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The options for managing sewage sludge and its utilization as fertilizer are
becoming progressively limited as a result of stringent environmental
regulations imposed by the European Union over the past 10 years. The
limitation of moisture present in sewage sludge that affects conventional
treatment options like incineration can be obviated by using the hydrothermal
carbonization (HTC) process. This research investigates the acid leaching of
hydrochar produced by hydrothermally carbonizing sewage sludge. The
objective is to investigate and compare the effects of formic acid (HCOOH),
sulfuric acid (H2SO4), and acetic acid (CH3COOH) at varying pH levels on total
phosphorus (TP) mobilization and hydrochar properties. The impact of
independent parameters such as carbonization temperature of hydrochar, acid
type, acid concentration, and acid leaching retention time on the TP mobilization,
chemical oxygen demand (COD) of the leachate, and the fuel characteristic of the
hydrochar was explored. A quadratic and cubic model was proposed to correlate
the effects of independent parameters on TP and ortho-Pmobilization, acid need,
COD of leachate, and fuel characteristics of hydrochar using Design of
Experiments and Response Surface Modeling. This approach was chosen in
order to maximize the amount of data from a constrained number of
experimental trials. The outcome of the study indicated a fractional amount of
H2SO4 was enough to reach and maintain the lower pH in hydrochar slurry
compared to HCOOH and CH3COOH. TP mobilization from solid to liquid is
highly favorable in the presence of H2SO4 at lower pH compared to HCOOH and
CH3COOH under similar reaction conditions. In addition, it was discovered that
lowering the pH using HCOOH and H2SO4 to acid-leach the hydrochar boosted
the caloric value of the hydrochar. However, CH3COOH has a contradictory
effect.
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GRAPHICAL ABSTRACT

1 Introduction

Phosphorus (P) is a critical element whose availability is vital for
meeting agricultural and industrial demands across the world. In
recent years, global phosphate demand has steadily increased due to
the accelerated growth of the economy (Cieślik and Piotr Konieczka,
2017). However, the global phosphate mineral resource is non-
renewable, limited to a few countries, and projected to be exhausted
in 50–100 years (Poirier et al., 2022). As a result, there is an urgent
need for the efficient management and recycling of phosphorus-rich
by-products in order to meet future global demands. Recovering P
from sewage sludge produced in a wastewater treatment plant
(WWTP) is one such potential approach. Municipal WWTPs
often convert phosphate from wastewater into sludge, making
sewage sludge the most popular by-product with a substantial
source of P. Recent estimates indicate that the quantity of
industrial and domestic wastewater generated annually on a
global scale is in the order of billions of tons and is anticipated
to increase due to population growth and rising standards of living
(Bora et al., 2019). The production of sewage sludge in Europe
(EU27) is estimated to be approximately 10 million tonnes of dry
matter (DM) annually (Domini et al., 2022). Germany alone has
produced 1.72 million tonnes of sewage sludge DM in 2022, which
demonstrates the potential of sewage sludge as an alternative source
of P (Statistisches Bundesamt Destatis, 2022). Most WWTPs treat
phosphorus-containing wastewater with enhanced biological
phosphorus removal or chemical precipitation, which
transfers >90% of the phosphorus from the unprocessed
wastewater to the sewage sludge (Liang et al., 2019). The primary
utilization pathway for sewage sludge includes thermal disposal in
mono- and co-incineration facilities, recycling in agriculture,
recycling in landscaping, and recycling of other materials through
humification and composting. The management of sewage sludge

varies significantly among EU Member States. In Spain, Ireland,
Finland, Hungary, and Cyprus, land-based utilization or composting
is the most popular method, whereas the Netherlands, Belgium,
Germany, and Austria mostly employ incineration (Domini et al.,
2022). The availability of agricultural areas and local regulations are
the key factors affecting the decision to recover or dispose of sludge.
The direct use of sewage sludge for agricultural purposes is, however,
restricted in many countries due to the presence of harmful
substances such as heavy metals, organic residues, microplastics,
and various pathogens. The sustainable management of sewage
sludge is a global concern due to its potential for negative
environmental effects. Nevertheless, the organic matter and
nutrients present in sewage sludge have the potential to be used
to produce renewable energy and are essential for the production of
fertilizers.

The German Sewage Sludge Ordinance (AbfKlärV) is a
particular regulation under German waste law that specifies the
application and utilization of sewage sludge (AbfKlärV, 2017). The
new rule set by the German sewage sludge ordinance restricts the
direct use of sewage sludge in agriculture and also mandates the
recovery of phosphorus from sewage sludge in Germany (AbfKlärV,
2017). Following the 1999 ban on landfilling in the European Union
(EU), incineration has become the preferred waste disposal method
in the EU-15 (Raheem et al., 2018). In 2022, 1.3 million tonnes DM
(approximately 77% of the total generated sewage sludge) have been
thermally recycled (mono-incineration, co-incineration, and other
thermal disposals), and the trend of sewage sludge being managed by
land-based utilization/landscaping is decreasing (Statistisches
Bundesamt Destatis, 2022). Although thermal treatment of
sewage sludge is generally accepted, the most significant
drawback of incineration is the high energy requirements of
thermal dewatering (Werther and Ogada, 1991). In this regard,
hydrothermal carbonization (HTC) has received increased attention
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as an environmentally acceptable and viable approach for treating
sewage sludge without dewatering it. The HTC process uses the
excess moisture in sewage sludge as a catalyst and converts the
sewage sludge into a carbonaceous product at reaction temperatures
ranging from 180°C to 260°C at 0.5–24 h retention time and at
elevated autogenous pressures (Jellali et al., 2022).

