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Objective: The efficient operation of excess biological sludge treatment processes, including
thickening, digestion, and dewatering, is crucial to the overall performance of activated sludge
wastewater treatment systems. This study aimed to evaluate the key operational parameters
affecting these stages in order to optimize the use of nano montmorillonite and its acid—thermally
modified form as sludge conditioners. The objective was to assess the effectiveness of these
materials in improving sludge dewaterability, enhancing sludge digestibility, and increasing
methane production

Method: Laboratory-scale experiments were conducted using real sludge samples, provided
from the South Tehran Wastewater Treatment Plant. The primary parameters assessed included
time to filtration (TTF), specific resistance to filtration (SRF), capillary suction time (CST), zeta
potential, bound water content, and sludge digestibility. Pearson correlation analysis was applied
to explore the relationships between the nanomaterials and these parameters. Additionally, a
heatmap was generated to illustrate the interdependencies among them.

Results: The greatest reduction in SRF was observed with 300 mg/g dry solids of nano
montmorillonite, yielding SRF values of 6.7x10'? and 52.8x10'? m/kg for excess and digested
sludge, respectively. Using 200 mg/g of the modified form produced SRF values of 6.2x10'? and
45.3x10"2 m/kg for excess and digested sludge, respectively. At the same optimal dosages, TTF
and CST were improved significantly by nano montmorillonite and its acid-thermal modified:
31, 26, 2, and 2.3 seconds for excess sludge and 192, 164, 6, and 5 seconds for digested sludge,
respectively. The modified nanomaterial reduced zeta potential and bound water content by
93.8% and 80.4% in excess sludge and by 89.7% and 77.9% in anaerobically digested sludge.
The heatmap analysis at dosages of 0, 100, 150, 200, 250, 300, and 350 mg/g revealed strong
correlations (97-98%) among TTF, CST, and SRF. Therefore, the related results showed
methane production improvement in anaerobic digestion phase.

Conclusions: Both investigated materials, nano montmorillonite and acid-thermally modified
nano montmorillonite, despite their different dosage requirements, exhibited good performance
in sludge conditioning, thickening, and dewatering. In addition, a strong correlation was observed
among the three parameters of TTF, CST, and SRF.
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Introduction

The processes of conditioning, thickening, digestion, and dewatering represent critical stages in the
treatment of excess biological sludge generated in activated sludge wastewater treatment plants. Currently,
synthetic coagulants such as cationic polyelectrolytes and conventional chemical flocculants like alum or ferric
chloride are commonly used for sludge conditioning. However, these chemical agents have limited impact on
the sludge's physical properties, particularly its permeability and compressibility.

For this reason, research into alternative materials that can positively influence the physical properties of
sludge remains ongoing. Among these alternatives, the use of natural materials and waste-derived compounds
as substitutes for synthetic chemicals has garnered increasing attention. In this context, clay minerals have
emerged as promising candidates due to their unique structural properties. Previous studies have demonstrated
that clay minerals especially bentonite, kaolin, and smectite can improve sludge dewaterability and act as
effective physicochemical conditioners in sludge dewatering processes. To evaluate and quantify sludge
dewaterability, key parameters such as capillary suction time (CST), time to filter (TTF), and specific
resistance to filtration (SRF) are typically employed. Furthermore, the digestibility of conditioned sludge is
assessed by measuring biogas production and analyzing its composition in terms of carbon dioxide and
methane percentages.

The objective of this study is to investigate the application of various dewatering and digestibility
assessment parameters, as well as their intercorrelations, considering different types of sludge produced in
wastewater treatment plants namely, waste activated sludge and anaerobically digested sludge. This is achieved
through the use of nano montmorillonite and its acid-thermal modified form as conditioning agents.

Method

Samples of waste activated sludge were collected from the return sludge line (secondary sludge) and
anaerobically digested sludge samples obtained from the sludge outlet stream of the anaerobic digester at the
South Tehran Wastewater Treatment Plant.

Nano montmorillonite powder was procured from Nano Materials Iranian Co., based in Mashhad. To
enhance the structure and functional performance of the nano montmorillonite, an acid-thermal activation
process was employed. This modification led to increased porosity and a larger specific surface area, and also
facilitated the extraction of aluminum ions. For activation, the nano montmorillonite was mixed with 2 Molar
sulfuric acid at a solid-to-liquid ratio of 1:10, and the mixture was subjected to continuous stirring and reflux
heating at 95°C for 2 hours. Upon completion of the reaction, the material was washed with deionized water
and dried at 60°C. Subsequently, to stabilize the activated structure, it was heated at 200°C for 2 hours. Three
primary parameters including TTF, CST and SRF were measured and evaluated according to standard methods
to assess the sludge’s filterability (dewaterability). The zeta potential was determined with a zeta potential
analyzer. To investigate the effect of nano montmorillonite and its modified form on sludge digestion and
biogas production, particularly methane yield, three laboratory-scale anaerobic reactors containing the two
types of sludge mixture with investigated coagulants and the blank one were designed and tested. All reactors
were maintained under anaerobic conditions in a water bath at a constant temperature of 35°C for a period of
15 days. Upon completion of the digestion period, the volume of biogas produced in each reactor was
measured. To determine the methane content, gas samples were collected in Tedlar bags and analyzed using
gas chromatography with a thermal conductivity detector (TCD).

