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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• PMMA is highly stable at hydrothermal 
conditions, up to 200 ◦C and 6 h of 
treatment. 

• The temperature cycle promotes the 
trapping of water droplets in the 
polymer. 

• Plasticize effect of water molecules 
plays an important role in Tg of the 
polymer.  
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A B S T R A C T   

PMMA is a synthetic polymer of methyl methacrylate. PMMA is used widely in many applications and the in-
terest in their physicochemical properties is growing. In this work, a hydrothermal study was carried out to 
evaluate the PMMA stability under hydrothermal conditions (up to 200◦C), pH (2− 10) and reaction time (up to 
360 min). The water-PMMA system is affected by different mechanisms when dosed with bases or acids sug-
gesting predominantly an interaction of ester groups with the medium. The results prove that the polymer is 
highly stable at the tested conditions. It is observed that water molecules are encapsulated in the polymer due to 
the softening and hardening during the process. This phenomenon was seen in the thermogravimetric analysis. 
The glass transition temperature of PMMA was slightly reduced after the treatment. This suggests that the hy-
drothermal process promotes the degradation of the shortest polymeric chains.   

1. Introduction 

Poly(methyl methacrylate) (PMMA, -[C5O2H8]n-) belongs to the 
class of thermoplastic polymers. It is a synthetic polymer of methyl 

methacrylate (MMA). PMMA can be made not only by free radical 
polymerization, ionic polymerization and coordination polymerization 
of MMA; but also, by the esterification of PMAA (poly(methacrylic acid)) 
[1]. The first solid PMMA sheet was developed by the German firm, 
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Rohm & Haas AG in the mid-1920 s. However, it was not commercial-
ized until 1931 by Rowland Hill of Imperial Chemical Industries (ICI’s) 
Dyestuffs Division (North England) [2]. PMMA belongs to the acrylic 
polymer family and is known by trademarks such as Lucite, Perspex, 
Oroglas, Goldglas, Altuglas. The production of PMMA is estimated as 3.9 
million metric tons per year and it had a demand increased by 25% in 
2020 [3,4]. 

Compared to ordinary glass, PMMA is more transparent, twice 
lighter and up to eight times less brittle. It is easy to mold into a variety 
of shapes and shows high mechanical strength, high transmittance, 
surface hardness, abrasion resistance, thermal and chemical stability, 
and excellent weatherability [5,6]. PMMA and PMMA-based materials 
are used in multiple fields and applications, such as biomedicine, mo-
lecular separation, optical science, electrical insulation, composing in 
polymer electrolytes, viscosity applications, pneumatic actuation, 
sensing technology, nanotechnology and solar applications due to their 
versatile properties [6]. 

The environmental problems caused by using fossil fuels as an energy 
source, combined with the depletion of these resources, have led to a 
growing interest in alternative energy sources. In recent years, there was 
an urgent demand for alternatives to promote the sustainable develop-
ment of different materials. In this context, PMMA plays an important 
role as a sustainable material and an eco-friendly alternative to standard 
polymers. It is generally accepted that PMMA is non-toxic as it contains 
less potentially harmful subunits from the synthesis compared to other 
polymers. Moreover, the reagents to make the polymer have been 
recently produced from renewable sources [7]. This effort seeks the full 
or partial replacement of synthetic materials and contribute to reduced 
energy consumption and CO2 emissions. In addition, PMMA can be used 
for energy efficiency and chemical or mechanical recycling. For 
example, recycling PMMA to MMA via thermochemical technologies 
allows this monomer to be reused as a source of PMMA or other 
acrylic-based polymers [4,8]. Finally, the PMMA is a thermoplastic that 
allows re-using it many times. 

Our research team is currently working on novel processes for 
making PMMA-based materials. Understanding the stability or changes 
that the polymer experiences when subjected to hydrothermal condi-
tions has been identified as an important research gap. The physical 
properties of polymers could be influenced by its internal structure and 
the temperature and pressure history. The thermal degradation [9–11] 
and the glass transition temperature [12–14] of PMMA have been 
studied extensively; however, limited data are available on the PMMA 
stability in water under different conditions of temperature, time and 
pH. In this work, the effect of pH, temperature and time on PMMA 
dispersed in water was evaluated. The starting material and solid 
products were analyzed by gel permeation chromatography (GPC) for 
molecular weight distributions and by differential scanning calorimetry 
(DSC) and thermogravimetric analysis (TGA) analysis to determine the 
glass transition temperature and thermal stability, respectively. Scan-
ning electron microscope (SEM) analysis was conducted to evaluate 
changes in the morphology. Total organic carbon (TOC) analysis was 
carried out to determine the amount of polymer leached to the water 
phase. 

