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Abstract: The wet oxidation of pharmaceutical sludge for the treatment and production of value-
added materials was investigated. The experiments were carried out in a stainless-steel autoclave
reactor with chemical synthetic pharmaceutical sludge. The highest removal rate of total suspended
solids (90.1%) and volatile suspended solids (98.4%) was achieved at 260 ◦C for 60 min with an
initial oxygen pressure of 0.8 MPa. Simultaneously, the total chemical oxygen demand removal
rate (78.7%) and the soluble chemical oxygen demand removal rate (81.6%) were obtained. The
volatile fatty acid concentration—including acetic acid, propanoic acid, isobutyric acid and isovaleric
acid—increased to 4819 mg/L with pH 12.56, which indicated the possibility of improving the quality
of wet oxidized sludge solution as a potential carbon source by adding reagents. Scanning electron
microscopy images showed that the sludge became a loose porous structure after wet oxidation,
which is beneficial for dewatering performance. Energy dispersive spectroscopy images illustrate
that carbon elements in sludge migrate from solid to liquid phases during the wet oxidation process.
These results provide meaningful data for the design of further works and demonstrate that wet
oxidation is a promising method for the treatment of pharmaceutical sludge, and the produced
volatile fatty acids, including acetic acid and propanoic acid, are potential carbon sources for the
biological treatment of wastewater.

Keywords: wet oxidation; pharmaceutical sludge; chemical oxygen demand removal; total suspended
solids removal; volatile suspended solids removal; volatile fatty acids

1. Introduction

In the past few years, due to the growing concern for the improvement of human
and livestock health, the pharmaceutical industry developed rapidly, which induced the
production of a large amount of pharmaceutical wastewater. As a result, plenty of resid-
ual sludge was produced during the biological treatment of wastewater, which could
cause significant environmental risks [1]. For example, pharmaceutical sludge contains
a high concentration of various hazardous wastes with poor stability, such as refractory
antibiotics and pathogenic microorganisms. In particular, some antibiotics are contained
in pharmaceutical sludge. Therefore, it is necessary to dispose of pharmaceutical sludge
effectively and completely. Traditionally, sludge was mainly treated by the following path-
ways: landfill, anaerobic digestion, and incineration [2,3]. Among the methods mentioned
above, incineration is the most common one for the treatment of pharmaceutical sludge;
however, it requires a large amount of investment in building construction and equipment
installation and operation. Furthermore, secondary pollutants such as dioxins, nitrogen
oxides, and dust are released during the incineration process [4]. Therefore, it is necessary
to develop a suitable alternative disposal that can treat the waste effectively and deal with
the unique characteristics of pharmaceutical sludge.
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Extensive studies have been performed to treat these hazardous and refractory organic
compounds by using advanced oxidation processes [5,6]. Wet oxidation (WO) is an effective
thermal treatment method that is commonly performed at a temperature of 150–320 ◦C
and a pressure of 2–15 MPa [7]. In the first step of WO, thermal hydrolysis occurs with the
solubilization process, that is, the dissolution of solid to liquid. Subsequently, the organic
pollutants are oxidized by free-radical agents produced under hydrothermal conditions,
producing small molecule organics that are eventually oxidized into CO2 and H2O [8].
The WO process results in high volatile suspended solids (VSS) and chemical oxygen
demand (COD) removal rates [9]. In fact, WO technology provides a high reduction
of sludge, stabilization of heavy metals, and sludge mineralization, and small molecule
organics can be utilized as a resource. Furthermore, the WO process is cheaper than the
expensive incineration method, which always has high operating costs and air pollution
discharges. In addition, the WO process can be performed with self-sustaining conditions,
and heat can even be produced from wastes when the concentration of substrate is high
enough. However, the widespread utilization of WO technology is influenced by its high
temperature and pressure conditions, which are bound to high equipment and running
expenses. Therefore, it is necessary to decrease the cost, for example, by producing some
value-added materials. Once useful chemicals and products are acquired from the WO of
sludge, then the influence of economic factors would be decreased, which is favorable for
the utilization of WO in the sludge treatment area.