Pearson correlation analysis was employed to determine the relationships among SRF, CST, and TTF
parameters. Finally, a heatmap was generated using Python software to visualize these relationships. The direct
association and correlation between the applied nanomaterials and the measured performance indices were also
evaluated.
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Results

The maximum reduction in filtration time was achieved at a dosage of 200 mg/g dry solids using the
modified nano montmorillonite. In comparison, this level of reduction was only attainable with unmodified
nano montmorillonite at a higher dosage of 300 mg/g dry solids. Further increase in dosage up to 400 mg/g
resulted in marginal changes in filtration time, indicating a plateau in performance. The addition of both nano
montmorillonite and modified nano montmorillonite to anaerobically digested sludge significantly contributed
to reducing filtration time. A notable decrease in filtration time was observed with increasing dosages up to
approximately 200 mg/g dry solids, indicating improved dewaterability of the sludge. The greatest reduction
in filtration time using unmodified nano montmorillonite was recorded at a dosage of 300 mg/g dry solids.

The application of nano montmorillonite and its modified form at dosages up to 200 mg/g dry solids
significantly decreased the CST of excess biological sludge. In the thickening process using nano
montmorillonite, further reduction in CST was observed at 300 mg/g dry solids. Based on the findings, it can
be concluded that the use of modified nano montmorillonite at an optimal dosage of 200 mg/g dry solids
effectively reduced the CST of anaerobically digested sludge and enhanced the dewatering process.

Increasing the amount of nano montmorillonite to 300 mg/g dry solids reduced the specific resistance to
filtration (SRF) of excess biological sludge from 17x10' to 6.7x10'> m/kg. Moreover, when the digested
sludge was conditioned with the same dosage, the lowest SRF value of 52.8x10'> m/kg was recorded, compared
to the initial SRF of 135x10"* m/kg. Likewise, the application of modified nano montmorillonite at 200 mg/g
dry solids in excess biological sludge resulted in the lowest SRF value of 6.2x10'> m/kg.

Given the superior performance of the modified nano montmorillonite, its effect on the reduction of zeta
potential and bound water content in both excess biological and digested sludge was investigated at the optimal
dosage. Results indicated that this nanomaterial reduced zeta potential and bound water by 93.7 percent and
80.4 percent in excess biological sludge, and by 89.7 percent and 77.9 percent in digested sludge, respectively.

The addition of nanomaterials, particularly nano clays such as nano montmorillonite and its modified
variants, has emerged as an effective approach to enhance anaerobic digestion and improve methane yield. The
results of this study confirmed that modified nano montmorillonite significantly improved process performance
and stability, leading to a considerable increase in methane production.

Pearson correlation analysis revealed a strong correlation between the three key dewatering indicators TTF,
CST, and SRF across all samples, with correlation coefficients ranging from 0.97 to 0.98. This high correlation
indicates synchronized behavior among these parameters during the sludge dewatering process. Moreover, all
samples exhibited negative correlation coefficients between conditioning dosage and the parameters, indicating
an inverse linear relationship.

Conclusions

This study aimed to evaluate the effectiveness of nano-scale mineral montmorillonite and its acid-thermal
modified form as potential substitutes for conventional polyelectrolytes. The findings demonstrated that both
natural nano montmorillonite and its acid-thermal modified form are effective in improving key indicators
related to sludge dewatering and anaerobic digestion. Overall, the results of this study highlight that the
application of natural and modified nano montmorillonite offers an innovative and promising approach to
enhancing sludge conditioning, thickening, anaerobic digestion, and dewatering processes. However, further
mid-term evaluations (over a period of approximately three years) at pilot and full-scale levels are
recommended to identify operational conditions and assess the resilience limits of this solution under varying
treatment plant configurations.

Additional studies are suggested to investigate the physicochemical properties of the materials, the
structural changes in sludge matrices, and their impacts on sludge dewaterability and digestibility. Exploring
alternative modification methods for montmorillonite and evaluating their effectiveness, as well as targeted
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assessments of this approach within the context of wastewater reuse and resource recovery goals, are also
essential.
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