2. Materials and methods 

2.1. Material and reagents 

PMMA Plexiglas® 7 N of Roehm GmbH in the form of pellets (2.35 
mm diameter and 3 mm long) was kindly supplied by PLEXIGLAS® 
Evonik Industries (Essen, Germany). The number 7 describes an affili-
ation to a group of PMMA having similar chemical properties and the 
subsequent letter N stands qualitatively for a low viscosity level of the 
melt. 

Ultrapure water (18.2 MΩ•cm, collected from a Milli-Q® water pu-
rification system), sulphuric acid (72%, PanReac®) and sodium 

hydroxide (98%, PanReac® pellets) were used as the reaction medium to 
run the experiments. Ultrapure water and tetrahydrofuran (99.9%) were 
used as the mobile phase in the GPC analysis. 

2.2. Methodology 

2.2.1. Experimental conditions 
The PMMA samples were subjected to hydrothermal reactions to 

evaluate the changes over different conditions of pH, temperature and 
time. An experimental design of 45 assays shown in Fig. 1 was developed 
to study the polymer stability under such conditions. The pH developed 
by PMMA in water (~20% w/w) was 6. The effect of acidity or basicity 
was also evaluated by dosing with sulfuric acid (pH=2) or sodium hy-
droxide (pH=10). Three temperatures were selected to evaluate the 
thermal stability, 120, 150 and 200◦C. The pressure was not controlled 
during treatment, and the pressure generated inside the reactor was the 
saturation pressure of water at the experimental temperature. For the 
highest temperature, 200◦C, the reactor pressure was around 15.3 bar. 
Treatment times tested were 30, 60, 90, 120 and 360 min. The pH values 
of 4 and 8 were tested at a temperature of 200 ◦C and reaction time of 
360 min for better monitoring the evolution of the final process pH 
versus the initial pH. Three independent replicated samples from hy-
drothermal treatments were carried out. 

A given amount of polymer (~11,9 g) was mixed with ~40 mL of 
deionized water (pH=6) and placed in a stainless-steel reactor (25.4 mm 
outer diameter, 22.2 mm inner diameter, 250 mm long and 70 mL in-
ternal volume). The reactor was sealed by Gyrolok® type fittings. A 
constant acid (~0.11% v/v) or basic (~0.04%w/w) concentration was 
added to the aqueous solution to evaluate the pH effect. A resulting 
value of about 2 or 10 was obtained for the acid or basic condition, 
respectively. The reactor was placed in vertical position to ensure that 
the solid was completely submerged in the aqueous medium. After the 
heating treatment in a convection oven (Heratherm, Thermo Scientific, 
Germany) the reactor was cooled down to room temperature (25 ◦C) by 
letting the reactor stand at lab air conditions for 60 min. The mixture 
was filtered (filter ashless paper, 14–18 µm) to separate the liquid from 
the insoluble solid. At least three assays, with independent sample 
collection and preparation, were performed to verify the consistency of 
the results. For each solution, initial and final pH values were measured 
using a BASIC 20 pH-meter at 25◦C. The labels for the samples were 
created by using the following code: Temperature (◦C) – pH – time 

Fig. 1. Experimental design.  
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(min). 

2.2.2. Analytical techniques 

2.2.2.1. Total organic carbon. The total organic carbon (TOC) contained 
in the liquid fraction was determined with a TOC analyzer (Shimadzu 
TOC-VCSH, Japan). This measurement was used to evaluate the amount 
of polymer degraded or leached to the water after the hydrothermal 
treatment. 

2.2.2.2. Gel permeation chromatography. The molecular weight of the 
solid samples was determined by gel permeation chromatography (GPC) 
in the “Centro de Investigación en Tecnoloxías Navais e Industriais 
(Citeni)” at the Universidade da Coruña in Ferrol (Spain). GPC was used 
to obtain number-averaged molecular weights (Mn), weight-averaged 
molecular weights (Mw), and polydispersity index (Mw/Mn) of the 
PMMA-derived solids. To carry out this measurement, all samples 
(except the original PMMA) were dried in a vacuum oven at 50◦C for 
24 h. The samples were first dissolved in tetrahydrofuran (THF) to a 
concentration of 1300 mg/L and filtered through a 0.2 µm polyamide 
filter. The results reported are an average of three replicates for each 
sample. 