Many studies suggest technologies that could produce value-added materials from
sludge, which include anaerobic digestion, hydrothermal gasification, and other meth-
ods [10]. There is no ideal method yet, considering the efficiency, cost, secondary pollution,
and catalyst contamination. Since most organic materials are concentrated in particulates of
the sludge, and only a small part of the sludge is dissolved, they are not readily accessible
for further utilization. However, it has been found that carboxylic acids—including acetic
acid, formic acid, and propanoic acid—can be produced by the WO of sludge and can be
used as organic carbon sources in the wastewater treatment process.

Nowadays, most of the literature is focused on the production of volatile fatty acids
(VFAs). For example, Gapes et al. stated that the WO of sludge could lead to better yield or
increased purity of the generated acids, but, unfortunately, other papers associated with
this subject have not been published yet [11]. The generation of acetic acid, the effect of
substrate concentration, and the ratio of oxidant amount to total chemical oxygen demand
(TCOD) have been less studied. The propanoic acid concentration was reported to increase
from 0 mg/L at 180 ◦C to 13.5 mg/L at 240 ◦C; according to the study by Chung et al. [12],
the increase was small, probably because the propanoic acid concentration goes through a
maximum at a temperature between 180 and 240 ◦C. The effect of oxygen amount in acetic
acid at 220, 230, and 240 ◦C within the reaction time of 60 min was quite complex [13]. At
a fixed temperature and constant reaction time, Wu et al. [14] found that propanoic and
butyric acid concentrations did not rise as expected when the total suspended solids (TSS)
of the feed increased, but they went through maxima at around 6.4% TSS.

In conclusion, the available literature focuses on the improvement of the subsequent
process of anaerobic digestion by maximizing the production of acetic acid. Actually, the
VFAs, especially for the small molecule carboxylic acid, were easily adopted by microorgan-
isms in the wastewater treatment process. Therefore, the effect of WO operation parameters
on the formation and selectivity of products such as VFAs and acetic acid should be studied
in depth.

With the rapid development of computer science and technology in recent years,
research in the field of the environment has begun to integrate more deeply with it. There
have been some studies in the field of biomass thermochemical treatment; Li et al. summa-
rized the current outcomes of machine learning in predicting the yields, compositions, and
properties of wet and dry biomass thermal treatments [15]. Shahbeik et al. combined the
k-approximation algorithm, principal component analysis, and random forest regression
model to develop a universal machine learning model for determining the distribution
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and composition of sludge pyrolysis products [16]. In the field of wet oxidation, Zhang
et al. applied artificial neural networks to predict the total organic carbon removal rate of
catalytic wet air oxidation and catalytic wet peroxide oxidation and found higher accuracy
compared to response surface methodology [17]. However, research on the combination
of wet oxidation technology and advanced computer science methods, such as machine
learning, to predict reaction results is currently scarce and still requires further study.

In this study, the objectives were to (1) evaluate the influence of reaction temperature
on TSS, VSS, TCOD, and SCOD removal rate after treatment and the level of sludge
liquefaction; (2) reveal the factors that can enhance the production of VFAs such as reaction
temperature and initial pH of the substrate; and (3) use scanning electron microscope (SEM)
to study the characteristics of the WO residues and energy dispersive spectroscopy (EDS)
to study the element distribution. To accomplish the objectives above, data were obtained
experimentally and quantitative methods were used. Results from this project could
provide important information to understand the WO process of pharmaceutical sludge.

2. Material and Methods
2.1. Materials

The experiments were conducted with dewatered pharmaceutical sludge obtained
from a wastewater treatment plant (Taizhou, Zhejiang, China) supporting a pharmaceutical
factory. The initial parameters of the sludge were as follows: VSS, 160.6 g/L; TSS, 192.3 g/L;
VSS/TSS, 83.5%; pH, 8.17; and TCOD, 206.3 g/L. The sludge was stored in a refrigerator at
4 ◦C to avoid possible biological activities during the whole process of experiments. All the
reagents used in the experiments were of analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China.

