due to
decomposition of water-binding components (Yu et al., 2014) and
dehydration reactions (Wang and Li, 2015). However, the feasibility
of HT for hazardous sludge volume reduction and dry mass removal
has not been addressed in the literature. Since depolymerization,
decomposition and solubilization of organic wastes (e.g., using
supercritical fluids) contribute to dry mass reduction (Chen et al.,
1995; Demirbas, 2010; Staszak and Malinowski, 1987), it is essen-
tial to promote these reactions in the mild hydrothermal process.
The benefits of HT treatment on depolymerization has been
documented only in the presence of large amounts of olefin
metathesis over long reaction periods (i.e., 4 d) (Jia et al., 2016) or
intensive energy input to achieve high temperatures (>400 �C)
(Aguado et al., 2008; Serrano et al., 2012) with microwave-
assistance (Fan et al., 2013). However, alkaline conditions
decrease the polarity of organic matter and facilitate the hydrolytic
cleavage of carbon-functional groups under milder conditions
(Comisar et al., 2008;Mursito et al., 2011; Roberts et al., 2010). Thus,
we envisioned that alkali addition might assist HT treatment to
enhance dry mass reduction.

Since paint is broadly applied in industry, wet paint sludge
(WPS) is a common hazardous organic waste that is generated in
large and increasing quantities (Salihoglu and Salihoglu, 2016;
Akafuah et al., 2013). This paper reports WPS volume and dry mass
reduction through a facile one-pot alkaline hydrothermal (AHT)
method. A systematic investigation was conducted to discern the
underlying mechanisms for hydrophobic modification of WPS to
convert bound water to easily drainable free water. The reaction
pathwaywas investigated to discern the critical role of alkali for dry
mass reduction. Furthermore, pilot-scale tests were operated with
a variety of other hazardous wastes to demonstrate AHT as a reli-
able, industrially-scalable and broadly applicable process.

2. Materials and methods

2.1. Wet paint sludge (WPS) and other hazardous wastes

WPSwas obtained from an automotive lock company (Shanghai,
China). It has a sticky, paste-like consistency with a significant non-
drainable moisture content (77.5%) and a high volatile solid to total
solid ratio (VS/TS 83.5%), reflected by its relatively low ratio of free
to bound water (Wf¼ 1.10 g/g dry mass, Fig. S1 by Differential
Scanning Calorimetry (DSC)) and flash point (67.1 �C, Table S2). To
evaluate the alkali-assisted hydrothermal treatment as a broadly
applicable technique, the following hazardous wastes were chosen:
oil sludge, pharmaceutical residues, high boiling residues from
distillation towers, concentrated solutions from the fluorine in-
dustry, and textile sludge (Fig. S2). These hazardous organic wastes
are characterized by high moisture content (57.8e85.4%) and high
VS/TS ratio (64.3e93.4%) as detailed in Table S3. Waste samples
were stored at 4 �C prior to use.
2.2. Selection of hydrothermal reaction parameters using response
surface methodology

A preliminary study (see Supplementary Information) verified
that temperature and reaction time are crucial parameters in hy-
drothermal treatment (HT) for WPS dewatering (Fig. S3). Using
Design Expert Software (version 8.05, Stat-Ease, Inc., USA), a five-
level, two-variable central composite design (CCD, Table 1) was
adopted to select the HT parameters. Hydrothermal batch reactions
were conducted by loading 25 g of WPS in 100-mL airtight
stainless-steel tubular reactor (polyphenylene container inside)
(Fig. S4a). The reactors were heated to the selected temperatures
(variable A, Table 1) in a homothermic oven (DHG-9013A). After a
stipulated time period (variable B, Table 1), these reactors were
cooled to room temperature in water bath. The samples were
withdrawn from the containers, and dewatered by vacuum filtra-
tion (Fig. S4a) for 3min. Then, the residues on the filter paper were
weighed. The residues were dried in a homothermic oven (DHG-
9013A) at 105 �C for 24 h for dry mass measurement. All tests were
performed in triplicate, and the results were expressed as
mean± standard deviation. The total mass reduction (TMR) of WPS
was calculated using Eq (1), whereas dry mass reduction (DMR)
using Eq (2).