The GPC analyses were carried out using a Waters HPLC Alliance 
2695 separations module (Waters, Mildford, MA, USA) with a set of 
three Styragel Waters columns connected in series (HR 5E, HR 4E, HR 3; 
300 mm length x 4.6 mm internal diameter, packed with 5 µm nominal 
particle size) covering a molecular weight range of 2,000- 4000,000, 
50–100,000 and 500–30,000; respectively. A Styragel guard column was 
installed to trap any particles that may potentially plug the columns. 
THF was used as an eluent at a flow rate of 0.3 mL/min. Measurements 
were performed at 35◦C using a refractive index (RI) detector (Waters, 
model 2410). The injection volume was set at 10 µl. Molecular weights 
of polymers were referenced to polystyrene standards provided by the 
Polymer Standards Service GmbH (Mainz, Germany). Data was collected 
using Empower 2 software Waters Corporation (Waters, Mildford, MA, 
USA). 

2.2.2.3. Scanning electron microscopy. An environmental scanning 

electron microscopy (FEI QUANTA 200 FEG ESEM, FEI Company Czech 
Republic) was used to study the surface characteristics and elemental 
composition of the samples. The liquid samples were analyzed under 
low-vacuum conditions, whereas the solids samples were characterized 
using a secondary electron detector (an Everhart–Thornley detector 
(ETD) and a large-field detector (LFD), respectively). Micrographs were 
obtained at 500 × and 3000x magnification. Energy Dispersive Spec-
troscopy (EDS) data was collected with an EDAX Genesis module 
coupled to the ESEM. Solid samples were fractured under liquid nitrogen 
to obtain images of the cross-section. 

2.3. Thermal characterization 

2.3.1. Thermogravimetric analysis (TGA) 
Thermal stability was analyzed by TGA in a TGA/SDTA 861 analyzer 

of Mettler Toledo (Mettler-Toledo S.A.E., L′Hospitalet de Llobregat, 
Barcelona, Spain). The experiments were carried out using 15 mg of the 
sample in a nitrogen atmosphere with a flow rate of 60 mL/min at the 
heating rate of 20◦C/min from room temperature (25 ◦C) to 650◦C. At 
650◦C, the purge gas flowing over the sample was automatically 
switched to oxygen and the carbon residue was burned off at 850◦C. The 
heating and flow rates employed were the same as the previous stage. 
The heating rate was selected to be high enough to minimize time 
analysis and avoid any overlapping. The derivative of the weight loss 
curve (DTG curve) was calculated, and the temperature of maximum 
volatile matter evolution (Tmax) was derived from the TG/DTG curves. 

2.4. Differential scanning calorimetry (DSC) 

Additional thermal analysis was performed on the solid products to 
determine their glass transition temperature (Tg) using a Differential 
Scanning Calorimeter DSC 3 + from Mettler Toledo (Mettler-Toledo S.A. 
E., L′Hospitalet de Llobregat, Barcelona, Spain). Samples with a mass of 
approximately 10–15 mg were heated to 160 ◦C at a rate of 10 ◦C/min, 
and subsequently cooled to 30 ◦C at the same rate in the cooling cycle. 
The aim was to remove any processing history to the polymer. The same 
heating steps were repeated for a second scan. A flow of 60 mL/min of 
N2 was used to ensure an inert atmosphere and consequently hinder the 
mass gains associated with the oxidation. A low heating rate was 

Fig. 2. Evolution of the pH in the reactor. The solid black line shows a diagonal and the dotted black one represents a horizontal line at zero delta pH. Pink dots 
represent the pH after the treatment. Yellow dots show the difference between the final and initial pH. Treatment times tested were 30, 60, 90, 120 and 360 min.(For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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selected to avoid uncertainties in Tg measurement. 
The thermal characterization was evaluated using the STARe soft-

ware version 16.00 (Mettler-Toledo S.A.E., L′Hospitalet de Llobregat, 
Barcelona, Spain). The glass transition temperature was determined at 
the inflection point between the onset and the end-set temperatures. 