In recent years, there has been considerable interest in the
investigation of HTC as a potential treatment option for sewage
sludge, as well as studies examining the P transformation during and
after HTC. Several studies reported the distribution and
transformation of P during HTC of sewage sludge (Wang et al.,
2017; Ovsyannikova et al., 2019; Shi et al., 2019), acid leaching of
sewage sludge and hydrochar using 2.5 M acid solutions of H2SO4

and HCl (Pérez, Boily, and Jansson, et al., 2021), the influence of
organic acid (citrate and oxalate) leaching on the P transformation
from sewage sludge hydrochar (Pérez, Boily, and Skoglund, et al.,
2022), migration and transformation of phosphorus during
hydrothermal carbonization of sewage sludge (Zheng et al.,
2020b), and phosphorus recovery from sewage sludge
incineration ash (Liang et al., 2019). Numerous previous studies
have demonstrated that a significant amount of P from sewage
sludge is retained in the hydrochar after HTC (Heilmann and
Valentas, 2014; Wang et al., 2017; Wang et al., 2019). The
previously published results indicate that 97.7%–98.7% of total P
(TP) is retained in the resulting hydrochar after HTC treatment of
sewage sludge (Shettigondahalli Ekanthalu et al., 2021). Variation in
pH has a major effect on the transformation of P from the solid to
the liquid phase, and the alteration of pH after HTC was found to be
highly efficient (Shettigondahalli Ekanthalu et al., 2022). Prior
research has examined the independent effects of organic and
inorganic acids on the acid leaching of sewage sludge hydrochar.
The effect of acid leaching of sewage sludge hydrochar utilizing
organic and inorganic acids under varying conditions of acid
strength and time has not been investigated yet, to the authors’
knowledge.

This study focuses on acid leaching the sewage sludge hydrochar
with formic acid (HCOOH), sulfuric acid (H2SO4), and acetic acid
(CH3COOH) at varying pH to determine the effects on P
mobilization, hydrochar characteristics, and leachate
characteristics. In addition to comprehending the impact of
pH on P leaching, the purpose of this study is to investigate
what other acid properties influence P leaching from solids to
liquids. A Design of Experiments (DoE)/Response Surface Model
(RSM) method facilitates the investigation of the selected reaction
conditions within a defined reaction space. The DoE/RSM has been
widely used in HTC (Mäkelä et al., 2015; Mäkelä et al., 2016; Román
et al., 2018), for sewage sludge dewatering (Danso-Boateng et al.,
2015; Lühmann and Wirth, 2020), optimization of hydrochar
production (Zheng et al., 2020a; Guo et al., 2021; Akbari et al.,
2022), and the influence of pH on P release and transformation in
hydrothermally carbonized sewage sludge (Lühmann and Wirth,
2020). To date, acid-leaching hydrochar process parameters such as
acid usage and the role of pH in P transformation, as well as
hydrochar characteristics, have only been studied separately with
particular acid utilization. The DoE/RSMmethodology employed in
this study seeks to comprehend the impacts of various acids and
their interactions with hydrochar on the characteristics of hydrochar
and leachate, with a specific emphasis on P mobilization. The results

of this study offer an in-depth overview of the impact of pH and acid
characteristics on the leaching of phosphorus from the solid to liquid
phase as well as the properties of hydrochar.

2 Materials and methods

2.1 Materials

The digested and mechanically dewatered sewage sludge used in
this investigation was directly obtained from Nordwasser GmbH in
Rostock, Germany. The primary wastewater treatment facility in
Rostock can handle the wastewater from 320,000 inhabitants and
treats both industrial (1/3) and municipal (2/3) wastewater (UBC
Sustainable Cities Commission, 2017). This WWTP produced
4,482 tonnes of dry sewage sludge per year on average between
the years of 2014 and 2018, and all of the generated sewage sludge is
currently incinerated (Tränckner, 2023). Sewage sludge was only
sampled once during the treatment plant’s steady operation state to
ensure consistency of results throughout the investigation. The
sewage sludge sample was collected in a sealed sample container
and immediately transferred to the laboratory, where it was
refrigerated at 4°C until it was used for HTC. The dry matter
content of the sewage sludge was 22.0% dry matter content
(DM), and the ash content was 7.4% (at 815°C in % original
substance). The refrigerated sewage sludge samples were allowed
to warm to room temperature before HTC.

A LECO Thermogravimetric Analyzer (TGA) unit TGA701 was
used to evaluate the moisture content, volatile organic compound,
fixed carbon (FC), and ash content of sewage sludge. The final
analysis was carried out using an organic element analyzer in
accordance with EN ISO 16948, 2015 (EN ISO 16948 2015). The
caloric value of the sample material was evaluated using a Parr
6400 calorimeter (Parr Instruments Inc., United States) in
accordance with EN 14918, 2010 (EN 14918 2010). The total
phosphate content of the sewage sludge was determined in an
external laboratory using EN ISO 11885, 2009 (EN ISO 11885 2009).

Acid-leaching of hydrochar is facilitated using either formic acid
98% pure, sulfuric acid 72%, or acetic acid 100% (all the acid
reagents were obtained from AppliChem GmbH, Darmstadt).
The amount of acid required to attain the targeted pH was
determined by following the methodology of DIN EN 15933:2012
(Deutsches Institut für Normung, 2012).

2.2 Experimental method

An overview of the experimental methodology is provided in
Figure 1. The experimental methodology was planned in four stages:
stage 1: HTC of sewage sludge, stage 2: DoE using Stat-Ease Design-
Expert Software (Version 22.0.0), stage 3: acid leaching of
hydrochar, and Stage 4: product recovery, experimental analysis,
and regression surface modeling.

