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Abstract 13 

Inorganic coagulants such as poly aluminum ferric chloride (Al/Fe) are applied 14 

conventionally to sewage sludge dewatering and can be retained in the sludge cake, causing its 15 

conductivity to increase and generate secondary pollution. To reduce these disadvantages, there 16 

is a need to develop alternative, more sustainable chemicals as substitutes for conventional 17 

inorganic coagulants. In the present investigation, the application of a polymeric chitosan 18 

quaternary ammonium salt (CQAS) is explored as a complete, or partial, replacement for Al/Fe 19 

in the context of sludge dewatering processes. Laboratory experiments using digested sewage 20 

sludge showed that CQAS could effectively substitute for over 80% of the Al/Fe inorganic 21 

coagulant in the sludge dewatering process. This substitution resulted in a reduction of sludge 22 

cake conductivity by more than 50%. Simulation of sludge dewatering curves and imaging of 23 

the sludge surface indicated that the addition of CQAS led to an increase in nanosized pores, 24 

and a decrease in the specific resistance of the sludge filter cake as the dosage of Al/Fe 25 

decreased to around 30%. The variations of fluorescence emission, quantum yield and 26 

carboxylic and amino groups, suggested that the chelating of Al/Fe decreased due to the 27 

bridging effects of CQAS. The CQAS had different flocculation bridging effects on various 28 

EPS fractions, which varied the amount of protein chelated with Al/Fe in each fraction. This 29 
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study provides new information about the benefits of replacing conventional inorganic 30 

coagulants with natural organic polymers for sewage sludge dewatering, in terms of reduced 31 

sludge cake conductivity and greater dry solids content. 32 

Keywords: Chitosan quaternary ammonium salt; quaternary ammonium polymer coagulant; 33 

polymeric aluminum ferric chloride; dual coagulants; sewage sludge; sludge dewatering 34 

 35 

1 Introduction 36 

As a product of primary and secondary (biological) wastewater treatment processes, 37 

sewage sludge represents a secondary pollutant source that requires careful management and 38 

control. This is attributed to its organic content, pronounced odor, and substantial presence of 39 

pathogenic organisms, parasitic eggs, organic micro-pollutants and heavy metals (Cao et al., 40 

2021; Wu et al., 2023a). Every year the production of sewage sludge dry solids (ds) is 41 

approximately 0.4 million tons in Australia and New Zealand, and approximately 17.8 million 42 

tons in the United States (Wu et al., 2020). In 2020, the production was more than 13.0 million 43 

tons and 13.3 million tons in the European Union and in China, respectively (Wu et al., 2020). 44 

The total sludge production in China has increased significantly with an average annual growth 45 

of 13% in the past decade (Yang et al., 2015). Moreover, in 2014, the cost of sludge dewatering 46 

was reported to be US$ 60-90 /ton sludge with a moisture content of 80%, and the cost of 47 

sanitary landfill, incineration, building materials and land application was 72-96, 240-360, 240-48 

360 and 240-280 US$/ton ds in China (Yang et al., 2015). In general, the cost of sludge 49 

treatment and disposal has been estimated to account for around 20% of the operating cost of 50 

sewage plants in China. The large and growing production of sewage sludge represents a 51 

significant challenge in terms of the increasing cost of sludge treatment every year. Therefore, 52 

the amount of sludge should be minimized, typically by dewatering processes, in order to 53 

facilitate its transportation and reduce the output of hazardous materials from sludge landfills 54 

(Wu et al., 2023a), (Xiao et al., 2023a).  55 

The heterogeneous colloidal composition of sludge comprises small particles, suspended 56 

stably in water, which are difficult to separate from the aqueous solution without any chemical 57 

preconditioning process prior to the application of mechanical pressure (Wang et al., 2018). 58 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sludge-treatment
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Inorganic coagulants such as poly aluminum chloride (PAC) and poly ferric chloride (PFC) are 59 

commonly used for improving the dewaterability of sludge. The colloids of the sludge are 60 

agglomerated by the PAC and PFC through a combination of charge neutralization, floc 61 

formation and polymer bridging effects, to facilitate water separation (Wang et al., 2018). The 62 

hydrolyzed cationic species of inorganic coagulants such as Al(OH)2+ and Fe(OH)2+ neutralize 63 

the negative ions in the diffusion layer on the surface of the sludge particles, causing the 64 

electric double layer to compress and the electrostatic repulsion between the particles to reduce, 65 

thus making particles easier to agglomerate (Cao et al., 2021). The subsequent addition of rigid 66 

and incompressible flocculant materials as a skeleton can increase the mechanical strength, 67 

permeability of the sludge particles and water channels, which promotes the release of adsorbed 68 

and bound water, and improve the filtration dewatering performance (Cao et al., 2021). 69 