TMR¼ [(m1-m2)/m1]*100% (1)

DMR¼ [(m3-m4)/m3]*100% (2)

Where m1 is the weight of raw waste; m2 is the weight of solid
residues in the filter paper after vacuum filtration; m3 is the dry
weight of raw WPS; and m4 is the dry weight of the solid residues
after vacuum filtration.

Regression analysis yielded predictive polynomial quadratic
models (Table S4) for both responses (TMR and DMR). Response
surface methodology showed that the interacting effects of tem-
perature and time on total mass reduction (TMR) (p< 0.09) and dry
mass reduction (DMR) (p< 0.08) were significant (Table S5, Fig. S5).
TMR increased rapidly from 50% to 71% by increasing the temper-
ature from 180 to 220 �C and time from 3 to 4 h (Fig. 1a), and it
increased slowly to 75% with longer duration (>4 h) at a higher
temperature (>220 �C). However, DMR only increased with



Fig. 1. Response surface methodology for (a) total mass reduction (TMR) and (b) dry mass reduction (DMR) at different temperatures and reaction times.
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temperature when the temperature was below 220 �C (Fig. 1b), and
it stabilized from 220 to 260 �C at longer reaction times (>4 h).
Higher temperature and longer reaction time increase operating
and capital costs. Thus, the condition for HT treatment of WPS was
selected at 220 �C for 4 h under an autogenous pressure of 385± 12
psi.

2.3. Alkali-assisted hydrothermal treatment (AHT) and products
characterization

Before hydrothermal treatment, different chemical agents
(dosage 50mg/g WPS) were mixed with 25 g WPS. Unless other-
wise noted, the hydrothermal reaction was conducted at a tem-
perature of 220 �C for 4 h. The overall process was the same as
described in Section 2.2. Based on this preliminary study (Supple-
mentary Information), dry mass reduction (DMR) of WPS was
higher in the reactor with NaOH added than those with other
chemical agents (Fig. S6a). The optimal dosage was 38mg NaOH/g
WPS (Fig. S6b) andwas selected as the alkali-assisted hydrothermal
treatment (AHT) for this study. To advance fundamental under-
standing of WPS transformations during HT and AHT process,
products from both processes were characterized. The liquid
collected after filtration was analyzed by GC-MS (Agilent Technol-
ogies 7890, USA), gel filtration chromatography (GFC) (Shimadzu
Co., Japan), inductively coupled plasma atomic emission spec-
trometry (ICP-AES) (Prodigy-ICP, USA), and Fourier transform
infrared spectroscopy (FTIR) (Nicolet, USA). The residues on the
filter paper were characterized by contact angle measurement
(Kino, USA), thermogravimetric analysis (TGA) (Mettler,
Switzerland), scanning electron microscope (SEM) (JSM-5600LV,
Japan), differential scanning calorimetry (DSC) (Mettler,
Switzerland), X-ray diffraction (XRD) (Dmax-2550 PC, Japan), zeta
potential (Brookhaven ZetaPlus), FTIR, specific surface area by
Brunauer-Emmett-Teller (BET) measurement (Quantachrome
Autosorb-IQ) and nuclear magnetic resonance (13C solid-state
NMR) (AVANCE400, Switzerland).

2.4. Plotting Van Krevelen diagram to propose possible reactions

A Van Krevelen diagram (O/C vs H/C ratios) was used to inves-
tigate possible reactions through elemental variations of the mo-
lecular composition of solid samples after treatment with different
intensities (reaction temperatures, durations and NaOH dosages).
Five HT reactors containing raw WPS (25 g) were conducted at
different temperatures (140 �C, 180 �C, 200 �C, 220 �C and 240 �C)
for 4 h, and another four HT reactors containing raw WPS (25 g)
were kept at 220 �C for different durations (2, 3, 4 and 5 h). For AHT
reaction, three reactors with different NaOH dosages (0.038, 0.054
and 0.097 g/g WPS) were tested at 220 �C for 4 h. After vacuum
filtration, the solid samples were frozen at�20 �C for 24 h, and then
sublimated in a freeze-drying machine (Huayu, China) under vac-
uum for another 24 h. After the freeze-dry process, the powder
samples were immediately analyzed using an Elemental Analyzer
Vatio EL III (Elementar, German).