2.2.1 Hydrothermal carbonization of sewage
sludge

A Parr 4523 reactor (Parr Instrument GmbH, Zeilweg 15,
60439 Frankfurt, Germany) was used to hydrothermally
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carbonize sewage sludge. The reactor operates at autogenic pressure
and is equipped with a 1-L reaction vessel that can tolerate a
maximum pressure of 138 bar. The heat for the reactor is
provided by a 2 kW heating coil, and the stirring is facilitated by
a stirring unit with a connected drive. The pressure and temperature
sensors of the reactor are controlled and monitored using a Parr
4848 PID controller unit.

To understand the influence of HTC temperature on the acid
leaching of consequently produced hydrochar, HTC was carried
out at temperatures of 200°C, 220°C, and 240°C and a retention
time of 2 h while continuously stirring the substrate at 150 rpm.
Before beginning HTC, certain volumes of sewage sludge and
distilled water were combined within the reactor and mixed to
generate a homogenous slurry of 10% DM, and the initial pH was
noted using a pH meter (WTW pH 3310, Xylem Analytics
Germany Sales GmbH). The HTC of sewage sludge slurry was
carried out at an autogenic pressure with a continuous heating
rate of 4 K/min. Following HTC, the reactor vessel was left to cool
to room temperature, and the final pH was recorded. Following
the top-feeding method, solids and liquids were separated from
the HTC slurry in a Büchner funnel. The hydrochar produced at
three different temperatures was oven-dried at 105°C for 24 h.
The dried hydrochar was collected separately (according to the

temperature at which it was produced), crushed to produce fine
powder, and stored in an airtight container at room temperature
until used.

2.2.2 Design of experiments
The Design-Expert program from Stat-Ease, Inc., was used to

design the experiments, perform regression analysis, and model
the response surface. The experiments were designed to reveal the
interactions of three independent variables with the targeted
responses. The three independent variables selected include
the following process conditions: 1) the carbonization
temperature at which the hydrochar was produced: 200°C,
220°C, and 240°C, 2) pH during the acid leaching process: 1.5,
2.125, and 2.75, and 3) acid leaching time: 15 min, 30 min, and
45 min. Using Box–Behnken design, three replications at the
central points and one point in the middle of each edge of the
cubical surface were employed, resulting in 15 experimental runs
for every acid used. The product of each experimental run was
recovered and experimentally analyzed to generate six different
targeted responses. The following responses were considered in
this study: TP in leachate, ortho-P in leachate, COD of leachate,
acid needed, %TP leached, and higher heating value (HHV) of
hydrochar. Figure 1 (stage 2) is a graphical representation of the

FIGURE 1
Overview of the experimental methodology.

Frontiers in Environmental Engineering frontiersin.org04

Shettigondahalli Ekanthalu et al. 10.3389/fenve.2023.1223247

https://www.frontiersin.org/journals/environmental-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fenve.2023.1223247


experimental design space, and Supplementary Material S1
includes the randomized experimental design.

2.2.3 Acid leaching process
In the experimental design described in Figure 1, three different

acids were used to achieve the targeted pH, and the effects of
different acids (HCOOH, H2SO4, and CH3COOH) on the TP-
transformation, ortho-P transformation, COD, acid need, and
HHV of hydrochar were experimentally analyzed. The
experimentally analyzed results of the defined responses were
fitted into the RSM model to generate respective 3D-surface
models. During the acid-leaching process, the amount of acid
required to attain the targeted pH was determined following the
methodology of DIN EN 15933:2012 (Deutsches Institut für
Normung, 2012). The standard DIN EN 1593:2012 specifies a
method for determining the pH in suspension of sludge within
the pH range of 2–12. However, to maintain uniformity in the
experimental procedure, the same standards were used to determine
and achieve a pH of 1.5.

A measure of 5 g of hydrochar (produced at 200°C, 220°C, and
240°C) was mixed with 45 mL of deionized water, and a
homogeneous slurry was prepared by mixing the content for
15 min on a magnetic stirrer at 250 rpm. After preparing the
homogeneous slurry, concentrated acids (one each of HCOOH,
H2SO4, or CH3COOH) were slowly titrated against the slurry whilst
constantly stirring the content until the desired pH was attained and
held constant for 15 min. Later, the pH was held constant for
15 min, 30 min, and 45 min to facilitate the acid leaching of the
hydrochar.

2.2.4 Product recovery experimental analysis and
regression modeling
2.2.4.1 Product recovery experimental analysis

The hydrochar slurry produced after the acid leaching was
sent directly to the polysulfone bottletop vacuum filter for the
separation of solids and liquids. The following process conditions
were maintained during the solid–liquid separation of the
hydrochar slurry: 1) the entire content of the hydrochar slurry
after acid-leaching was poured into the polysulfone bottletop
vacuum filter and 2) the vacuum pump was turned on to create
sufficient vacuum pressure for separating solids and liquids. After
the filtering, the liquid was collected in a volumetric flask and
kept at 4°C until it was tested for TP, ortho-P, and COD.
Similarly, the resulting solids (hydrochar) were oven-dried at
105°C for 24 h before being kept in sealed containers for further
examination.

Following the procedure outlined in EN 15170, 2010, the
caloric value of the hydrochar was analyzed using a Parr
6400 calorimeter in a manner identical to that of sewage
sludge. Liquid (leachate) was analyzed spectrophotometrically
for TP and ortho-P using the NANOCOLOR ortho- and total-
Phosphate tube test kits in accordance with DIN EN ISO 6878-
D11. Lastly, following the standards specified in DIN ISO 15705,
the COD of the leachate was analyzed using a NANOCOLOR
COD 1500 tube test kit. All the spectrophotometric testing kits
were obtained from MACHEREY-NAGEL GmbH & Co. KG,
Germany. The studied findings were obtained in triplicate, and
the mean value is presented.

