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Abstract
Sewage sludge (SS) dewatering is a key step in sludge disposal, which plays an important role in
reducing sludge volume, facilitating transportation and subsequent treatment. In recent years, many
studies have focused on sludge hydrothermal dewatering, while resource recovery during this process is
less studied, especially humic substances. In this paper, a facile and low-cost hydrothermal-alkaline
treatment for SS was proposed, which can be used for sludge dewatering and humic acid (HA) recycling
at the same time. Response surface methodology (RSM) was used to determine the optimal conditions,
and a mathematical model was established to accurately predict the change of sludge water content and
the extraction rate of HA. Under the optimal conditions of 170 °C/42 min/0.05 (for hydrothermal
temperature, hydrothermal time and mass ratio of KOH to wet sludge, respectively), the water content
decreased to 46.7% and the extraction rate of HA (with a purity of 96.2%) was 89.1%. The improvement of
the dewatering performance effectively facilitates the subsequent disposal of the sludge. The extraction
of HA not only solves the problem that the sludge separation liquid needs further treatment, but also has
potential economic value in agriculture, biological medicine, environment and other �elds.

Introduction
Sewage sludge (SS) is the main by-product of sewage treatment plant. With the rapid development of
industrialization and urbanization, about 400 ~ 600 million-ton sludge (water content of 80%) can be
produced from wastewater treatment plants in China each year (García et al., 2017). The cost of sludge
treatment and disposal accounts for about 50% ~ 65% of the total operation cost of sewage treatment
plants (Zhao et al., 2016; Appels et al., 2008). The sludge is rich in water, heavy metals and a small
number of pathogenic microorganisms, parasitic eggs and other harmful substances (Zhang et al., 2018;
Lu et al., 2020). Sludge without proper treatment may become a secondary source of pollution and enter
the food chain through the atmosphere, groundwater, surface water and soil. It seriously endangers
human health and causes ecological risks. Therefore, the disposal of SS has become an increasingly
important problem.

Dewatering is the key step of sludge treatment, which can minimize the sludge volume, facilitate the
transportation. The reduction of sludge volume is also closely related to the economic feasibility of
subsequent treatment and disposal such as land�ll and incineration (Wu et al., 2020). In order to improve
the dewatering capacity of sludge and achieve the effect of deep dewatering, a variety of dewatering
processes have been widely studied and developed. Chen et al. (2020) enhanced the hydrolysis of
polysaccharides and proteins by acidi�cation and the water content of sludge cake was reduced to 60%
under the optimum condition. Kim et al. (2020) enhanced the dewaterability by thermal hydrolysis pre-
treatment and reduced the water content to 55.38%. Li et al. (2017) studied the combination of thermal
hydrolysis and alkalization and achieved excellent dehydration effect (31%). The principle of these
technologies is to promote the release of bound water, intracellular water and extracellular polymeric
substances (EPS) into the water phase. However, the destruction of sludge cells and the release of
organic matter increase the concentration of biochemical oxygen demand (BOD) and chemical oxygen
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demand (COD) in the sludge separation liquid, which not only increases the burden of subsequent
processing, but also causes waste of resources (Neyens and Baeyens, 2003a, 2003b; Zhang et al., 2019).
Hence, it is essential to realize resource recovery in the sludge dewatering process.

The resource utilization of sludge is mainly aimed at the rich organic matter (Protein, chitosan and
humus et al.) and nutrients (nitrogen, phosphorus and potassium). Many approaches have been studied
to facilitate the utilization of sludge. Such as energy recovery technology through combustion to recover
heat, through thermal decomposition and anaerobic digestion technology to recover biomass (Marin-
Batista et al., 2020; Wang et al., 2019; Wang et al., Dewil et al., 2007). Resource recovery technology
through pyrolysis to prepare biochar as adsorbent or soil conditioner (Figueiredo et al., 2019; Zhou et al.,
2018; Jin et al., 2016), extract humic acid (HA), nitrogen, phosphorus, potassium and other nutrients as
fertilizer (Li et al., 2009; Anielak et al., 2018; Quist-Jensen et al., 2018; Kulikowska et al., 2020). However,
sludge dewatering and recycling are usually carried out separately at present, resulting in complex
operation and high treatment cost. The development of new sludge dehydration and resource utilization
synergistic technology is the inevitable requirement and development trend in the future.