However, the aluminum ions retained in the dewatered cake can lead to adverse environmental 70 

effects when disposed to land, such as an increase in conductivity which can stunt plant growth 71 

and pollute underground and surface water via rainfall or surface runoff (Xu et al., 2021; Liu 72 

et al., 2021). In particular, if the source water is polluted by the aluminum from the underground 73 

or surface water, there may be a risk to human health as aluminum has been associated with 74 

neurodegenerative diseases such as Alzheimer's disease. Thus, it is desirable to develop metal-75 

free polymer chemicals to substitute the inorganic coagulants for sludge dewatering. 76 

Biological sludges contain complex polymers that are generated by microorganisms 77 

through dissolving and absorbing organic matter. A major constituent are extracellular 78 

polymeric substances (EPS), which in turn comprise 70%-80% proteins and polysaccharides, 79 

and 10%-20% nucleic acids and humic acid (Sam et al., 2022; Cao et al., 2018). Compared 80 

with polysaccharides, the proteins play the most significant role in sludge dewatering (Lin et 81 

al., 2022). In particular, the content and structure of proteins are the key factors affecting sludge 82 

dewaterability. For example, sludge dewaterability could be improved by regulating proteins 83 

towards production of a high content of tryptophane and low content of tyrosine (Cao et al., 84 

2021). The proteins extracted from different sludge EPS by cation exchange resin were reported 85 

to have a high similarity and many vital molecular functions (Peng et al., 2023). In particular, 86 

the predominant molecular function of protein is the cation binding activity arising from the 87 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/flocculant
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interaction of free amino groups with cations (Peng et al., 2023). During coagulation the 88 

proteins can provide binding sites for Al3+ or Fe3+ (and their charged hydrolysis species) 89 

through a cation exchange reaction (Fuchs and Jupke, 2022), which reduces the effective 90 

content of the inorganic coagulant and deteriorates sludge dewatering (Wei et al., 2018; Xu et 91 

al., 2018). Therefore, the accessible surface area of proteins in solution should be reduced and 92 

then the hydrophobicity and binding free energy would increase, leading to a strong gel-like 93 

network of EPS exposing hydrophobic interaction sites (Wu et al., 2021; He et al., 2023). The 94 

bridging flocculation of polymers can enable the colloids of sludge aggregates to help coat the 95 

surface area of proteins with adjacent material, thereby decreasing their surface area (Delahaije 96 

et al., 2017). Thus, if the polymer is applied at the first stage of sludge conditioning, the 97 

effective content of inorganic coagulant can be enhanced and result in an improved sludge 98 

dewaterability. 99 

Polymers such as polyacrylamide (PAM) and its derivatives have been studied extensively 100 

in terms of their selection, design, preparation and optimization for sludge dewatering via 101 

bridging flocculation (Zhang et al., 2020). However, the utilization of PAM is typically 102 

insufficient to enable a reduction in the dosage of inorganic coagulants, owing to the restricted 103 

capacity for bridging flocculation. For anaerobic digested sludge with a capillary suction time 104 

(CST) of above 600 s, the percentage of PAM in dry solid sludge can reach 0.8% and the 105 

content of inorganic chemicals, such as PAC or PFC, can be around 1% - 3% of dry solids in 106 

sludge, which results in the conductivity of the sludge cake increasing to around 20%. In 107 

addition, synthetic polymers may contain toxic by-products, such as the acrylamide monomer 108 

(a neurotoxin) in PAM, which can cause secondary pollution (Wang et al., 2018). Natural 109 

polymers originate from animals and plants, are abundant, renewable and biodegradable. As 110 

the derivative of chitin, chitosan occurs in a large number of living organisms, such as shrimps, 111 

crabs, tortoises and insects (Kankariya and Chatterjee, 2023). Since chitosan can only be 112 

dissolved in acetic acid or hydrochloric acid solutions, many derivatives have been prepared to 113 

enable it to have a wide application. In particular, the chitosan quaternary ammonium salt 114 