2.5. Verification of cleavage of ether bond and depolymerization

Ethylene glycol butyl ether (DEG) and poly(methyl methacry-
late) (PMMA) were chosen for evaluation of bond cleavage and
depolymerization due to their high abundance in WPS (Table S6
and Table S7). The HT and AHT reactor both contained 2mL DEG
(or 2.5 g PMMA) and 20mL deionized water and the AHT reactor
contained an additional 0.1 g NaOH. After hydrothermal treatment
(at 220C for 4 h), the liquids were assayed by GC-MS (Agilent
Technologies 7890, USA).

2.6. Effectiveness of AHT on other hazardous wastes and scalability
assessment

Hazardous organic wastesmentioned in section 2.1 were treated
by AHT: hazardous waste (25 g) and NaOH (0.95 g) were mixed into
100mL reactors. The reactors were operated at 220 �C for 4 h and
the mass reduction was recorded. Five commonly used metal:
stainless steel (316 L), Titanium (TA1), Nickel alloys (N6), Zirconium
alloy (Zr), and Hastelloy (HC-276) were tested for corrosion resis-
tance to AHT/HT process (Supplementary Information). Each metal
coupon was mixed with 25 g WPS in HT reactor (220 �C and 4 h)
and AHT reactor (220 �C, 4 h and 38mg NaOH/g WPS). Corrosion
extent was estimated as weight change percentage of the metal
coupons after five cycles of the hydrothermal reaction.

The pilot scale system (Fig. S4b) consists of a 50 L jacketed high-
pressure stainless steel reactor (GSH-50 L, Zhaoyang Co. LTD, Wei-
hai China), a 50 L flash and cooling tank, and filter press equipment
(XAYZ-S/80, Kungong Env. Kunshan China). The pilot scale system
was operated by adding 15± 2 kg WPS to the jacketed high-
pressure reactor (stirring at 50± 2 rpm). After hydrothermal
treatment for 4 h at 220 �C, the pressure was decreased by con-
ducting flash steam to the flash and cooling tank. After cooling to
room temperature, the mixture was pressed by the filter press
equipment. The residues obtained in the filter press was weighed.
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The dewatering liquor was collected for wastewater treatment
(Supplementary Information). Note that AHT process requires the
addition of 3.56 L NaOH stock solution (4M), which was replaced by
3.56 L tap water in HT process.

2.7. Analytical methods

The contact angle (q) was measurement with a goniometer
(KINO, USA). A camera integrated with the goniometer was used to
record the deionized water droplet added to the sample surface.
Free water to bound water ratio was determined through a differ-
ential scanning calorimetry (DSC) analyzer (Lee and Lee, 1995) that
integrated with a liquid nitrogen cooling system (METTLER,
Switzerland). The sample (20mg) was placed into a special
aluminum crucible (40mL) and covered with a lid for each test.
Initially, the temperature was cooled to �20 �C. Then, it was
increased to 10 �C with a ramp rate of 2 �C/min. The amount of free
water was determined by the area of the endothermic curve below
the baseline representing the amount of heat required to melt the
frozen water. The relationship between the mass of free water and
the DSC curve area can be expressed as: Wf ¼ K* A, A is the curves
area (mJ/g�1), K is the conversion factor (mg/mJ), determined by
obtaining the thermograms of pure water of known mass and
measuring the curve area. NMR was used as a qualitative tool to
provide information about specific molecular structures and
chemical groups. In this work, the 13C NMR (AVANCE400,
Switzerland) was used to investigate the solid-state cross-polari-
zation and magic angle spinning nuclear magnetic resonance
experiment at a13C frequency: MAS frequency of 8 kHz, contact
time of 3ms. Other analytic methods, including TGA, SEM, Zeta
potential, GFC, ICP-AES, FTIR, GC-MS, XRD and BET are detailed in
the Supplementary Information.