2.2.4.2 Regression modeling
The DoE/RSM approach was chosen to understand the

interaction between selected independent variables and their
resulting responses. A DoE/RSM strategy was used in order to
maximize the amount of data from a constrained number of
experimental trials (Lühmann and Wirth, 2020). The DoE was
designed with a Box–Behnken design of RSM methodology using
Design-Expert software. Box–Behnken design is an approach that
uses the minimum square technique to fit the model and defines
the interactions of parameters and their influence on responses
(Akbari et al., 2022).

The regression modeling was performed as described by
Montgomery (2013), and the interactions between the selected
variables and the resulting responses were modeled using
quadratic Eq. 1 and cubic Eq. 2.

y � β0 +∑
n

i�1
βixi + ∑

n

1≤ i≤ j≤ n
βijxixj + e (1)

y � β0 +∑
n

i�1
βixi + ∑

n

1≤ i≤ j≤ n
βijxixj + ∑

n

1≤ i≤ j≤ k ≤ n
βijkxixjxk + e (2)

where y denotes the predicted response, β0 represents the constant
coefficient, βi (1≤ i≤ n) is the coefficient of the linear term,
βij (1≤ i≤ j≤ n) represent the coefficients of the quadratic terms
(Eq. 1), and βijk (1≤ i≤ j≤ k≤ n) represents the coefficients of the
cubic terms (Eq. 2). xi, xj, and xk are the coded values of the
independent variables in the regression function, and e is the vector
for random error.

A specific model was chosen for every particular response to
reduce the lack of fit value in relation to the pure error. For the
quadratic and cubic models, the respective lack of fit values were
analyzed with respect to the pure error. A non-significant lack of
fit value (p-value greater than 0.05) indicates good predictive
generalizability of the regression model. In some cases, reduced
versions of the original quadratic and cubic models were used to
ensure that the lack of fit value was non-significant. This ensures
that the potential for overfitting of simpler or reduced versions of
the original models decreases by improving their overall
predictive reliability on an unseen data space. Table 1 and
Supplementary Material S2 illustrate the specifications of the
quadratic and cubic regression models that were obtained in the
current study.

3 Results and discussion

3.1 Characteristics of sewage sludge and
consequently produced hydrochar

The results of the initial and final analysis of sewage sludge
are shown in Table 2. The sewage sludge used in this study had a
moisture content of 78.00% and a total solid content of 22.00%.
The initial analysis depicted that the sewage sludge had an ash
content of 33.64% DM at 815°C and volatile solids (VS) of
65.00% DM, which was consistent with the previous
investigation ranges (Peng et al., 2016; Wang et al., 2017;
Shettigondahalli Ekanthalu et al., 2020). The final analysis
results had a typical value for C-H-N-S-O content for
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sewage sludge in Germany (Roskosch and Heidecke, 2018),
with C: 34.70%; H: 4.90%; N: 4.80%; S: 1.60%; and O: 17.60% on
a dry basis. The dry sewage sludge is known to contain a high
concentration of phosphorus and moderate heating value. The
TP content in the feedstock was determined to be 34.4 g/kg,
accounting for 3.4% of total dry sludge, and the heating value
was observed to be relatively higher, at 14.72 MJ/kg (HHV),
than was observed in previous studies (Peng et al., 2016; Wang
et al., 2017; Roskosch and Heidecke, 2018). The overall
characteristics of the feedstock have the typical composition
of sewage sludge in Germany.

3.2 RSM process optimization

Table 3 shows the analysis of variance (ANOVA) and fit
statistics for the regression model. These quantities signify the
reliability of the regression model based on the experimental data
used to model the response surface. Fischer (F) test results and

probability (p-value) can be used to gauge the regression model’s
effectiveness. An F-value is the ratio of two group variations used
to determine the statistical significance between the means of the
groups. A p-value is a statistical measurement used to validate a
hypothesis against the observed data. A regression model with
larger F-values and smaller p-values is more reliable. As depicted
in Table 3, all the analyzed responses have p-values <0.05 and a
larger F-value, indicating a greater statistical significance of the
designed models.

The ANOVA of the residual data depicts unexplained
variations in the response. Lack of fit refers to the situation
where a statistical model fails to adequately fit the underlying
data. In other words, it occurs when a regression model does not
capture the relationship between the independent variables and
the dependent variables. A strong lack of fit (p-value greater than
0.05) is an undesirable property because it indicates that the
model does not fit the data well. It is desirable to have an
insignificant lack of fit (p-value smaller than 0.05). As shown
in Table 3, the lack-of-fit p-values for all the obtained responses
were not significant relative to the pure error, meaning the model
fits well, and the parameters have a significant effect on the
output response.

The fit statistics shown in Table 3 are intended to provide the
reader with an understanding of the quality of the regression
model. Fit statistics include the data on R2, predictive
R2(Pred.R2), adjusted R2 (Adj.R2), and adequate precision.
R2 measures the amount of variation around the mean
explained by the model. If the model captures all variations
around the mean, R2 equals one, and if the model cannot
account for any variation, R2 equals zero. R2 is closest to
1 when all terms are included in the model; it is possible to
not include terms in the model that do not have a statistically

TABLE 1 Process order of every analyzed response.

Response HCOOH H2SO4 CH3COOH

TP in leachate Reduced quadratic Quadratic Reduced cubic

Ortho-P in leachate Quadratic Quadratic Reduced cubic

Acid needed Reduced quadratic Quadratic Quadratic

%TP in leachate Reduced cubic Quadratic Reduced cubic

COD of leachate Quadratic Reduced cubic Reduced cubic

Higher heating value Quadratic Reduced cubic Quadratic

TABLE 2 Initial and final analysis of sewage sludge and hydrochar.