Humus is the main component of sludge organic matter, accounting for about 35% (Li et al., 2014), which
can be used as raw material for extracting HA organic fertilizer. The process of HA resource recovery in
the sludge dewatering process is less reported. In this study, a simple, low-cost method for sludge
dewatering and HA extraction was proposed. hydrothermal-alkali treatment was used to destroy the
sludge �ocs and cells to release the organic pollutants, and then HA was extracted from the
decomposition liquid by using the characteristics of alkali dissolution and acid precipitation (Gu et al.,
2019; Liu et al., 2019). Through single factor and response surface optimization (RSM) experiments, the
optimal conditions were determined, and the mathematical models for accurately predicting the change
of sludge water content and the extraction rate of HA were established. It provides a reference for sludge
reduction and resource utilization.

Materials And Methods
2.1 Raw sludge and chemicals

The raw sludge (RS) used in this study was obtained from a domestic sewage treatment plant located in
Guangzhou, Guangdong Province, China. The collected sludge was stored at 4 °C before use. The main
characteristics of RS sample are shown in Table 1. The reagents such as potassium hydroxide (KOH),
hydrochloric acid (HCl), sulfuric acid (H2SO4) were of analytical grade and purchased from Shanghai
Aladdin Bio-Chem Technology Corporation Ltd.

2.2 Process for sludge dewatering and HA extraction

Batch experiments of sludge dewatering and HA extraction were carried out in a hydrothermal reactor.
Mixing 30 g of sludge with a certain amount of alkali, and putting the mixture into an oven for
hydrothermal reaction. Centrifuging (5000 r/min, 5 min) the reacted solution to obtain dewatered sludge
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and solution containing HA. The water content of the sludge is measured by a moisture tester (Text S1),
and the HA is extracted and puri�ed by utilizing the characteristics that the HA is dissolved under an
alkaline condition and precipitated under an acidic condition (Li et al., 2014; Cristina et al., 2020).

2.2.1 Single factor test  

In order to investigate the effects of various factors on sludge dewatering and HA extraction, single factor
experiments were carried out with hydrothermal temperature (150, 160, 170, 180, 190, 200 °C),
hydrothermal time (30, 60, 90, 120, 150, 180 min) and alkali sludge ratio (g KOH: g wet sludge) (0:1,
0.01:1, 0.02:1, 0.04:1, 0.08:1, 0.16:1) as factors.

2.2.3 Response surface design

The above single factor experiments cannot consider the interaction of all factors, and also requires a
large number of experiments (Uma Maheswar Rao and Satyanarayana, 2007). RSM is an effective
statistical method for the study of complex variable processes. This method can effectively describe the
interaction between independent experimental factors and response values (Yang et al., 2011;
Ghafarzadeh et al., 2017). Therefore, on the basis of single factor method, RSM was used to determine
the optimal reaction parameters of sludge hydrothermal-alkali dehydration and HA extraction. Taking the
water content after extracting HA and the extraction rate of HA as response variables and hydrothermal
temperature (X1), hydrothermal time (X2) and alkali-sludge ratio (X3) as response factors, 17 groups of
experiment with three factors and three levels were designed to analyze the interaction of various factors
on the response value, to determine the functional relationship between the response value and the
in�uencing factors.

2.3 Calculation of extraction rate of HA

The extraction rate of HA in this experiment refers to the mass of sludge HA extracted from unit mass of
dry sludge, which is expressed by W, and the following Eq. (1) describes the calculation method of the
extraction rate of HA:

see formula 1 in the supplementary �les.

In the formula, m is the mass of the extracted HA (g), ω is the content of HA in unit mass of dry sludge
(%), p is the water content of sludge (%), and the determination method of ω is shown in the supporting
materials (Text S2.).

2.4 Characterization of HA

A batch of HA was extracted under the optimal conditions, and the carbon content of HA was determined
by volumetric method according to Standard GB/T 23349-2009, and then the mass fraction of the HA
was calculated according to the carbon content coe�cient of the biochemical HA. Modern instrumental
analyses such as inductively coupled plasma atomic optical emission spectrometer (ICP-OES), Fourier
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transform infrared spectroscopy (FTIR), Scanning electron microscopy (SEM) and Gel Permeation
Chromatography (GPC) have been applied in the characterization of the compositions of HA. An ICP-OES
(Perkin Elmer, Avio™ 200, CA, USA) was used to determine the concentration of heavy metal in obtained
HA. The FTIR spectra of the HA were measured with a FTIR spectrometer (NICOLET 8700, Thermo Fisher
Scienti�c, USA). SEM (Philips XL30 electron microscope, Holland) was applied to observe the morphology
of the HA. The average values of molecular weights and the molecular-weight distribution of HA was
measured by GPC (Water 1525 & Agilent PL-GPC2200). 