2.4.1. Inductively coupled plasma mass spectrometry 
The liquid products were subjected to heavy metals analysis by ICP 

Mass Spectrometry (ICP-MS with Agilent HP 7500c Octopolar Reaction 
System, Agilent Technologies International Japan, Ltd., Yokyo, Japan). 
These results were relevant to evaluate the reactor (stainless steel) sta-
bility under hydrothermal, acidic, and basic conditions. 

3. Results and discussion 

The results were analyzed in two groups: the liquid product (Section 
3.1) and the solid product (Section 3.2). 

3.1. Liquid product characterization 

The liquid product was analyzed by measuring the pH of the me-
dium, the amount of carbon in the liquid and the metals composition. 

Scheme 1. Schematic representation of PMMA mechanisms under a) acid and b) alkaline pH aqueous media.  

Scheme 2. Schematic representation of PMMA mechanism under neutral media. Effect of the water on the formed bonds.  

A. Fernández et al.                                                                                                                                                                                                                             



The Journal of Supercritical Fluids 198 (2023) 105938

5

3.2. The influence of pH 

The pH was measured before and after the hydrothermal treatment. 
It was observed that the pH was noticeably modified after the treatment 
for the clusters of experiments for alkaline and unmodified pH condi-
tions. The pH of the final product slightly changed (less than 0.1) for the 
acidic conditions (pH=2). 

Fig. 2 shows the evolution of the pH for all the experiments. The pink 
dots show the pH after the treatment. Three different behaviors can be 
seen. The pH remains almost unchanged when the initial pH was around 
2. For these acidic conditions, the pH is similar to the initial pH or 
slightly higher (less than half pH unit). More clear effects were seen for 
the unmodified or basic conditions. An increase of ~3.5 units in alkaline 
medium occurs after reaction, whereas the pH of the unmodified me-
dium is reduced by ~3.4 units. The dashed golden line in Fig. 2 shows 
the pH change after the process depending on the initial pH. This line 
does not represent any modelling, its goal is to facilitate the data anal-
ysis. The pH change is negative (creates a more acid medium) when 
operating at initial pH between > 2 and < 9. Below 2 the pH is slightly 
modified. Above 10, the pH is increased after the treatment (creates a 
more basic medium). 

Two levels of pH were added (pH=4 and 8) to monitor the evolution 
of the pH and two dotted curves lines were drawn to show a tendency. It 
seems that as the initial pH increases, the final pH remains almost 
constant until it reaches the value of ≈ 9.7. From this pH value, the final 

pH increases considerably (purple dotted curve). The yellow dotted 
curve shows a pronounced change in delta pH, describing an inflection 
point at pH≈ 9.7. 

Different mechanisms can explain the pH behavior when the hy-
drothermal treatment is carried out under basic, acid, or neutral stim-
ulus. The Scheme 1 shows potential acid/base behavior for the polymer 
under these conditions. It can be speculated that the methoxy group of 
the MMA is attacked by a proton under acidic and unmodified media. On 
the other hand, the carbonyl group is attacked under alkaline media.  

1. The treatment under acidic conditions leads to the formation of 
PMAA units and methanol. The acid reacts with the sterically 
accessible pendant methoxy group, which is transformed into an 
alcohol. The pH of PMAA in water is ~3.1, then the decrease in pH is 
expected for unmodified pH conditions. The release of PMAA to the 
medium when running acidic conditions (Initial pH ~2) slightly in-
creases the pH because PMMA is less strong than sulfuric acid. 

2. The alkaline medium differs in that the nucleophilic hydroxide at-
tacks the electrophilic carbon of carbonyl group, since hydroxide is 
more reactive than water. Under alkaline conditions a free alcohol is 
formed, while the remaining part of the side chain will end with a 
carboxyl group, which may be protonated afterward to form PMAA 
[15,16]. However, due to the observed pH increase, free Na+ ions 
(due to an excess of NaOH) could protonate the carboxylic group to 
produce units of the corresponding salt.  

3. In the case of unmodified medium, the polymer is only exposed to a 
neutral water solution that may cause hydrolysis. This reaction will 
affect the ester group, according to the scheme shown in Scheme 2. 
As a result, the methyl methacrylic units are converted into of 
methacrylic acid (without backbone chain scission). Subsequently, 
hydrogen bonds could be formed between the hydroxyl and the 
carbonyl groups of adjacent PMMA chains and/or by the water 
molecules at the interface [17–19]. 