Parameter Unit Sewage
sludge

Hydrochar produced at
200°C

Hydrochar produced at
220°C

Hydrochar produced at
240°C

Moisture content % original
sample

79.37 — — —

Total solids % original
sample

20.63 100 100 100

Volatile solids % dry basis 65.00 45.63 44.53 42.32

Ash % dry basis 33.64 47.25 48.35 50.23

Fixed carbon % dry basis 1.36 7.124 7.124 7.45

HHV MJ/kg, dry basis 14.72 13.43 (±0.11) 13.72 (±0.04) 13.95 (±0.35)

Nitrogen % dry basis 4.71 3.05 2.89 2.66

Carbon % dry basis 31.8 30.30 30.40 30.60

Sulfur % dry basis 1.66 1.68 1.80 1.95

Hydrogen % dry basis 4.81 3.94 3.91 3.84

Total
phosphorus

mg/kg dry basis 34,200.0 50,300.00 50,800.00 53,900.00

Total
phosphorus

% dry basis 3.42 5.03 5.08 5.39

HHV, higher heating value.
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significant effect (Lühmann and Wirth, 2020). Adj.R2 is the
measure of the amount of variation around the mean explained
by the model. TheAdj.R2 decreases as the number of terms in the
model increases if those additional terms do not add value to the
model. Pred.R2 measures the number of variations in new data
explained by the model. The Adj.R2 and Pred.R2 should be
within approximately 0.20 of each other to be in “reasonable
agreement.” If they are not, there may be a problem with either
the data or the model (Stat-Ease, Inc., 2022). In this study,
Pred.R2 was in reasonable agreement with the Adj.R2 value
in majority of cases; this, in turn, depicts the reliability of the
model (see Table 3).

Adequate precision is a measure of the range in predicted
response relative to its associated error; in other words, it is a
signal-to-noise ratio. A ratio greater than four is desirable (Stat-
Ease, 2022). All the obtained adequate precision values in this
study were >4, confirming an adequate signal and the possibility
of using the model to navigate the design space with greater
reliability.

3.3 Acid requirement in achieving the
targeted pH

Figure 2 displays the response surface plot of the amount of acid
required to achieve and maintain the desired pH in the hydrochar
slurry for 30 min of acid leaching. The demand for acid was
unaffected by a 15-min change in leaching time either way (See
Supplementary Figure S3). In comparison to organic acids, using
inorganic acid required less acid to achieve and maintain the desired
pH. Among the organic acids, acetic acid required ~seven-fold more
acid than formic acid to achieve a similar pH. For instance, ~1.5 mL
of H2SO4 (72% sulfuric acid) is required to achieve and maintain the
pH of 1.5 in a 50 g hydrochar slurry of 10% dry matter with an initial
pH of ~5.73 (+/− 0.2); ~15 mL of formic acid (98% formic acid) is
required to achieve the same conditions, and the acid requirement
for acetic acid (100% acetic acid) increases significantly to ~100 mL.
Several parameters influence the target of achieving andmaintaining
a lower pH during acid leaching of hydrochar. The primary
influencing parameter is the type of acid; acid strength and other

TABLE 3 Analysis of variance (ANOVA) fit statistics of modeled responses.

Response ANOVA Fit statistics

Model Residual

F-value p-value Lack-of-fit p-value R2 R2adj R2pred Adeq precision

HCOOH

TP in leachate 232.10 <0.0001 0.06 0.9968 0.9925 0.9678 43.11

Ortho-P in leachate 269.69 <0.0001 0.63 0.9979 0.9942 0.9807 46.94

Acid needed 191.45 <0.0001 0.05 0.9961 0.9909 0.9615 37.02

%TP in leachate 1398.19 <0.0001 0.07 0.9992 0.9991 0.9701 68.07

COD of leachate 22.64 0.0016 0.34 0.9760 0.9329 0.7110 14.48

HHV of hydrochar 50.31 0.0002 0.74 0.9891 0.9694 0.9140 22.07

H2SO4

TP in leachate 486.85 <0.0001 0.87 0.9989 0.9968 0.9936 55.12

Ortho-P in leachate 352.53 <0.0001 0.08 0.9984 0.9956 0.9760 50.48

Acid needed 42.82 0.0003 0.23 0.9872 0.9641 0.8229 16.15

%TP in leachate 515.76 <0.0001 0.91 0.9989 0.9970 0.9946 54.64

COD of leachate 66.08 0.0027 0.07 0.9959 0.9808 - 27.69

HHV of hydrochar 212.86 0.0005 0.92 0.9987 0.9940 - 41.37

CH3COOH

TP in leachate 146.86 <0.0001 0.11 0.9962 0.9894 0.9288 39.77

Ortho-P in leachate 63.33 0.0001 0.08 0.9913 0.9757 0.8331 22.51

Acid needed 3491.70 <0.0001 0.31 0.9998 0.9996 0.9979 157.09

%TP in leachate 40.75 0.0001 0.06 0.9866 0.9623 0.7427 22.24

COD of leachate 4.10 0.0353 0.54 0.7545 0.5704 0.3200 6.18

HHV of hydrochar 25.38 0.0012 0.48 0.9786 0.9400 0.7621 15.25
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parameters include the HTC process and diverse chemical reaction
that occurs within the process.