(CQAS) is a kind of cationic coagulation aid with a high molecular weight of around 100-300 115 

kDa, which enables it to have a greater bridging effect in flocculation compared to PAM, with 116 

https://cn.bing.com/dict/search?q=capillary&FORM=BDVSP6&cc=cn
https://cn.bing.com/dict/search?q=suction&FORM=BDVSP6&cc=cn
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a molecular weight of approximately 100 kDa. Thus, there is much potential for CQAS to be a 117 

good substitute for inorganic coagulants in sludge dewatering. 118 

In this study, CQAS was applied to replace poly aluminum ferric chloride (Al/Fe), 119 

partially or completely, for sludge dewatering. The study employed principal component 120 

analysis (PCA), and the correlation by linear regression between the indexes of ultraviolet-121 

visible absorbance (UV-Vis) and the fluorescent components extracted from excitation-122 

emission (EEM) fluorescence spectrometry, for various extracellular polymer substances (EPS) 123 

components, including soluble EPS (S-EPS), loose-bounded EPS (LB-EPS) and tight-bounded 124 

EPS (TB-EPS). Based on these methods, redundancy analysis (RDA) was carried out to obtain 125 

an analysis of the relationship between the key indexes and the dosages of Al/Fe and CQAS by 126 

combining multiple linear regression and a PCA of the matrix of fitted indexes. Variation 127 

partitioning (VPA) was applied to analyze the variations of fluorescent components, which 128 

could be explained by at least two of them, because the sludge dewaterability could be impacted 129 

by the interactions between protein-like and humic-like substances through charge 130 

neutralization and flocculation during conditioning. Moreover, sludge dewatering curves were 131 

simulated and the variation of functional groups for dewatered sludge was analyzed. The results, 132 

described subsequently, have shown that the CQAS can replace more than 80% of Al/Fe 133 

inorganic coagulants for sludge dewatering and decrease the sludge cake conductivity by more 134 

than 50%. 135 

 136 

2 Materials and methods 137 

2.1 Raw digested sludge (RDS) and reagents 138 

Samples of RDS were obtained from the Gaobeidian reclaimed water plant, of the Beijing 139 

drainage group company, China. The principal properties of the RDS are shown in Table 1. The 140 

company provided poly aluminum ferric chloride (Al/Fe) solution with an effective constituent 141 

mass concentration of 10% and cationic polyacrylamide (PAM), with a cationic degree of 30% 142 

and a PAM mass concentration of 0.4%. These reagents are used for sludge dewatering in 143 

practice by the company. The CQAS had a 98% degree of substitution, with the MW ranging 144 

from 100 to 200 kDa, and was purchased from the Macklin company in China. The viscosity 145 

https://cn.bing.com/dict/search?q=effective&FORM=BDVSP6&cc=cn
https://cn.bing.com/dict/search?q=constituent&FORM=BDVSP6&cc=cn
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of a 1% aqueous solution of CQAS at 20 oC was between 10 and 100 mPa·s. The mass 146 

concentration of the CQAS solution applied in this study was 5%. 147 

 148 

2.2 Conditioning and dewatering of sludge 149 

100 mL of RDS was put into a 250 mL beaker, and 1 mL of the CQAS solution with a 150 

mass concentration of 5% was added to the RDS. Then, an electric stirrer (HD2004W, Sile, 151 

shanghai) was used for mixing the contents at a speed of 60 rpm for 10 min, followed by the 152 

addition and mixing (100 rpm for 10 min) of 0, 0.25, 0.5- or 0.75-mL volumes of Al/Fe solution 153 

(10% mass concentration), representing CQAS: Al/Fe ratios of 1:0, 1:0.5, 1:1 or 1:1.5. 154 