Fig. 3 shows the evolution of the pH with reaction time for different 
temperatures and initial pH. The change in the pH is higher as the 
temperature increases, however, there is not a confirmed trend between 
these two variables. Although some differences could be evaluated in the 
behavior of pH at different temperatures and reaction time, they do not 
show a clear trend. It can be mentioned though, that the pH is mainly 
change in the first 30 min of reaction and then the changes are less 
pronounced. 

3.3. Carbon balance 

A carbon mass balance was conducted to identify the fraction of 
PMMA that is found in the liquid products. This balance was calculated 
as shown in Eq. 1, where Cl is the percentage of initial PMMA carbon 
found in the liquid product; CTOC is the carbon in the liquid product 
measured by TOC and CPMMA is the amount of carbon loaded to the 
reactor as polymer. 

Cl(%) =
CTOC

CPMMA
100% (1) 

Fig. 4 shows the evolution of the carbon leached that PMMA un-
dergoes under the specific hydrothermal conditions of temperature 
(120, 150, 200◦C), pH (2, 6, 10), and time (30, 60, 90, 120, 360 min). 
The fraction of carbon leached is rather low for unmodified and acid 
media, covering all the temperature and time ranges (below 0.2% w/w). 
A substantial increase (still low in absolute numbers) is observed under 
alkaline medium. When a pH= 10 is applied, carbon leached reaches the 
value of 0.15% w/w at 150◦C and t = 360 min; becoming relevant at the 
highest temperature and longer reaction times (T = 200◦C, pH=10, 
t = 360 min; ~0.6% w/w). In any case the amount of polymer found in 
the liquid fraction was always low, below 0.6% w/w. This suggests that 
the polymer is stable under these conditions. 

Fig. 3. Evolution of the pH difference (delta pH) over the time at the experi-
mental temperature conditions. The blue dots represent base-hydrothermal 
conditions. The red dots represent acid-hydrothermal conditions, and the 
green dots show the unmodified-hydrothermal conditions. The temperature is 
represented by the shade of the color. The lighter, the cooler and the darker, the 
hotter. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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3.4. Solid product characterization 

3.4.1. Molecular weight determination 
Table 1 summarizes the main characteristics measured by GPC. 

These are: number average molecular weight (Mn), the weight-average 
molecular weight (Mw) and the polydispersity index (PDI) calculated 
using Eq. 2. The analyses were done to PMMA before and after the hy-
drothermal treatment. Due to high number of samples, only few relevant 
samples were chosen. Those samples were produced at two 

temperatures (120, 200◦C), different pH conditions (pH 2, 6, 10) after 
6 h of reaction time. 

PDI(%) = Mw/Mn (2) 

The pristine PMMA shows a molecular weight of 79,142 g/mol with 

Fig. 4. Carbon balance of the different assays. The lines do not represent any kinetic modelling, it is included to guide the eye to follow the trend.  

Table 1 
PMMA-derived solids obtained after hydrothermal treatment.  

Sample 
(T-pH)d 

Mna (g/mol) 
Mean ± SD 

Mwb (g/mol) 
Mean ± SD 

PDIc 

Mean ± SD 
PMMA 43,600 ± 1200 79,100 ± 2200 1.82 ± 0.03 
120–2 43,400 ± 1900 79,200 ± 2300 1.82 ± 0.05 
200–2 44,000 ± 700 80,600 ± 1200 1.80 ± 0.05 
120–6 45,500 ± 600 81,100 ± 1800 1.81 ± 0.03 
200–6 44,800 ± 1600 81,000 ± 2000 1.81 ± 0.04 
120–10 44,000 ± 1000 80,500 ± 1200 1.83 ± 0.03 
200–10 45,400 ± 1900 81,400 ± 2400 1.79 ± 0.03 

aThe number average molecular weight, bThe weight average molecular weight, 
cPolidispersity index; dSolids obtained under the indicated conditions of tem-
perature and pH (T-pH) at the time of 360 min. SD (standard deviation) of the 
mean for three measurements of independent replicated samples. 