It was seen in the experimental analysis that H2SO4 needed a
fractional amount of acid compared to CH3COOH and HCOOH to
reach and maintain the lower pH. Similarly, HCOOH also needed
less acid than CH3COOH. This phenomenon can be explained using
the strength of the acid. One approach for describing the strength of
any acid is its pKa value. The negative log of the Ka value, also
known as the acid dissociation constant, is the pKa value
(Helmenstine, 2020). A stronger acid is indicated by a lower pKa
value, and the lower pKa value indicates that the acid can be fully
dissociated in water (Helmenstine, 2020). Of the different acids used
in this investigation, H2SO4 is the strongest acid with a pKa value
of −3.0, indicating the presence of highly acidic components that can
readily donate protons in water (Stumm andMorgan, 1981). Formic
acid, a simple carboxylic acid with a pKa value of 3.75, is a weaker
acid than H2SO4. However, formic acid is relatively stronger than
acetic acid, which has a higher pKa value of 4.7 (Stumm and
Morgan, 1981). Hence, H2SO4, with its lower pKa value, needs
only a fraction of the amount of acid required to achieve and
maintain lower pH in hydrochar slurry compared to the amount
needed for CH3COOH and HCOOH with their higher pKa values.

When half of the acid has dissociated, pKa and pH are equal.
When the pKa and pH values are close, the buffering capacity of a

species, or its ability to maintain the pH of a solution, is greatest.
Therefore, the optimal choice for a buffer is one with a pKa value
close to the desired pH of the chemical solution (Helmenstine,
2020). In the hydrolysis phase of the HTC process, volatile fatty acids
(VFAs) are created, which results in the production of organic acid
molecules and contributes to acidification (Danso-Boateng et al.,
2015; Woriescheck, 2019). The presence of increased VFAs after the
HTC of sewage sludge could also be one parameter influencing the
larger amount of an organic acid (CH3COOH and HCOOH)
required to achieve a lower pH compared to the amount of
inorganic acids (H2SO4) required.

3.4 Effect of different acid utilization and
acid leaching retention time on COD of
leachate

The HTC process water is organically and inorganically
contaminated, and COD is characterized as one of several
organic contaminants. The organic contaminants in the process
water produced by HTC usually have high levels of COD that
depend upon the HTC process conditions and input materials
(Woriescheck, 2019). During the HTC of sewage sludge, the
decomposition of the organic acidic compounds and their

FIGURE 2
Regression model contour plot depicting the influence of acids on reaching the targeted pH.
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displacement from the solid to the liquid phase contributes to the
acidification of the liquid phase and simultaneous increase in COD
(Jellali et al., 2022). In general, the HTC process decreases the
pH and increases the soluble COD content, particularly for the
digested and dewatered sludge (Merzari et al., 2020). Several organic
compounds, especially the VFAs, create a major organic load in the
process water after HTC, in turn increasing the COD of the process
water. VFAs are formed during the hydrolysis stage of the HTC
process and produce acids such as acetic acid, propionic acid, butyric
acid, valeric acid, and levulinic acid (Danso-Boateng et al., 2015).
The presence of these acids in the liquid phase increases the
concentration of protons or hydroxide ions, further catalyzing
decarboxylation and dehydration reactions (Reza et al., 2015;
Guo et al., 2021). Among VFAs, acetic acid is the main organic
acid produced during HTC through the hydrolysis and dehydration
of straight-chain polymers, such as cellulose and hemicellulose, or
simple monomers in the presence of subcritical water (Liu et al.,
2020).

Figure 3 depicts the response surface plot of the COD of the
leachate obtained after acid leaching the hydrochars using
different acids at different pH levels with a 30 min retention
time. The influence of acid leaching retention time on COD was
insignificant with varying acid leaching retention time
(+/−15 min) (see Supplementary Figure S4). In general, during
the acid leaching process, using organic acids (HCOOH and
CH3COOH) to achieve the targeted pH results in higher COD in
the leachate compared to the use of an inorganic acid (H2SO4).
COD was found to increase with increasing pH when H2SO4 and
HCOOH were used for acid leaching. However, the use of
CH3COOH for acid leaching did not have a greater influence
on the COD, irrespective of varying pH. Compared to the use of
organic acids, the use of inorganic acids might have leached a
larger amount of organic material, furfural, and 5-HMF, together
with nutrients. This could explain the significantly increased
COD with H2SO4 compared to organic acid utilization.
Additionally, an increased COD can be seen with formic acid
utilization as well as an increase in the acid concentration.
However, there is no increase in COD with the use of acetic
acid despite the increase in the pH. One reason for such
phenomena could be that acetic acid is the main organic acid
produced during the HTC process, and further addition of acetic
acid during acid leaching processes decreases the pH but does not
increase the organic load or influence the COD concentration.

3.5 Effect of different acids on
P-transformation from solid to the
liquid phase

Figure 4 displays the response surface plot showing the effects of
the different acid types and their concentration (pH) on the
transformation of TP from solid to liquid phase during an acid-
leaching process. TP in the leachate was analyzed
spectrophotometrically after acid hydrolysis and oxidation of the
sample, and the results were used to plot the RSM plot. Figure 4
depicts the results from an acid leaching retention time of 30 min.
Altering the acid leaching retention time by +/−15 min did not have
a great influence on TP transformation (See Supplementary Figure

S5, S6). In brief, the results show that acid leaching the hydrochar
slurry using H2SO4 at pH 1.5 transformed approximately 90%
(+/−1%) of TP from the solid to the liquid phase, whereas
HCOOH and CH3COOH transformed only approximately 36%
(+/−6%) and 2.5% (+/−1%), respectively, under similar reaction
conditions. The ortho-P transformation from solid to liquid also had
a similar trend to that of TP and is depicted in the response surface
plot of Figure 5.