3. Results and discussion

3.1. Alkali-assisted hydrothermal treatment enhances WPS
dewatering and dry mass minimization

Hydrothermal treatment was effective in dewatering WPS, and
DMR significantly increased with alkali addition at 38mg-NaOH/g-
WPS (Fig. 2a) from 36.3± 1.6% for HT (without NaOH) to 52.1± 1.3%
for AHT (p< 0.0005, Table S8). TMR also significantly increased
from 71.5± 2.1% for HT to 79.1± 3.6% for AHT (p< 0.05, Table S9).
Removal of organic matter from the solid phase after HT or AHT
treatment was corroborated by Difference Thermo-Gravimetry
(DTG) from 200 to 350 �C (Fig. 2b and Fig. S7). Based on mass
Fig. 2. WPS reduction after HT or AHT treatment. (a) Grey areas represent mass loss compare
asterisks (*); (b) Difference Thermo Gravimetry (DTG) of the solid samples from Raw (dotted
legend, the reader is referred to the Web version of this article.)
balances, most of the organic matter lost from the solid phase was
transferred to the liquid phase. Volatilization of organics (pre-
dominantly 1-butanol and camphene, Table S10) was relatively
minor (1.4e2.9%, Fig. S8). The beneficial effect of hydrothermal
processing on polyethylene (PE) depolymerization has been re-
ported (Jia et al., 2016), although this required large amounts of
Re2O7/Al2O3 catalyst over long reaction periods (i.e., 4 days). Olefin
metathesis of the internal double bonds at high temperatures
(>400 �C) reduces the PE chain length, forming light alkenes
(C3eC5) (Aguado et al., 2008; Serrano et al., 2012). Similarly, cel-
lulose can be depolymerized by hydrothermal processing, with
cleavage of the polysaccharide chain and release of CH2OH pro-
ceeding at elevated temperatures (240-260 �C) with microwave-
assistance (Fan et al., 2013). Here, we used NaOH to make HT
treatment a milder, more eco-friendly and facile process.

3.2. Reaction mechanisms

3.2.1. Hydrophobic modification of solids surface enhanced
dewatering and mass reduction

The treated WPS solid was nonflammable (Table S2) and hy-
drophobic, as evidenced by an increase in thewater contact angle (q)
from 13� for RawWPS (Fig. 3a) to 25� after HT treatment (Fig. 3b) or
107� after AHT treatment (Fig. 3c). The observed decrease in the
polarity of the surface reflects a decrease in surface free energy
associated with the formation of hydrophobic functional groups,
which is consistent with their neutral, non-polar or slightly polar
nature (Valsaraj, 1994). Hydrophobic modification of the WPS sur-
face through the AHT process enhanced separation of water from
the solids surface much easier, which significantly increased dew-
aterability compared to raw WPS and HT-treated waste.

The microstructures of the solid samples from WPS before and
after treatment by HT or AHT were characterized by scanning
electron microscopy (SEM, Fig. S9). The raw WPS had a condensed
flaky petrous morphology (Fig. 3d) that changed to a loose packing
porous structure with spherical particles (Fig. 3e) after HT treat-
ment. In contrast, residual solid WPS after AHT treatment had an
urchin-like structure spread over the surface (Fig. 3f). WPS contains
both Si and Zn (Fig. S10), which likely contributed to this
morphology; silicate oligomers have been reported to form urchin-
like agglomerates under alkaline conditions (Cai et al., 2001), and
basicity was reported to play an important role in self-assembly and
crystal growth of urchin-like ZnO structures (Jiang et al., 2009). We
also observed a crystalline structure after AHT using X-ray diffrac-
tion (XRD) analysis (Fig. S11), whichwas ascribed to alkali serving as
a surface modifier for crystal growth (Sahraneshin et al., 2012). The
d to the rawWPS, and statistical significance (p < 0.05) of TMR and DMR is indicated by
), HT (red) and AHT (blue). (For interpretation of the references to colour in this figure



Fig. 3. Surface properties of raw WPS and solid samples after HT and AHT treatment: contact angle (q) of raw WPS (a), HT product (b), AHT product (c) and SEM images (detailed in
Fig. S9) of raw WPS (d), HT solid product (e), and AHT solid product (f).