2.2. Wet Oxidation Reaction Reactor

WO runs were conducted in a stainless-steel autoclave reactor purchased from Yanzheng
Experiment Instrument Co., Ltd., Shanghai, China. The reactor integrates the function
of heating, stirring, and temperature monitoring. The schematic diagram of the high-
temperature and pressure reactor is shown in Figure 1.
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Figure 1. A schematic diagram of wet oxidation reactor. 1—input of pure oxygen, 2—heating
jacket and the base, 3—oxidation reactor, 4—pressure meter, 5—magnetic stirrer, 6—thermocouple,
7—emergency bleeder valve, 8—output of gas, and 9—controller.

For a typical experiment run, 40 mL of sludge solution was added to the reactor
initially. Then, pure O2 at 0.5 MPa was purged and vented three times to remove the
air inside. On the fourth purge, oxygen was stored in the reactor as the oxidant and the
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pressure was increased to 0.8 MPa. The reaction temperature was set between 200 and
260 ◦C and monitored by a thermocouple to maintain a deviation of 2 ◦C. Once the reactor
achieved the set temperature, the reaction time would start to count and was set to 60 min.
The stirrer speed was kept constant at 300 rpm throughout the process. Since the WO runs
were all conducted in batch mode, the pressure inside the reactor was self-pressurization
and increased due to the rise of saturated vapor pressure during the reaction. After the
desired reaction time, the reactor was immediately removed from the heating jacket and
cooled down to room temperature without any assistance. The sample from this WO run
could then be dealt with and analyzed. The purity of the O2 used in the WO reaction was
99.5% and was purchased from Huaxiong Gas Co., Ltd., Jiaxing, China.

2.3. Analysis

Various parameters such as TCOD, SCOD, TSS, VSS and pH were determined ac-
cording to Standard Methods [18]. After acidification (pH < 2) and filtration with 0.22 µm
membranes, VFAs were identified and quantitatively analyzed using gas chromatography
(G5, Persee General Analytical Instrument Co., Ltd., Beijing, China) with bonded polyethy-
lene glycol capillary columns (DB-FFAP, 30 m × 0.25 mm × 0.25 µm, Agilent Technologies
Inc., Santa Clara, CA, USA) and flame ionization detector. Helium gas (Huaxiong Gas Co.,
Ltd., Jiaxing, China) was used as the carrier gas, and the temperature of the injector, column
oven, and detector were fixed at 220, 160, and 220 ◦C, respectively. The powdered sample
of dried sludge and WO residue were characterized by SEM (Gemini 300, Carl Zeiss AG,
Oberkochen, Germany) and EDS (INCA X-Act, Oxford Instruments, Abingdon, UK) to
observe the morphology and element distribution.

3. Results and Discussion
3.1. Removal of Total Suspended Solids and Volatile Suspended Solids

The effect of reaction temperature on the removal of TSS and VSS was investigated
by varying the temperature from 200 to 260 ◦C. As shown in Figure 2, it is evident that
the TSS and VSS removal rates increased simultaneously with the rise in temperature. The
possible reason for this observation is that higher temperatures during the WO led to the
more complete destruction of the cell wall, resulting in the solubilization of sludge and
the decrease in TSS and VSS. The highest TSS removal rate (90.1%) and VSS removal rate
(98.4%) were achieved at 260 ◦C in 60 min with an initial oxygen pressure of 0.8 MPa.
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These findings align with the results reported by Strong et al. [19], who also used WO
to dispose of sludge and achieved a TSS removal rate of 83% and a VSS removal rate of
93% at 220 ◦C for 2 h under a pure oxygen pressure of 2.0 MPa. The difference in TSS and
VSS removal rates can be attributed to the high content of organic material, which is more
easily dissolved into the liquid phase. Nonetheless, these results clearly demonstrate the
significant impact of reaction temperature on the TSS and VSS removal rates, including the
solubilization of sludge.