Following the acid leaching of hydrochar, the highest TP
transformation from solid to liquid (5,268 mg/L or 90.87%) was
observed by using H2SO4 and acid leaching at pH 1.5. The
maximum TP transformation from solid to liquid following acid
leaching at pH 1.5 using HCOOH and CH3COOH was 1,721 mg/L
(42.08%) and 59.5 mg/L (3.36%), respectively. The results suggested
that compared to inorganic acid (H2SO4), organic acids (HCOOH
and CH3COOH) with similar pH have a limited impact on
transforming TP from solid to liquid, which agrees with the
previous studies (Ekpo et al., 2016; Wang et al., 2017;
Shettigondahalli Ekanthalu et al., 2021). In addition to the acid
used and the pH, the reaction temperature at which the hydrochar
was produced also had a slight influence on the TP transformation.
The hydrochar generated at 240°C had an 8.7% greater TP transition
from solid to liquid than the hydrochar produced by acid-leaching
(H2SO4, pH 1.5) at 200°C. The TP transformation of HCOOH was
11.5% higher under identical reaction circumstances, while the
impacts of CH3COOH were too small to support any conclusion.

During HTC of sewage sludge, the presence of a higher
concentration of multivalent metal ions, such as Al3+, Ca2+, Fe3+, and
Mg2+, is responsible for forming phosphate with low solubility and, in
turn, enabling the phosphate to be retained in subsequently produced
hydrochar (Huang et al., 2018). The solubility of thesemultivalentmetal
ions has a significant impact on the TP mobility from a solid to a liquid
during the acid-leaching procedure. Factors influencing the TP
transformation from solid to liquid include the strength of the
acid (Dai et al., 2017), the pH of the leaching medium (Petzet
et al., 2012), and the ability of the acid to mobilize the
phosphorus-holding compounds (ferric phosphate, ferrous
phosphate, aluminum phosphate, calcium phosphate, and
magnesium phosphate). The primary chemical reactions for
the TP transformation from solid to liquid are included in the
following equation.

AlPO4 + 3H+ → Al3+ +H3PO4 (3)
Fe3 PO4( )2 + 6H+ → 3Fe2+ + 2H3PO4 (4)

FePO4 + 3H+ → Fe3+ +H3PO4 (5)
Ca9 Al( ) PO4( )7 + 21H+ → 9Ca2+ + Al3+ + 7H3PO4 (6)

The reactions in Eqs 3–6 are highly favorable under strongly
acidic conditions and, particularly, the presence of strong acids
like H2SO4. To facilitate the primary reactions for TP
transformation, there is a requirement for greater acid
concentration to overcome the buffering resistance provided
by the hydrochar slurry (Shettigondahalli Ekanthalu et al.,
2022). Figure 6 displays the concentration of Al3+ and Fe3+

ions in the leachate produced by acid-leaching hydrochar with
HCOOH, H2SO4, and CH3COOH at pH values of 1.5, 2.125, and
2.75. The use of stronger acids or acids with lower pKa values has
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a substantially greater effect on the dissolution of Al3+ and Fe3+

ions and their corresponding P, as demonstrated by the
experimental findings. Using H2SO4, which has a pKa value
of −3.0, resulted in the greatest Al3+ and Fe3+ ion discharge,
followed by HCOOH and CH3COOH, which have pKa values of
3.75 and 4.70, respectively. The use of CH3COOH for acid
leaching has shown visibly poor dewaterability compared to
H2SO4 and HCOOH. The hydrophilic nature of hydrochar
slurry produced by the addition of CH3COOH can also hinder
the migration of phosphorus-containing compounds from solid
to liquid.

With the utilization of H2SO4, a slight decrease in the pH of
the acid-leaching medium significantly increased the TP
mobilization from solids to liquid. This is because at lower
acid concentrations, most of the acid present in the reaction
medium is utilized to offset the buffer resistance provided by
acid-consuming compounds present in the reaction medium with
relatively higher neutral points; see Eqs 5, 6.

CaCO3 + 2H+ → Ca2+ +H2O + CO2 (7)

Primary rock mineral + 2H+ +H2O → cations +H4SiO4

+ Secondary minerals (8)

3.6 Effects of different acid utilization on the
caloric value of hydrochar produced after
acid leaching

The caloric value of the hydrochar produced after acid leaching
using different acids at different pH levels is illustrated in Figure 7.
The illustrated Figure 7 particularly shows the caloric value of
hydrochar produced at an acid leaching retention time of 30 min.
Increasing or decreasing the leaching time by 15 min did not have
any greater influence on the caloric value of the hydrochar
produced (See Supplementary Figure S7). Treating the
hydrochar with different acid-leaching conditions influenced its
caloric value. Prior to acid leaching, hydrochar had a caloric value
ranging between 13.43 MJ/kg and 13.95 MJ/kg, and after acid
leaching, the caloric value of hydrochar ranged between

FIGURE 3
Response surface plot showing COD of the leachate produced after acid leaching using H2SO4, HCOOH, and CH3COOH.
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10.97 MJ/kg and 15.64 MJ/kg. The caloric value for the hydrochar
after acid leaching using HCOOH and H2SO4 ranged between
15.64 MJ/kg and 13.43 MJ/kg and between 14.16 MJ/kg and
12.19 MJ/kg, respectively, which is comparable to the findings
of other research examining the caloric value of hydrochar

produced by hydrothermally carbonizing digested sewage sludge
(He et al., 2013; Shettigondahalli Ekanthalu et al., 2021;
Shettigondahalli Ekanthalu et al., 2022). However, the caloric
value for the hydrochar after treatment with CH3COOH was in
the range of 13.49–10.97 MJ/kg, which is less than that of

FIGURE 4
Response surface plot showing the effect of carbonization temperature of hydrochar and acid leaching pH on the transformation of TP from solid to
liquid phase.
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FIGURE 5
Response surface plot showing the effect of the carbonization temperature of hydrochar and acid leaching pH on the transformation of ortho-P
from solid to liquid phase.