Separately, 11 mL of PAM solution with a mass concentration of 0.4% was mixed with sludge 155 

at 60 rpm for 10 min. In addition, 1.8 mL of Al/Fe solution (mass concentration of 10%) was 156 

added to the RDS at 100 rpm for 10 min, and then 11 mL PAM solution was mixed at 60 rpm 157 

for 10 min to produce a coagulant ratio of 0: 3.6. Samples of the conditioned sludges were 158 

taken for spectral analysis. Lastly, the conditioned sludge was put into a frame filter for 159 

dewatering under a pressure of 4 bar for 20 min. The moisture content of the dewatered cake 160 

was calculated by the weight loss before and after drying in a drying oven (PH-030A, Yiheng, 161 

shanghai) at 105 oC for 2 h. 162 

 163 

2.3 The replacement ratio of Al/Fe by CQAS 164 

As shown in Table 2, the dosage of the coagulant chemicals was calculated by their mass 165 

ratio in a dry solid of sludge. According to the company, which employed Al/Fe and PAM for 166 

the sludge conditioning in practice, the Al/Fe optimum dosage was 3% of the mass fraction of 167 

RDS dry solids, which was used as the basis to calculate the replacement ratio of Al/Fe by 168 

CQAS. Moreover, the dosage of PAM was 0.73% of the RDS dry solid mass. The dosage of 169 

the coagulant was calculated by the mass ratio in a dry solid of sludge based on the equation 170 

given in the Supporting Information (SI, Text S1). 171 

 172 

2.4 The extraction and measurements of extracellular polymer substances (EPS) 173 

A 50 mL sample of RDS or conditioned sludge was placed in a centrifuge tube and 174 
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centrifuged at 3000 rpm for 10 min, and the supernatant liquid was assumed to contain soluble 175 

EPS (S-EPS). After the S-EPS was separated, the residual sludge was diluted by NaCl solution 176 

with a mass ratio of 0.05% to 50 mL and homogenized with a glass rod and shader (Vortex-177 

Genie 2, scientific industries, USA). The solution was treated in an ultrasonic bath 178 

(Ultrasonic Instrument, Kunshan, China) at a frequency of 100 kHz for 10 min, then 179 

centrifugated at 5000 rpm for 10 min, and the supernatant liquid was assumed to contain 180 

loosely bound EPS (LB-EPS). The supernatant liquid was removed and the residual solids 181 

diluted by the addition of 0.05% NaCl solution, then heated at 60 oC for 30 min in a water bath 182 

after homogenization. Lastly, it was centrifuged at 5000 rpm for 10 min and the supernatant 183 

was assumed to contain tightly bound EPS (TB-EPS).  184 

The three kinds of EPS (S-EPS, LB-EPS and TB-EPS) were diluted 500 times with 185 

deionized water (DI) and then filtered by 0.22 µm membrane. The filtrates were examined by 186 

UV-vis spectrophotometer (UV-vis, Varian Cary 100, USA) and excitation-emission matrix 187 

fluorescence spectrometry (EEM, F-4600, Hitachi, Japan). Specific ultraviolet absorbance at 188 

254 nm [SUVA254 (L•mg/C•m)] and 280 nm [SUVA280 (L•mg/C•m)] are the absorbance per 189 

unit carbon, determined as the absorption coefficient at 254 and 280 nm divided by the total 190 

organic carbon (TOC) concentration. The values of SUVA254 and SUVA280 are associated with 191 

the content of aromatic carbon and the content of tryptophan residuals, respectively. Based on 192 

the UV-vis spectra of the three types of EPS shown in Figure S2(A-C), the S275-295 and S350-400 193 

were calculated by measuring the slopes of the UV-vis absorbance curves between 275-295 nm 194 

and 350-400 nm (Liu et al., 2022). The fluorescent organic components such as tryptophan-195 

like (C2), tyrosine-like (C1) and humic-like (C3) were extracted from the EEM datasets based 196 

on the parallel factor analysis (PARAFAC) modeling.  197 

 198 

2.5 The characterization of sludge and data analysis 199 

The capillary suction time (CST, s) of conditioned sludge was measured by commercial CST 200 

equipment (304M, Triton, US). After sludge conditioning, droppers were used for taking 201 

approximately 0.5 mL quantities of sludge samples of RDS, 0:3.6, 1:0, 1:0.5, 1:1 and 1:1.5, 202 

and placing these on white paper. After air drying, the white papers with the sludge samples 203 
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were cut down by a scissor, and then put onto a conducting resin for the observation of its 204 

surface by field emission scanning electron microscopy (FE-SEM, Hitachi SU8020, Japan) 205 

after gold spraying. The zeta potential of sludge was measured by a zetasizer Nano ZS90 206 