Fig. 5. Molecular weight distribution (MWD; GPC analysis, RI detection) of 
PMMA before and after being exposed to different conditions. Measured in THF 
against polystyrene standards (T = 120, 200◦C, pH=2,6,10, t = 360 min). 
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a polydispersity index of 1.82. A slight increase in the molecular weight 
(with a maximum of 3% of variation) of all the six treated solids is 
observed compared to the pristine PMMA. The PDI observed is very 
similar to those of the same type of PMMA analyzed by other authors 

[20]. According to this value (PDI average= 1.81), these materials tend 
to have a high dispersity. This agrees with the broad shape of the mo-
lecular weight distribution plot (Fig. 5) [21,22]. A PDI higher than 1 
indicates a heterogeneity in the molecular weight distribution, i.e., that 

Table 2 
Extracted data from TGA, DTG, and DSC curves for PMMA and PMMA-derived solids.   

TGA  DTG   DSC   

Sample Step 1 + 2 Step 3 Step 1 Step 2 Step 3 dDTGmax3 

(1/◦C) 
1st heating  2nd heating 

T (◦C)-pHa %Weight loss Tmaxc / ◦C T / ◦C 

Tmax1 Tmax2 Tmax3 
eTg 1 

fTm eTg2 

PMMAb -  99.4 - -  387 -2.13E-02  106 -  108 
120–2 1.5  96.1 - 162  387 -2.05E-02  93.0 146  110 
200–2 1.5  92.3 130 147  387 -1.96E-02  96.0 145  113 
120–6 1.7  94.7 - 164  387 -2.03E-02  93.0 -  109 
200–6 4.2  93.2 - 147  390 -2.02E-02  95.0 135  113 
120–10 1.9  96.1 - 158  385 -1.97E-02  93.0 > 143  110 
200–10 5.4  93.3 153 168  384 -1.99E-02  91.0 > 137  112 
200 g -  99.8 - -  386 -2.13E-02  107   111 

aAssays at t = 360 min bUntreated PMMA cTmax: temperature of maximum volatile matter evolution, dDTGmax: maximum rate of volatile matter evolution eTg: glass 
transition temperature, fTm: melting peak. gSolid treated at 200 ◦C without water. 

Fig. 6. a) TGA and DTG profiles (dotted lines) of PMMA and the PMMA-derived solids, and b) 50–250◦C DTG region. (T = 120, 200◦C, pH=2,6,10; t = 360 min; and 
the solid treat at 200 ◦C without water). 
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the monomer units are arranged in chains of different length. As for any 
polydisperse peak, the following trend is fulfilled: 
Mn<Mw<Mz<Mz+ 1. Only slight changes are observed in the molec-
ular weight of the PMMA-derived solids and the pristine PMMA. A slight 
increase in the Mw with the treatment temperature could indicate the 
cleavage of low molecular weight (short chains) giving a lower molec-
ular weight distribution (a lower PDI), but with a higher average mo-
lecular weight (Mw) [23]. The thermal behavior is studied and discussed 
below because the information derived from the study of the molecular 
weight of the PMMA-solids is insufficient to explain their stability under 
the applied conditions. However, it cannot be stated that there was a 
noticeable decomposition during the process and further studies will be 
required to ensure these criteria. 

3.5. Thermal characterization 

TGA thermograms of weight loss as a function of temperature 
(30–650 ◦C) together with their corresponding differential thermogra-
vimetric (DTG) profiles were studied. Thermal parameters of the PMMA- 
derived solids are compared to those of the starting PMMA in Table 2. 
The thermal stability of the untreated PMMA is higher than any of the 
solid products obtained (see Fig. 6a). The degradation of the PMMA 
occurs at temperatures above 300◦C in one step, suggesting a random 
scission of the main chains. It was seen in literature that the production 
process could stabilize the commercial PMMA, and this fact could 
explain its unique degradation step [24,25]. A single reaction peak is 
observed in the DTG curve, which confirms that all PMMA products had 