Fig. 4. Dewatering liquor after HT or AHT treatment. (a) DSC thermal profile for raw
WPS (grey), HT (red) and AHT product (blue); (b) COD and ammonia-N concentrations
in the Raw leachate, after HT or AHT treatment; (c) GC-MS analysis of liquid samples
from the raw leachate (grey), after HT (red) or AHT (blue) treatment; (d) MW distri-
bution in the liquid samples from the leachate of rawWPS (grey), after HT (red) or AHT
(blue) treatment. Right shift of peaks A-D indicates that AHT sample has smaller MW
than HT sample due to greater decomposition associated with AHT treatment. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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crystalline structure associatedwith the urchin-likemicrostructures
affected the surface tension at the interfaces of liquid and solid
phases (Sadovnikov and Gusev, 2017), resulting in lower surface
energy and hydrophobic surfaces in AHT-treated WPS.

3.2.2. Conversion of bound to free water increased drainable water
volume

The temperature increase breaks hydrogen bonds (25e40 kJ/
mol) to enable water and alkali to act as solvent and reactant (Akiya
and Savage, 2002; Unterlass, 2018). After HT or AHT treatment, the
ratio of free to bound water (Wf) increased from 1.10 g/g dry mass
for raw WPS to 2.98 g/g dry mass for the HT process product and
4.57 g/g dry mass for the AHT process product (Fig. 4a), which
increased the free (drainable) water volume (Fig. S12). AHT (with
the increase in temperature) drastically increased the ionic product
of water (i.e., Kw) to act as solvent and boost further chemical re-
actions (Unterlass, 2018). Furthermore, the decrease of the negative
charge on the treated solids surface (Table S11) decreased electro-
static repulsion between the particles (Wang and Hu, 2013), thus
facilitating particles aggregation and conversion of bound water to
free water (Thomas et al., 2017).

3.2.3. Solubilization enhanced dry mass reduction
The chemical oxygen demand (COD) and ammonia concentra-

tions in the aqueous phase were significantly increased by 81- and
70-fold, respectively, after HT treatment and by 112 and 120-fold
after AHT treatment (Fig. 4b). This represents deamination and a
significant conversion of the organic matter into the aqueous phase
(p< 0.001, Table S12 and Table S13). Enhanced solubilization of
volatile organics was verified by GC-MS (Fig. 4c), showing that the
peak intensities of 2-ethyl-1-hexanol and 1-butanol in the liquid
after AHT processing were 1.5-fold higher than those in the HT-
treated sample. An increase in WPS specific surface area during
AHT treatment (Table S14) likely contributed to enhanced solubi-
lization. Depolymerization likely occurred during AHT processing
as indicated by the right shift of peaks A-D towards a lower mo-
lecular weight (MW) distribution (Fig. 4d). The fraction of smaller
MW in the liquid (<1K) dramatically increased after HT (8.2%) and
AHT treatment (17.3%) compared to the untreated WPS leachate
(0.04%) (Fig. S13). This is consistent with the observation that the
released organics in the aqueous phase were biodegradable
(Fig. S14), indicating that the generated wastewater was amenable
to biological treatment (Supplementary Information). The inor-
ganic metallic components of WPS that are important pigment and
driers in paint were also released to the aqueous phase through the
HT and AHT treatment processes, and their solubilization was also
enhanced under alkaline conditions (Fig. S10).
3.2.4. Proposed reactions for the alkali-assisted hydrothermal
process

Examination of the solid phase at the molecular level was also
conducted to advance mechanistic understanding of WPS