3.2. Removal of Total Chemical Oxygen Demand and Soluble Chemical Oxygen Demand

The value of COD can reflect the concentration of reducing contaminants and most
organic pollutants. Therefore, the level of harmlessness of the sludge solution after the
WO can be inferred by measuring TCOD. By measuring SCOD, the dissolved COD can
be obtained. The effect of reaction temperature on the removal rates of TCOD and SCOD
can be seen in Figure 3. TCOD significantly decreased as the reaction temperature rose.
In detail, the value of the TCOD removal rate changed from the lowest value of 43.6%
at 200 ◦C to 56.1% at 220 ◦C and 66.7% at 240 ◦C, while the reaction temperature rose.
Consequently, the ratio of SCOD/TCOD increased from 52.2% at 200 ◦C to 64.7% at 220 ◦C
and 80.9% at 240 ◦C. The maximum values of TCOD and SCOD removal rates, 78.7%
and 81.6%, respectively, were obtained at 260 ◦C. Additionally, the maximum value of
SCOD/TCOD, 86.6%, was also obtained at this temperature.
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chemical oxygen demand (SCOD)/total chemical oxygen demand (TCOD) at different reaction
temperatures (60 min, initial oxygen pressure 0.8 MPa).

This trend is mainly due to the different reaction speeds of hydrolysis and oxidation.
Shanableh et al. confirmed that the hydrolysis process goes faster than oxidation under
subcritical conditions [20]. These results also illustrated the decrease in VSS under higher
reaction temperatures, indicating that almost all the VSS was transferred to the liquid phase.

3.3. Production of Volatile Fatty Acids

During the WO process, organic materials could be oxidized to small molecule or-
ganics, carboxylic acid, and even carbon dioxide. VFAs are the dominant components
of these intermediates, and they could be reused as value-added materials. The effect of
reaction temperature on the concentration of acetic acid and VFAs is shown in Figure 4.
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The concentration of VFAs was found to increase dramatically as the reaction temperature
rose. The maximum concentration of VFAs, 3977 mg/L, was obtained at 240 ◦C, which was
more than twice that of low reaction temperature (1751 mg/L at 200 ◦C). Chung et al. [12]
obtained similar data, showing that the concentration of acetic acid was quadrupled as the
temperature rose within 40 min. At higher reaction temperatures, a slight decrease in VFAs’
concentration (3803 mg/L at 260 ◦C) was observed, mainly caused by the decomposition of
C3-C6 VFAs.
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an initial oxygen pressure of 0.8 MPa.

For acetic acid, the concentration increased from the minimum of 1512 mg/L (200 ◦C)
to 2555 mg/L (220 ◦C) and 3575 mg/L (240 ◦C). However, it remained stable at around
3600 mg/L when the temperature rose from 240 to 260 ◦C. Shanableh et al. found that the
maximum value of VFAs was obtained at 250 ◦C within 30 min, and the surplus oxidants
would induce the oxidation of VFAs including acetic acid [21]. Therefore, this steady state
might be caused by the slight decomposition of acetic acid as the temperature was quite
high and oxidizers were abundant, which hindered the increase in acetic acid from the
decomposition of other organic substances.

The value of acetic acid/VFAs was also calculated and proved that acetic acid was
the main component of VFAs. The value was quite high from the very beginning (86.4%
at 200 ◦C) and kept increasing with the rise of reaction temperature, reaching a peak of
94.8% at 260 ◦C. Acetic acid dominated post-reaction VFAs mainly because it was a stable
intermediate and relatively resistant to decomposition under reaction conditions.

3.4. Effect of pH on the Production of Volatile Fatty Acids

The effect of initial pH is shown in Table 1. The experiments were performed at 260 ◦C
with a reaction time of 60 min and an initial oxygen pressure of 0.8 MPa. The difference in
the initial pH may influence the path of hydrolysis and oxidation, resulting in a change in
the composition of small molecules after the reaction. Sulfuric acid and sodium hydroxide
were added to adjust the pH of the substrate. Next, 10 mL of 0.1 mol/L sulfuric acid or
5 mL of 1 mol/L sodium hydroxide was added to the sample, and the same amount of pure
water was reduced to ensure a consistent volume and COD concentration of the substrate.
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Table 1. The concentration of volatile fatty acids (VFAs) at different initial pH values.