(Instruments, Malvern, US) after the sample was diluted 100 times. The dewatered sludge and 207 

RDS were dried and ground to a powder, and then their functional groups were characterized 208 

by Fourier Transform Infrared Spectroscopy (FTIR, Spectrum Two, PerkinElmer, USA). The 209 

spectra were all corrected by removing the background spectrum and normalized. X-ray 210 

photoelectron spectroscopy (XPS, Thermo escalab 250XI, USA) was applied to detect the 211 

chemical and electronic states of elements such as C, N and O on the sludge surface. The 212 

measurement of sludge conductivity is described in the Supporting Information (SI, Text S2). 213 

Text S3 showed the methods of graphical representation of fluorescence emission spectra, and 214 

fluorescence quantum yield spectra. 215 

Spearman’s correlation analysis and principal component analysis (PCA) were performed 216 

to compare the relationship and the difference between the variations of various indexes. A 217 

redundancy analysis (RDA) was conducted to seek a series of linear combinations of the 218 

explanatory variables such as SUVA254 and SUVA280 to best explain the variation of the 219 

response data (dosages of Al/Fe and CQAS). PCA can be used to analyze data without 220 

explanatory variables, whereas RDA use both response and explanatory variables. The aim of 221 

PCA is to calculate an axis that has maximum variance, but the axes in RDA are not only a 222 

linear combination of the response variable, but also of the explanatory variables for modelling 223 

a cause-effect relationship. Variance partitioning analysis (VPA) was applied to analyze the 224 

part of EEM which could be explained jointly by the tryptophan-like and humic-like 225 

components, or tryptophan-like and tyrosine-like components (Yu et al., 2023). The Text S4 226 

presented the graphing methods of fluorescence emission spectra, fluorescence quantum yield 227 

spectra and the Radj
2(Tryptophan-like × Tyrosine-like) and Radj

2(Tryptophan-like × Humic acid-228 

like) analyzed by VPA (Zhu et al., 2020). Sludge cake consolidation was carried out by the 229 

dewatering filter under 4 bar constant pressure. The simulation of cake deliquoring curves and 230 

related parameters was conducted by the method based on the patent invented by Kang et al. 231 

(Xiao et al., 2023b). The data analysis mentioned above were all carried out by R language 232 
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(R Development Core Team). 233 

 234 

3 Results and Discussion 235 

3.1 Sludge dewatering efficiency and cake conductivity 236 

For the results shown in Figure 1A, after sludge dewatering, around 4 g of sludge cake 237 

were dried for the moisture content measurement. As the Al/Fe and CQAS were the only 238 

reagents present, the moisture content of the sludge cake reached around 60% for all 239 

combinations, which is the requirement of sludge dewatering in practice. When the Al/Fe was 240 

used solely as the reagent without substitution, the moisture content of the sludge cake was 241 

approximately 60%, and the conductivity of the sludge cake was increased by 20%. In contrast, 242 

when the ratio of CQAS to Al/Fe was 1:1, the moisture content and the conductivity of the 243 

sludge cake decreased by around 50% and 40%, respectively. Therefore, the substitution of 244 

Al/Fe by CQAS achieved both a reduction in the conductivity of the sludge cake and a further 245 

increase in dewatering. This represented the optimal ratio, as the dewatering efficiency 246 

decreased, and the water content of sludge cake increased, with increasing CQAS content. As 247 

shown in Figure 1B, the variations of CST and zeta potential were the same as the degree of 248 

sludge dewatering. At a mass ratio of CQAS to Al/Fe of 1:1, the CST was around 20 s and the 249 

zeta potential was approximately 0 mV, suggesting the destabilization of the sludge colloids 250 

was the result of the reduction of electrical double layer repulsion and enhancement of cake 251 

formation. With the dosing of Al/Fe, and their retention in the sludge cake, there was an 252 

increase in conductivity (Table S2), and Figure 1C shows that the conductivity of the sludge 253 

cake increased by around 20% with the use of Al/Fe only (compared to RDS), and decreased 254 

systematically with decreasing Al/Fe dosage. Therefore, the replacement of Al/Fe by CQAS 255 