X. Li et al. / Water Research 155 (2019) 225e232230
transformations during the AHT process. We propose a series of
reactions involving alkaline hydrolysis, dehydration, decarboxyl-
ation, depolymerization and demethylation (Fig. 5a) based on the
following results. A Van Krevelen diagram (Fig. 5b) reveals that
WPS was significantly dehydrated during the HT process following
the increase of temperature from 140 to 240 �C (green arrows),
which caused a significant loss of oxygen and hydrogen from the
WPS solids. WPS decarboxylation, (i.e., disappearance of the COO
band, pointed by red arrows), was also observed (red arrows).
Furthermore, demethylation (likely due to alkaline hydrolysis of
ether bonds) increased with increasing NaOH dosage (blue arrows).
DEG, which is an ether used as solvent for paints and varnishes and
was abundant in WPS (Table S6), was likely demethylated and
degraded to ethylene glycol, n-butanol, 2-butoxyethanol, and 2-
ethyl-1-hexanol (Fig. 6). These alcohols accumulated after AHT at
5-fold higher concentrations than after using HT process without
alkali (Fig. 5c). Furthermore, methyl methacrylate, the monomer of
PMMAwhich is abundant in WPS (Table S7), appeared in the liquid
phase after HT (Fig. 5d), indicating depolymerization (Fig. 6).
Methanol was generated when PMMAwas treated by AHT (Fig. 5d),
since methyl-esterified residues undergo saponification. Overall,
alkali boosted ether demethylation in the solid phase, forming al-
cohols that facilitated transfer of solid mass into the liquid phase.

3.2.5. Hydrophobic functional groups increased in the solid phase
FTIR patterns (Fig. 7a) depict changes in the abundance of

functional groups among raw WPS, HT and AHT solid products.
After HT or AHT treatment, new peaks corresponding to hydro-
phobic functional groups (pointed by red triangles) became
apparent compared to raw WPS. The peaks from the samples after
HT or AHT treatment became apparent in the 800-700 cm�1 region
(CH2 and CH bending vibrations) and 2970 -2910 cm�1 region
(aliphatic CH2 and CH3 stretching vibrations) compared to raw
WPS, which imply a significant hydrophobic character. This
observation is consistent with previous reports that an increase in
alkali/C ratio shifted the hydrothermal reaction equilibrium of
Fig. 5. WPS dewatering and dry mass reduction in HT or AHT process. (a) Proposed reactio
resents treatment at 220 �C for 4 h with 38mg NaOH/g WPS). Dc, Dh, Dm refer to decarboxyl
(c) and PMMA (d) treated by HT(red) or AHT(blue) process. (For interpretation of the refer
article.)
biomass towards hydrophobic products (Allcock, 2008). Further-
more, polar functional groups such as ethers (1150 cm�1), alcohols
(3400 cm�1) and amines (3350 cm�1) disappeared from the solid
surface after hydrothermal treatment in the presence of NaOH.
Basic conditions decreased the polarity of solid surfaces and
polarized ether bonds making it easier to cleave heterolytically
(Comisar et al., 2008; Mursito et al., 2011; Roberts et al., 2010).
Therefore, alkali addition enhanced the transfer of organic matter
containing carboxyl, alcohol and ammonia groups from solid to the
aqueous phase (Fig. S15). This explains the observed dry mass loss
in the volatile organic fraction after AHT processing and the overall
conversion to a nonflammable solid residue.

Solid samples from raw WPS, HT and AHT products were char-
acterized by solid-state 13C NMR (Fig. 7b) and showed two similar
trends. First, hydrophilic functional groups appeared at chemical
shifts (d) between 113 to 44 and 200 to 161 ppm. Second, hydro-
phobic functional groups were observed at chemical shifts between
44 to 0 and 161 to 113 ppm (Liu et al., 2015). Because these trends,
the HI/HB empirical index of solid hydrophilicity showed a decline
from 0.35 (Raw) to 0.34 (HT) and to 0.28 (AHT) (Table 2). The ag-
gregation of hydrophobic groups is conducive to decreasing the
number of organized water molecules surrounding them, and this
increase in entropy promotes dewatering. This corroborates the
vital role of alkali in increasing the number of hydrophobic func-
tional groups on the solids surface, thus promoting further dew-
atering and solid mass reduction.