Initial pH
Production of Acid (mg/L)

Acetic Acid Propanoic
Acid

Isobutyric
Acid

Isovaleric
Acid Total VFAs

4.13 3584 131 38 26 3779
8.09 3606 131 43 23 3803
12.56 4607 152 38 22 4819

It was obtained that an initial pH of 4.13, as well as the acidic substrate environment,
had almost no impact on the concentration of acetic acid and VFAs. In contrast, after the
WO run at an initial pH of 12.56, there was a 27.8% increase in the concentration of VFAs
and a 28.9% increase in acetic acid, indicating an enhancement of VFAs and acetic acid
production. In terms of C3-C6 VFAs, butyric acid and valeric acid could not be detected
and were therefore neglected in Table 1. Meanwhile, a small amount of isobutyric acid and
isovaleric acid were obtained (43 and 23 mg/L at an initial pH of 8.09). The concentration
of propionic acid also increased by 16.0% with the addition of sodium hydroxide, but it still
constituted a very small part of the total VFAs in comparison to acetic acid. Overall, both
acetic and propionic acids were the main components of the VFAs regardless of the initial
pH change, with acetic acid being the vast majority. This phenomenon is similar to the
previous experimental results of Moreno et al. [22] and is also in line with the mechanism
reported by Debellefontaine et al., which states that the main products at 250 ◦C are acetic
and propionic acids [23].

The addition of sodium hydroxide induced more VFAs in the sludge solution after the
WO process to be in the form of acid radical ions. The distribution of electron clouds on
acid radical ions was more uniform than that of acids, resulting in better thermal stability of
these small molecule organic acids. Therefore, the total concentration of VFAs was higher in
an alkaline environment. However, it should be noted that a higher pH value increases the
corrosion of the reaction equipment, which will induce an increase in the investment of the
equipment. Therefore, the pH value should be adjusted in a suitable range. Additionally,
Malhotra et al. also noted that a high initial pH at low temperature (180 ◦C) caused the free
sugar in the WO solution to undergo a Maillard reaction [24], which might adversely affect
subsequent biological treatment such as anaerobic digestion.

3.5. Characteristics of Sludge before and after Wet Oxidation

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were
adopted to characterize the sludge before and after WO treatment, in order to investigate the
changes in the microstructure, elemental composition, and distribution of sludge. Figure 5
illustrates the structural changes of the sludge before and after the WO reaction at scales of
100 nm, 500 nm, and 1 µm. Before the reaction, the sludge was in a cohesive and relatively
complete block shape with sparse pores. After the WO reaction, the sludge particles became
smaller and the number of pores significantly increased, which was conducive to the release
of intercellular water and consequently improved dehydration performance.

Further energy spectrum analysis shows (Figure 6) that the changes in the content
of carbon and oxygen elements in the sludge before and after the WO reaction were
significant. The carbon content in sludge decreased significantly after the WO reaction,
while the oxygen content increased from 13.4% before the reaction to 25.4% after the
reaction, indicating the formation of possible oxygen-containing substances. It should be
noted that the TSS removal rate (90.1%) was obtained at 260 ◦C with a time of 60 min and
an initial oxygen pressure of 0.8 MPa. Therefore, after the WO, the solid amount decreased
significantly. Based on the calculation, the amount of Al and Fe increased. The possible
reason may be that the metal ions were oxidized and precipitation occurred.
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3.6. Discussion on the Wet Oxidation Technology

Up to now, the detailed mechanism of sludge WO is still not very clear [25,26]. In
fact, studying the mechanism is challenging due to the complexity of sludge and the
complicated intermediates involved. However, WO is generally considered a free radical
oxidation reaction [27]. Under hydrothermal conditions, the dissolution of oxygen leads to
the production of a large number of free radicals, which possess strong oxidant activity. In
the case of pharmaceutical sludge WO, based on the experimental results discussed above,
it is hypothesized that hydrolysis is the first step. During hydrolysis, proteins and lipids
decompose into the liquid phase along with the dissolution of inorganic materials.