FIGURE 6
Al3+ and Fe3+ concentrations in the leachate produced after acid leaching the hydrochar.
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hydrochar treated using different acids in this study. Furthermore,
it was also noticed that decreasing the pH during acid leaching
using HCOOH and H2SO4 increased the caloric value of
hydrochar. In contrast, the use of CH3COOH for acid leaching
adversely affected the caloric value of hydrochar with
decreasing pH.

Several previous studies showed a strong correlation between
the increase in HTC reaction temperature and the caloric value
(Danso-Boateng et al., 2015); similar results were found during
this research. An increase in reaction temperature increased the
caloric value of the produced hydrochar (see Table 1). The
heating value of the sewage sludge tends to increase after HTC
due to aromatization, polymerization, and condensation
reactions that occur during the HTC process (Mazumder
et al., 2020).

Numerous studies have demonstrated a significant correlation
between FC content and caloric value. FC is the remaining
combustible material that is present after the volatile solids in the
hydrochar are burnt. The caloric value of hydrochar increases with the

increasing FC concentration of hydrochar (Putra et al., 2018;
Anshariah and Irvan, 2020; Shettigondahalli Ekanthalu et al.,
2021). Before HTC, sewage sludge typically has high VS and low
FC content, but a series of reactions that occurs during HTC
considerably increases both FC and the caloric value of hydrochar
(Putra et al., 2018). The initial analysis and caloric value of selected
hydrochar samples obtained after 30 min acid leaching time are
shown in Table 4.

When H2SO4 was used for acid leaching, the FC value of the
hydrochar was found to increase with decreasing pH. Acid leaching
the hydrochar using H2SO4 and decreasing the pH from 2.75 to
1.5 increased the FC content of the hydrochar from 7.25% to 9.15%.
A similar effect was observed when HCOOH was used for acid
leaching: decreasing the pH from 2.75 to 1.5 increased the FC
content of the hydrochar from 6.76% to 8.93%. In contrast, when
CH3COOH was used, decreasing pH from 2.75 to 1.5 adversely
affected the FC content of hydrochar by decreasing it from 6.23% to
5.33% and decreasing the caloric value from 12.93 MJ/kg to
10.97 MJ/kg.

FIGURE 7
Response surface plot showing the influence of acid leaching using H2SO4, HCOOH, and CH3COOH on the caloric value of hydrochar.
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4 Conclusion

The acid leaching of hydrothermally carbonized sewage sludge
was studied to understand and compare the effects of independent
parameters like carbonization temperature of hydrochar, acid type
(H2SO4, HCOOH, and CH3COOH), acid concentration (pH), and
acid leaching retention time on the P mobilization, hydrochar
properties, acid need, and COD of the leachate. The results of
the study indicated that the use of acids with lower pKa values
has a significantly greater impact on the solubility and mobility of
phosphorus-containing compounds from solids to liquids. TP
mobilization from solid to liquid is highly favorable in the
presence of H2SO4 (~90%) at lower pH (1.5) in comparison with
HCOOH (~36%) and CH3COOH (~2.5%) at similar acid-leaching
reaction conditions. It was also observed that a smaller amount of
acid (H2SO4) with a lower pKa value is enough to achieve and
maintain a lower pH in hydrochar slurry when compared to acids
with a higher pKa value (CH3COOH and HCOOH). Regarding the
COD of the leachate, the use of organic acid, specifically CH3COOH,
tends to induce additional organic acidic compounds, which
simultaneously contributes to an increase in COD. Concerning
the energy characteristic of hydrochar, the utilization of
CH3COOH negatively impacted the FC content of hydrochar
while concurrently decreasing its caloric value. In contrast, the
use of H2SO4 and HCOOH had positive effects on the FC
content and the caloric value of hydrochar. Future research
should evaluate and compare the economic effectiveness of using
sulfuric acid to leach sewage sludge hydrochar with sewage sludge
ash in order to provide an economic viewpoint of P recovery.
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TABLE 4 Proximate analysis and caloric value of hydrochar samples obtained after 30 min acid leaching time.

Sample description Proximate analysis of solids after acid leaching HHV

Acid used Acid leaching pH Temperature Volatile solids Fixed carbon Ash MJ/kg

HCOOH 2.75 200 47.26 6.76 45.98 13.49 (±0.04)

2.75 240 43.41 7.25 49.34 13.34 (±0.02)

2.125 220 49.16 7.2 43.63 13.93 (±0.05)

1.5 200 51.99 8.31 39.7 15.16 (±0.02)

1.5 240 51.31 8.8 39.8 15.28 (±0.02)

H2SO4 2.75 200 45.49 7.25 47.26 12.2 (±0.11)

2.75 240 41.73 8.77 49.5 12.71 (±0.2)

2.125 220 46.69 8.24 45.07 12.36 (±0.13)

1.5 200 51.97 9.15 38.88 13.78 (±0.02)

1.5 240 50.69 8.93 40.38 13.74 (±0.14)

CH3COOH 2.75 200 45.9 6.23 47.87 12.93 (±0.02)

2.75 240 42.46 6.56 50.98 13.49 (±0.2)

2.125 220 44.92 5.76 49.32 12.59 (±0.08)

1.5 200 42.88 6.18 50.94 10.97 (±0.1)

1.5 240 44.13 5.33 50.54 11.51 (±0.23)
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