3.3. AHT application to other hazardous organic wastes and pilot
scale study

AHT has broad applicability to treat hazardous organic waste
streams from dissimilar industries and resulted in significant TMR
and DMR for various hazardous organic wastes (Table S3), including
paint sludges from another manufacturer (67.3± 1.3% for TMR and
44.5± 1.8% for DMR), oil sludge (62.9± 2.7% and 21.4± 4.8%),
pharmaceutical residues (65.1± 1.9% and 54.3± 2.8%), textile
n mechanisms; (b) Van Krevelen diagram of the solid samples (e.g. 220-4-0.038 rep-
ation, dehydration and demethylation; and GC-MS analysis of the liquid samples of DEG
ences to colour in this figure legend, the reader is referred to the Web version of this



Fig. 6. Cleavage of ethers DEG to alcohols and PMMA degradation pathway during HT or AHT process.

Fig. 7. Changes in functional groups as a result of treatment. (a) FTIR of solid samples from Raw WPS (dotted), after HT (red) or AHT processing (blue); (b) Solid-state 13C NMR of
solid samples from Raw WPS (dotted), after HT (red) or AHT processing (blue). The two categories were labeled as HI (hydrophilic functional groups) or HB (hydrophobic functional
groups). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

X. Li et al. / Water Research 155 (2019) 225e232 231
sludge (68.2± 1.5% and 50.1± 1.2%), high boiling residues from
distillation tower (TMR 75.2%± 3.6%) and concentrated solutions of
fluorine industry (TMR 85.8± 4.7%). Furthermore, no significant
weight change of five metal coupons (Stainless steel, Titanium,
Nickel alloys, Zirconium alloy, and Hastelloy) was observed after
five cycles of HT or AHT process (weight change<±0.01%,
Table 2
Distribution of different carbon compounds in rawWPS and solids collected after HT
and AHT treatment, calculated from 13C NMR spectraa.

Sample Chemical shift d (ppm) Raw HT AHT

Carboxylic 220e161 6.87 8.16 7.05
Aromatic 161e113 10.39 11.65 12.75
Anomeric 113e93 3.22 1.91 2.65
Carbohydrate 93e44 15.84 15.44 12.11
Alkyl 44e0 63.68 62.84 65.44
HI/HBb 0.35 0.34 0.28

a The percentage of individual peakwas calculated by dividing its area by the total
spectral peak area.

b HI/HB is an empirical index of hydrophilicity, calculated based on the spectral
areas as:

P
(Carboxylic þ Anomeric þ Carbohydrate) ÷

P
(Aromatic þ Alkyl); i.e.,

(d(113e44) þ d(200e161))/(d(44e0) þ d(161e113))31.
Table S15), indicating that reactors made by either of these mate-
rials should resist corrosion by the hydrothermal chemical re-
actions. Thus, we scaled up this process using a 50 L pilot-scale
batch hydrothermal system to treat WPS (Fig. S4b). Using an
operating temperature of 220 �C with a reaction time of 4 h, we
achieved TMR of 55.6± 6.7% (HT) and 69.8± 3.9% (AHT), DMR of
31.6± 5.4% (HT) and 40.9± 3.2% (AHT) (Table S16).
4. Conclusions

This study addressed significant limitations associated with
dewatering of hazardous organic wastes to achieve volume and dry
mass reduction. We demonstrate that AHT can significantly reduce
the volume and mass of various hazardous organic wastes, con-
verting them to nonflammable, hydrophobic solid residues and
biodegradable wastewater. The released water (with a higher ionic
product) acts as a solvent under hydrothermal conditions to
enhance the solubilization of organic matter to aqueous phase. This
conversion contributes to dry mass reduction. Accompanied by
demethylation of carbon chains, alkali triggers solid-solid in-
teractions that increase exposure of hydrophobic functional groups
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to the particle surface, forming hydrophobic matter to improve
dewatering. This study provides the first evidence of a novel, reli-
able and scalable approach for hazardous organic wastes reduction
with beneficial implications for environmental protection.
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