As a result, a high VSS removal rate is acquired. Due to the high reaction tempera-
ture, the hydrolysis process occurs rapidly, even within several minutes. Once the solid
materials are transferred to the liquid phase, the compounds will be oxidized by the strong
oxidant free radicals. This oxidation process generates a significant amount of VFAs, in-
cluding acetic acid, isobutyric acid, propanoic acid, etc. [28]. Thus, the biological oxygen
demand/COD ratio of the liquid phase is very high, often exceeding 0.70 after complete re-
actions. Therefore, the liquid can be utilized as an organic carbon source in the wastewater
treatment processes, as microorganisms readily consume it.

In some industries, sodium acetate is commonly purchased as a carbon source for
industrial refractory wastewater treatment. Experimental results proved that the oxidation
liquid produced through WO is useful for nitrogen removal in wastewater treatment. The
advantage of WO also includes the exothermic reactions, which can help offset the energy
consumption and maintain the reaction. After the WO reaction, the sludge particles become
smaller and the pore structure significantly increases, which is conducive to the release of
intercellular water and thus improves dehydration performance. The resulting solid can be
used to produce ceramic aggregate or permeable brick. Therefore, WO can be regarded as an
ideal method for the volume reduction and resource utilization of pharmaceutical sludge.

4. Conclusions and Prospects

The WO of pharmaceutical sludge for the treatment and production of value-added
materials was investigated. Increased TSS and VSS removal rates were obtained with the
rise in temperature. The maximum removal rates of 90.1% for TSS and 98.4% for VSS were
achieved at 260 ◦C for 60 min with an initial oxygen pressure of 0.8 MPa. Simultaneously,
the removal rates of TCOD and SCOD increased to a maximum of 78.7% and 81.6%, respec-
tively. The liquefaction of sludge also reached its peak at 86.6% in terms of SCOD/TCOD
ratio. The concentration of VFAs kept increasing from 200 to 240 ◦C and slightly decreased
from 240 to 260 ◦C. Specifically, the concentration of acetic acid, the dominant component
of VFAs, kept increasing from 200 to 240 ◦C and stabilizing from 240 to 260 ◦C. These
trends indicate that there was a limit in the promotion of organic acid content by increasing
temperature while keeping other conditions constant. Furthermore, the production of
VFAs and acetic acid could be enhanced by improving their thermostability with alkaline
substances such as NaOH. SEM images revealed that the sludge exhibited a loose porous
structure, which is beneficial for dewatering performance. EDS images illustrated that
carbon elements in sludge migrated from solid to liquid phases.

These findings have practical implications for the design of further experiments
and industrial production. They demonstrate the possibility of enhancing the quality of
wet oxidized sludge solution as a potential carbon source by adding reagents such as
sodium hydroxide. These results confirm that the utilization of WO is a promising method
for the treatment of pharmaceutical sludge. The VFAs produced, including acetic acid
and propanoic acid, can serve as potential carbon sources for the biological treatment
of wastewater.

However, it should be noted that the results of this study were obtained with a batch
reactor. Continuous flow reaction systems are more accurate for practical applications.
Additionally, it is important to investigate various pharmaceutical sludge from different
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sources to verify the efficiency of WO. Furthermore, future studies should include a wider
range of sludge types as the raw material.

Considering the sustainability of the WO method, it is worth mentioning the extensive
and meaningful studies conducted by Sadowska et al. in this area [29,30]. The potential
benefits of value-added materials from the WO process are closely related to their envi-
ronmental sustainability. Therefore, it is important to assess the sustainability features of
WO technologies. Advanced assessment tools, such as techno-economic analysis, life cycle
assessment analysis, energy analysis, emergy analysis and exergy analysis, as presented by
Gheewala et al. [31], can be effective in evaluating sustainability characteristics and gener-
ating comprehensive results [32]. Thus, studies on the sustainability of the WO method
should be conducted to accelerate the industrial utilization of WO technologies.
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