Results And Discussion
3.1 Analysis of single factor test results

The effect of hydrothermal temperature, hydrothermal time and ratio of KOH to sludge on water content
are shown in Fig. 1 (a), (b) and (c). And the effect of these factors on HA extraction rate are shown in Fig.
1 (d), (e) and (f). The results of the single factor tests indicate that the improvement of sludge dewatering
performance is consistent with the increase of HA extraction rate. The best effect is achieved under the
same single condition, which proves that it is possible to achieve dehydration and HA extraction in the
same process. In Fig. 1(a) and (d), the effect of temperature on improving the dehydration performance
and HA extraction rate show a trend of �rst promotion and then inhibition, and the best effect at 180 °C.
From Fig. 1(b) the water content of sludge decreases rapidly in 0 ~ 30 min, and slowly in 30 ~ 60 min.
The water content of sludge reach equilibrium in 60 min, and the lowest water content is 47.96%. It can
be seen from Fig. 1(e) that within 60 min, the extraction rate of HA increases with the increase of
hydrothermal time, and the maximum extraction rate reaches 82.2% at 180 °C. The effect of alkali dosage
in Fig. 1(c) and (f) show that with the increase of KOH dosage, the dehydration performance increased
�rst and then decreased, the HA extraction increased �rst and then decreased. The optimal effect both
achieve when the ratio of alkali to sludge was 0.04.

3.2 Statistical analysis

3.2.1 Optimization of operating variables and analysis of their interaction

In order to study the optimal process parameters of sludge dewatering and HA extraction, 17 groups of
experiment designed by Box-Behnken. The results at each point based on the experiment design for the
change of water content and HA extraction rate are shown in Table 2. And the response surface
experimental scheme data (Table 2) designed by Box-Behnken were �tted. Quadratic polynomial
equations for responses using relative parameters were established as described below in Eq. (2) and
(3): see formulas 2 and 3 in the supplementary �les.

In the above quadratic equation, Y1 is water content of the sludge, Y2 is extraction rate of HA, X1 is the
hydrothermal temperature, X2 is the hydrothermal time and X3 is the ratio of alkali to sludge.
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The signi�cance and universal applicability of the quadratic model can be checked by variance (ANOVA)
of experimental data, as shown in Table S1 and Table S2 in supplemental material. The square statistics
(R2) of Eq. (2) and (3) were 0.9890 and 0.9915, respectively, indicating that the model �tted the response
well, and only 1.1% and 0.85% of the total variations could not be explained by the model Eq. (2) and (3)
respectively. According to the analysis of variance, the P-value and F-value determined the signi�cance of
each term at the designed level of con�dence. P-value below 0.05 indicates that the factor has a
signi�cant effect on the response values (Ooi et al., 2018). The P values of Eq. (2) and (3) were all less
than 0.0001. The F-values of Eq. (2) and (3) were 69.91 and 90.19, respectively, which were much higher
than the standard F value (F0.05 = 4.25). The residual analysis diagrams (Fig. S1, Fig. S2) of the two
models also show that all kinds of errors are within the normal range, indicating the accuracy of the
model data Therefore, the two models are highly signi�cant and adequate to describe the response.

3.2.2 RSM analysis

The interactions between the model terms were expressed by a three-dimensional surface plot. While
plotting the surface between two of the independent variables and the response value, keep the other
independent variables at their respective zero level (Yang et al., 2011). A high F-value and a low P-value
indicate signi�cance in the model equation (Mazaheri et al., 2010). ANOVA analysis shown in Table S1
indicate that the change of sludge water content (Y1) was signi�cantly dependent on the independent

variables X2, X3 and the quadratic term X1
2. The three-dimensional plots Fig. 2(a) ~ (c) reveal that the

water content of sludge decreased slowly with the increase of hydrothermal time, and decreased �rst and
then increased with the increase of hydrothermal temperature. The ratio of alkali to sludge had the most
signi�cant effect on the change of water content of sludge, and the water content decreased rapidly with
increase of alkali dosage. The change of water content can be attributed to the destruction of cell
structure by heat treatment, which leads to the dissolution of sludge organic matter and the release of
bound water and improves the dewaterability. Meanwhile, the destruction of cell structure reduces the
particle size of sludge, which is not conducive to dewaterability. Therefore, the effect of heat treatment on
sludge dewaterability reaches a balance under a certain condition. The experiment on municipal sludge
showed that the hydrolysis rate was the highest at 165 - 180 °C, and the contact time (10 ~ 30 min) had
little effect on the hydrolysis rate (Schnell et al., 2020; Wang et al., 2020). Fig. 2(d) is a comparison graph
of the predicted value of the model and the change of the actual sludge water content. It can be seen
from the �gure that the experimental values and predicted values are distributed around a straight line,
indicating that the model �ts well.