decomposed in the form of single reaction. The temperature of 
maximum volatile matter (Tmax) for untreated PMMA is 387◦C 
(Fig. 6a). An additional assay was carried out (at 200 ◦C without water) 
to verify the effect of heating the PMMA without water. The resulting 
solids had a similar thermal behavior to the starting PMMA. 
PMMA-derived solids show a different thermal behavior after the hy-
drothermal treatment. For these solids, two separate steps can be 
recognized in the TGA/DTG graphs: (i) Zone I (<250◦C). PMMA treated 
solids start to lose weight at around 60◦C due to the evaporation of the 
water molecules. PMMA treated solids treated at 200◦C start to degrade 
earlier and with a slightly higher weight loss than those treated at the 
lowest temperature (Fig. 6b). These solids could encapsulate more 
amount of water during the cooling. It should be mentioned that at the 
highest reaction temperature, an agglomeration occurs, and a white 
PMMA block is formed. It seems clear that the reaction temperature of 
the process modifies the polymer structure in a way that could retain 
water molecules [26]. This statement is confirmed by the higher Mw of 
the solids treated at 200 ◦C and will be discussed in section 3.2.3 
(Table 2). (ii) Zone II. The most remarkable decomposition zone occurs 
above 300◦C which corresponds to the full decomposition of PMMA, and 
it is related to the random scission of the polymer chains. The evolution 
of the maximum temperature for most of the PMMA treated solids at the 
final stage is similar to that of pristine PMMA (Tmax=387◦C, Table 2). 

DSC study has been carried out to examine the mobility of PMMA 
chains in the matrix. DSC thermograms are presented in Fig. 7. In the 
first heating cycle, glass transition temperature in polymers is not a true 
second-order transition as it depends on the heating rate (Fig. 7a). The 

Fig. 7. DSC thermograms for PMMA and the PMMA-derived solids a) at the first heating, and b) at the second heating cycle.  
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value of 106 ◦C for PMMA fits with the values reported in the literature 
[9,12,20]; considering that the Tg1 of PMMA depends on the degree of 
tacticity [27]. No first-order transition is observed which indicates the 
absence of melting temperature and confirms the amorphous character 
of the matrix polymer. The Tg1 of PMMA-derived solids showed a 

decrease compared to untreated PMMA, (Table 2). Different factors 
could be responsible for this decrease in Tg1. It is well known that water 
molecules act as a plasticizer, which can increase the free volume be-
tween polymer chains and increase the chains mobility. This could 
explain their ability to reduce the glass transition temperature [28,29]. 
The diminution of Tg1 could be enhanced because PMMA can absorb 
0.3% of water, despite its hydrophobic nature. The maximum drop in 
Tg1 between the starting PMMA and PMMA-derived solid is 15◦C. This 
variation in Tg with water content agrees with other authors, that report 
a 13–19◦C of Tg drop [19]. Therefore, a lower Tg could be a reason of 
less degree of crosslinking and branching, and then, the molecular 
structure of the solids would be changed [30]. In addition, the hydro-
thermal treatment temperature plays a role and, as a general trend, the 
glass transition temperature increases more as the treatment temperate 
does. 

As expected, unprocessed PMMA did not show a fusion peak due to 
its amorphous nature [31]. The same characteristic is observed for the 
PMMA solids treated at the lowest temperature without varying the pH 
(120− 6). However, if the temperature is increased and/or the pH is 
modified (120− 2, 120− 10, 200− 2, 200− 6200− 10), the corresponding 
solids show a clear endothermic event, which starts at 135 ◦C, and it is 
assigned as the melting transition (crystalline melting endotherm 
maximum, Tm). Although no crystallization occurs in the 
PMMA-derived solids (Fig. S1), further studies will be needed to confirm 
the origin of the endothermic peaks. 

It should be noted that significant differences have been observed 
between the first run and the second one. The second heating cycle only 
showed a glass transition pattern (Fig. 7b) and Tg2 of pristine PMMA 
increases to 108◦C. In contrast to the first heating and compared to 
untreated PMMA, there is a clear trend for Tg2 to increase with the re-
action temperature, as shown in Fig. 8a. It was confirmed that the re-
action temperature decreases the weight loss of the PMMA-derived 
solids, and as shown in Fig. 8, increases their weight-average molecular 
weight (except for 200–2). 

The glass transition temperature evolution at the second heating 
(Tg2) as a function of the maximum weight loss is shown in Fig. 8c. The 
higher Tg2 correspond to the PMMA treated solids with the lowest 
weight loss at the highest reaction temperature. 

In this work, the low variation in the Mw of the obtained solids does 
not permit to show a good correlation between Tg and Mw and an 
opposite trend is observed during the first and second heating, as shown 
in Fig. 8d The plasticizer effect of the water could be responsible of the 
decrease of Tg1, whereas the increase of Tg2 explains that a depoly-
merization of shorter chains could take place and the product is 
composed of longer chains [32]. 