was able to decrease the conductivity of the sludge cake substantially.  256 

 257 

3.2 The eigenvalues of EPS types and the correlation between spectral characteristics  258 

From Figure S2, the spectral characteristic indexes (SUVA254, SUVA280, S275-295, S350-400 259 

and SR) were obtained from the UV-vis absorption spectra of various EPS types, and 260 

fluorescence components C1 (tyrosine-like component), C2 (tryptophan-like component), C3 261 
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(humic-like component) were extracted from EEM datasets of all EPS types. This enabled 262 

eigenvalues of various EPS types to be obtained and analysis of the relationship between 263 

spectral characteristics. As shown in Figure 2A, there were maximum variances in the C1 and 264 

C3 components for the S-EPS. Figure 2B demonstrated that the C1was significantly positively 265 

correlated with C3, and the C3 was negatively correlated with S275-295. This suggested that the 266 

C1 and C3 might be the humic-like substances with medium molecular weight, which had the 267 

maximum variance for the S-EPS. The indexes with maximum variance of TB-EPS comprised 268 

SUVA280, SUVA254, S350-400, S275-295, C2 and SR. Moreover, the SUVA280, SUVA254, S275-295 and 269 

SR were greatly positively correlated with C2, illustrating that the protein of TB-EPS was 270 

mainly composed of hydrophobic fluorescence protein with low molecular weight. The 271 

maximum variance of LB-EPS was linked with S350-400, indicating that fine particle aggregation 272 

was a significant factor influencing sludge dewaterability. Previous studies indicated that the 273 

LB-EPS was significantly correlated with sludge dewatering because the bonding strength 274 

between cells would be weakened by LB-EPS resulting in poor sludge dewatering performance 275 

(Li and Yang, 2007; Zhang et al., 2019). Therefore, sludge dewatering was greatly impacted by 276 

the sludge floc size in this study.  277 

 278 

3.3 The emission spectra and quantum yield spectra of various EPS 279 

Fluorophores commonly exist in two ionization states, each of which displays distinct 280 

absorption and emission spectra (Xiao et al., 2020). Emission spectroscopy examines the 281 

wavelengths of photons emitted by atoms or molecules during their transition from an excited 282 

state to a lower energy state. Quantum yield is perhaps the most important characteristic of a 283 

fluorophore and is the number of emitted photons relative to the number of absorbed photons 284 

(Yu et al., 2021). This is known as Kasha's rule that quantum yield is generally independent of 285 

excitation wavelength, and emission spectra are usually independent of the excitation 286 

wavelength. Therefore, the emission spectra of molecules can be used in the chemical analysis 287 

of substances and quantum yield serves as an important correction factor for determination of 288 

other parameters, such as fluorescence quenching. Substances with the largest quantum yields, 289 

approaching unity, display the brightest emissions (Yu et al., 2020). In addition, the quantum 290 

https://en.wikipedia.org/wiki/Excited_state
https://en.wikipedia.org/wiki/Excited_state
https://www.sciencedirect.com/topics/chemistry/fluorescence-quenching
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yields of fluorescence components could be also affected by the ionization state of the amino 291 

and carboxyl groups in tyrosine, tryptophan and humic. Amide groups can act as quenchers 292 

through quenching by proton transfer from nearby charged amino groups and electron 293 

acceptors such as protonated carboxyl groups. Heavy atoms such as Al3+ or Fe3+ chelated by 294 

the amide and carboxyl groups typically result in lower quantum yields and emission (Poulin 295 

et al., 2014). The fluorescence spectra associated with protein conjugation were susceptible to 296 

quenching of Al or Fe and protein fluorescence indices were sensitive to the presence of many 297 

forms of Al or Fe (Poulin et al., 2014). Moreover, the chelation of Al3+ or Fe3+ reduces their 298 

charge neutralization ability and their floc size. However, the chelation of Al3+ or Fe3+ can be 299 

reduced through flocculation bridging by CQAS due to the decrease of the amino and carboxyl 300 

groups exposed to the Al/Fe. Therefore, the emission intensity and quantum yield were 301 

positively correlated with the aggregation of components and negatively related with the Al/Fe 302 

chelation, which were influenced by the combined effects of flocculation bridging by CQAS 303 