ANOVA analysis shown in Table S2 show that the HA extraction rate (Y2) was signi�cantly dependent on

the independent variables X1, X2, X3, the quadratic term X3
2 and the interaction term X1X3. X3 and X3

2

have the largest F-value, which shows that the ratio of alkali to sludge is the most important factor
affecting the extraction rate of HA. Fig. 3(a) ~ (c) show that the extraction rate of HA increases slowly
with the increase of temperature, decreases with the increase of time, and increases rapidly with the
increasing of alkali sludge ratio. Fig. 2(d) shows the comparison between the predicted value of the
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model and the actual extraction rate of HA, and the linear correlation is very high, which shows that the
model has accurate judgment and good �tting degree for the actual process.

3.3 Analysis and validation of response surface optimization condition

In order to optimize the process parameters of simultaneous extraction of HA from hydrothermally
dehydrated sludge, the factors were limited in the experimental range, the response value of sludge water
content target was set to be the lowest, and the HA extraction rate target was set to be the highest. The
optimal solution is that the hydrothermal temperature is 169.42 °C (taken as 170 °C), the hydrothermal
time is 41.99 min (taken as 42 min), and the ratio of alkali to sludge is 0.05. Under these conditions, the
predicted value of sludge water content is 47.2%, and the predicted value of HA extraction rate is 91.0%.

To verify the effectiveness of the optimal parameters, validation tests were carried out. The water content
was 46.7% and the extraction rate of HA was 89.1% under the optimal condition. The results were very
close to the predicted values, which indicated that the two models �tted well and could be used to predict
the change of sludge water content and the extraction rate of HA in the process of sludge dewatering and
HA extraction. The improvement of sludge dewatering performance is better than that reported in the
literature (Table S3). The determination method of HA purity is the same as the method of the content of
HA in unit mass of dry sludge (Text S2). And the purity of the HA product is 96.2%.

3.4 Analysis on the properties of HA

3.4.1 Heavy metal analysis

Heavy metals are dangerous chemicals and toxic substances which should be limited within national
standard when using for agriculture, biomedicine applications. ICP-OES analysis of samples was
performed to evaluate the content of heavy metal of HA. The mass fraction of heavy metals in the
puri�ed HA in the study and its comparison with the values in National Standard GB/T 23349-2009 are
shown in Table 3. The concentrations of heavy metals detected in HA are in permissible levels and are
safe from the toxicological view for health.

3.4.2 FTIR analysis of HA 

The FTIR spectra of the HA extracted from the sludge is shown in Fig. 4. The interpretation is based on
the work of Sarlaki et al. (2019), Nasir et al. (2011) and He et al. (2008). The absorption bands in 3400
cm-1 are due to stretching vibrations of -OH or -NH groups with varying degrees of hydrogen bonding. The
absorption peaks of 2928 cm-1 and 2850 cm-1 are aliphatic -CH3 deformation vibration and -C-H

extension vibration. The absorption bands in 1650 cm-1 was an amide І band or a peptide bond vibration
and 1540 cm-1 was an amide П band or an absorption peak of heterocyclic N vibration. The absorption
bands in 1450 - 1465 cm-1 region was assigned to the C = C stretching in aromatic compounds, the
stretching of aliphatic -CH2, -CH3 and -NH2 vibration in peptide. The spectrum also showed bands at 1380

cm-1 (-C-H deformation of -CH2 and -CH3 salts of carboxylic acid) and 1200 - 1260 cm-1 (C=O stretching



Page 8/20

vibration of esters, ethers and phenols). The band at 1040 cm-1 is attributed to R-OH or -SO3 vibration.
The results of infrared spectrum show that HA contains a large number of phenolic hydroxyl, alcoholic
hydroxyl, nitro, aromatic and aliphatic compounds, and more peptide bonds, ether bonds, amide and
other functional groups than mineral HA.

3.4.3 SEM analysis of HA

The HA microscopic images are shown in Fig. 5. Fig. 5(a) is a microscopic image of HA magni�ed 500
times. It was observed that the shape and size of HA are not regular and uniform. The particle size
distribution of the HA is between 10 and 30 μm. In higher magni�cations (2500 times in Fig. 5(b) and Fig.
5(c), and 10000 times in Fig. 5(d)), surfaces with a smooth, non-porous and sponge-like appearance are
observed in HA, its loose structure is similar to the HA extracted and puri�ed from lignite waste by Nasir et
al. (2011).