3.6. Microscopic morphology 

As the reaction temperature increases, the transparency begins to 
disappear and PMMA pellets start to form a homogeneous solid. As 
commented in the previous section, a white agglomerate can be seen 
perfectly at 200◦C. For this reason, ESEM-EDS was used to examine 
changes in the surface and cross-section of the PMMA-derived solids. 
The EDS analysis of solid samples gives an idea about their chemical 
composition. These samples exhibit peaks that correspond to C and O 
atoms at the same proportion (the selected area contains an average 
value of C: 70.08 wt%. and O: 29.92 wt%). This result is consistent with 
the percentage composition of PMMA (-[C5O2H8]n-) per unit of mono-
mer (C: 60%, O: 32%), which indicates that no significant weight loss 
took place. Moreover, the surface morphology of PMMA and PMMA 
treated solids shows a rough shape. SEM micrographs show the presence 
of pores (Fig. 9), and it could be associated to the presence of encap-
sulated water in their inner structure. No significant changes in the 
surface structure were seen for the different experimental conditions. 

Fig. 8. a) Glass transition temperature (at the second heating cycle, Tg2) 
against the reaction temperature (25–120–200◦C). b) Relationship between 
weight-average molecular weight and the maximum weight loss for PMMA and 
PMMA-derived solids (T = 120, 200◦C, pH=2,6,10; t = 360 min). c) Tg2 
against the maximum weight loss. d) Glass transition temperatures (Tg1, Tg2) 
against Mw/PDI. 
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3.7. Reactor and polymer stability 

Further studies with the liquid products were carried out to under-
stand if any corrosion took place on the 316 L stainless steel reactor and 

the polymer stability. The elemental composition of the type 316 L 
austenitic stainless steel is characterized by a high concentration of Fe, 
Cr, Ni and Mo (66% Fe, 18% Cr, 12% Ni, 3% Mo) [33]. 

An inductively coupled plasma mass spectrometry (ICP-MS) with 

Fig. 9. ESEM analysis of PMMA-derived solids at 5 keV and 500x magnification: a) untreated PMMA b) 120◦C-pH= 6, c) 150◦C-pH= 10 and d) 200◦C-pH= 2 at the 
processing time of 360 min. 

Fig. 10. Elemental composition (mg/L) of liquid products from treatment at different pH levels (pH=2,6,10; T = 200◦C, t = 360 min) determined by ICP-MS.  
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semiquantitative analysis was conducted to evaluate the composition of 
the liquids. The samples chosen were: the 3 levels of pH under the 
maximum conditions of temperature and time (200◦C, 360 min), as 
shown in Fig. 10. The results indicate significant concentrations of S 
< Fe < < Ni < < Mn < Cr in the case of pH= 2; whereas the alkaline 
liquid is rich in Cr and S. Different composition is found in the neutral 
liquid (Si << K < B < Al < Na << Ba), which is a remarkable amount of 
Si. From the data obtained it can be concluded that an acid medium 
increases the degradation of the 316 L stainless steel due to its high Fe 
content rather than the alkaline medium. The other elements are in 
concentrations of less than 2 mg/L. 

These results are supported by the SEM analysis. As a further 
example, Fig. 11 shows an EDS analysis of a PMMA liquid products and 
they also show similar metals composition. Observations with a scan-
ning electron microscope revealed that particles of Fe and Ni could come 
from the degradation of the stainless-steel reactor. 

4. Conclusions 

PMMA offers high stability in water under different conditions of 
temperature, time, and pH. Hydrolysis was not observed in this exper-
imentation since only slight changes were observed in the weight- 
average molecular weight. The slight increase in weight-average mo-
lecular weight of PMMA treated solids at 200◦C suggests a small 
degradation of the shortest chains of the polymer. The reaction tem-
perature of the hydrothermal treatment and the presence of pores in-
dicates an encapsulation of water molecules. Although the plasticizer 
effect of water decreases the glass transition temperature, the increase in 
the glass transition temperature at the second heating cycle suggests that 
longer chains are formed. 

The unmodified medium is the best option to prevent PMMA 
degradation and low values of carbon material in the aqueous medium. 
Although the final pH of the unmodified medium is reduced by 3.4 units, 
no corrosion was observed on the reactor walls. 
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