3.4.4 Analysis of GPC

 The relative molecular mass and its distribution of the HA were measured by GPC, and the results are
shown in Fig. 6. According to the principle of gel chromatography, the peaks of the compounds appear in
turn according to the molecular weight. It can be seen from Table 4 that the number-average molecular
weight (Mn) and weight-average molecular weight (MW) of HA are 20602 and 43015 respectively, which
are smaller than the molecular weight of commercial HA reported in literature (148616) (Janoš and
Tokarová, 2002) and larger than HA extracted from peat (33700) (Novak et al., 2001). Polydispersity (PDI,
MW/Mn) can be used to indicate the molecular weight distribution of a substance. If the PDI value is close
to 1, it indicates that the molecular weight distribution of the substance is narrow. If the PDI value is ≥ 2,
it indicates that the molecular weight distribution of the substance is broad (Cheng et al., 2018). The PDI
value of HA extracted from sludge in this paper was 2.0879, which indicated that the molecular weight
distribution of HA was wide.

Conclusion
In this paper, the deep dehydration of sludge and the extraction of HA were realized simultaneously by
hydrothermal-alkali treatment. RSM was adopted to estimate the effect of the three key factors on
process of sludge reduction and reclamation and to optimize the process parameters. According to
experiments and statistical analysis, the water content was 46.7% and the extraction rate of HA was
89.1% under the optimal conditions, which closely matched the predicted value. The low water content of
sludge fully meets the requirements of subsequent disposal. HA with rich functional groups, high purity
and safety has potential economic values.
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Tables
Table 1 The main characteristics of RS sample

 

Water content (%) pH Organic matter (%) Total HA (%)

78.6 6.02-6.16 30.3 6.72

 

 

 
Table 2 Independent variables, their domain, and experimental data for Box-Behnken design
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Independent variable Factor code Level of factors

-1 Level 0 Level +1 Level

 Hydrothermal temperature (°C) X1 170 180 190

Hydrothermal time (min) X2 30 60 90

The ratio of alkali to sludge X3 0.01 0.025 0.04

Run Code levels HA extraction

  rate (%)

Water content (%)

X1 X2 X3

1 1 0 1 60.98 51.7

2 1 0 -1 50 67.22

3 1 1 0 60.38 55.34

4 0 1 -1 37.45 52.54

5 0 0 0 72.1 56.38

6 0 0 0 70.1 51.9

7 0 1 1 63.74 43.7

8 0 0 0 73.1 53.55

9 0 0 0 76.8 53.12

10 -1 1 0 71.2 53.93

11 -1 0 -1 38 69.63

12 -1 0 1 91.03 50.76

13 0 0 0 75.9 52.64

14 -1 -1 0 87.74 72.69

15 0 -1 -1 49.21 75.12

16 0 -1 1 88.62 54.54

17 1 -1 0 75.8 70.87

 

 

 
Table 3 Mass fraction of heavy metals in the purified HA in the study 

and its comparison with the values in National Standard GB/T 23349-2009
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Element As Cd Cr Pb Hg

HA 0.0010 0.0001 0.015 0.0006 0.0002

National Standard ≤0.0050 ≤0.0010 ≤0.0500 ≤0.0200 ≤0.0005

 

 
Table 4 Relative molecular mass of product

 

Distribution Name Mn Mw Polydispersity

molecular mass 20602 43015 2.0879

Figures

Figure 1

Effects of (a) thermal hydrolysis temperature, (b) hydrothermal time, (c) ratio of KOH to sludge on water
content, (d) hydrothermal hydrolysis temperature, (e) hydrothermal time, (f) ratio of KOH to sludge on HA
extraction rate of sludge.



Page 16/20

Figure 2

3D response surface and contour plots showing the effect of (a) hydrothermal temperature and
hydrothermal time, (b) hydrothermal temperature and the ratio of KOH to sludge, (c) hydrothermal time
and the ratio of KOH to sludge on the change of sludge water content, (d) comparison between the
predicted value of the model and the variation of sludge water content during the experiment.
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Figure 3

3D response surface and contour plots showing the effect of (a) hydrothermal temperature and
hydrothermal time, (b) hydrothermal temperature and the ratio of KOH to sludge, (c) hydrothermal time
and the ratio of KOH to sludge on the HA extraction rate, (d) Comparison between the predicted value of
the model and the variation of HA extraction rate during the experiment.
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Figure 4

Infrared spectrogram of HA
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Figure 5

SEM images of (a) HA of 500 times, (b) HA of 2500 times, (c) HA of 10000 times, (d) HA of 10000 times.
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Figure 6

Relative molecular mass and its distribution of HA
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