and charge neutralization by Al/Fe. 304 

Figure 3D shows that there were various peaks at different excitation wavelengths for 305 

quantum yields of S-EPS samples, indicating that there was a different quantum yield for 306 

various fluorescence components of S-EPS samples. In contrast, in Figure 3A, most of 307 

emission spectra for S-EPS samples almost overlapped, indicating they were not impacted by 308 

the chelation of Al3+ or Fe3+ due to the strong flocculation bridging of CQAS. Moreover, the 309 

fluorescence emission intensity and quantum yield of Tryptophan-like × Tyrosine-like/humic-310 

like for S-EPS of the ratio 1:0, was little greater than those for 0:3.6, indicating that the emission 311 

intensity and quantum yield of S-EPS were more greatly increased by the flocculation bridging 312 

of CQAS compared with the charge neutralization of Al/Fe.  313 

 As shown in Figures 3B and 3E, the emission intensities and quantum yield of the 314 

Tryptophan-like × Tyrosine-like/humic-like components increased, then decreased with 315 

increasing mass ratio of CQAS to Al/Fe from 0:3.6 to 1:0, and reached a maximum value at 316 

the mass ratio of CQAS to Al/Fe of 1:1. Moreover, the intensity and quantum yield of ratio 1:0 317 

was much lower than that of 1:1. These indicated that compared with S-EPS, the flocculation 318 

bridging of CQAS decreased to an extent that LB-EPS was influenced by the synergy between 319 



12 

 

the flocculation bridging of CQAS and charge neutralization of Al/Fe. From Figures 3C and 320 

3F, the emission intensities and quantum yield of TB-EPS were greater for the samples of 1:1 321 

and 1:0.5 than other samples, suggesting that the synergy between the flocculation bridging of 322 

CQAS and charge neutralization of Al/Fe was also the greatest for TB-EPS at the ratios of 1:1 323 

and 1:0.5. In contrast to the LB-EPS, the TB-EPS peaks of emission intensities and quantum 324 

yield for Tryptophan-like × Tyrosine-like/humic-like of the ratio 0:3.6 was greater than those 325 

of the 1:1.5. This illustrated that the emission intensity and quantum yield of TB-EPS were 326 

more greatly enhanced by the charge neutralization of Al/Fe rather than the flocculation 327 

bridging of CQAS. Therefore, in comparison with the LB-EPS and TB-EPS, the CQAS has a 328 

strongest flocculation bridging effect with the S-EPS. 329 

 330 

3.4 The correlation between spectral characteristic indexes of various EPS and reagent 331 

dosages  332 

RDA is a direct gradient analysis that summarizes linear relationships between 333 

components of response variables that are explained by a set of variables. This was applied to 334 

analyze the correlations between dosages of CQAS or Al/Fe, as the explanatory variables, and 335 

the spectral characteristic indexes as response variables. From Figures 4A, 4B and 4C, the 336 

distance triplots showed that the line length of red lines was positively correlated with the 337 

influence degree of dosages for CQAS or Al/Fe on the indexes. As shown in Figures 4D, 4E 338 

and 4F, the cosine of angles between any variables including the dosages for CQAS or Al/Fe 339 

and all the indexes were equal to their correlations. Thus, where the angle is lower, the 340 

relationship is more positive. From Figures 4D-4F, the angles between moisture content and 341 

CQAS or Al/Fe were the same and more than 90o, indicating sludge dewaterability was 342 

impacted by both the CQAS and Al/Fe. Moreover, the tryptophan-like component was 343 

hydrophobic protein, which was responsible for improving sludge dewaterability (Li and Yang, 344 

2007). However, the C1 (tyrosine-like component) is a kind of fluorescence protein which is 345 

more hydrophilic than the C2 (tryptophan-like component) because it contains a larger content 346 

of amino and carboxylic groups(Xiao et al., 2020). Therefore, the chelation ability with Al/Fe 347 

of C1 was stronger than that of C2.  348 
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From Figure 4D, the SUVA280 and SUVA254 were most negatively correlated with 349 

moisture content, and the correlation between them and C2 was more positive compared with 350 

them and C1. Moreover, from Figure 4A, their lines were the longest among the other indexes 351 

that were negatively related with moisture content. These indicated that most of the protein of 352 

S-EPS was not sufficiently chelated with the Al/Fe to enhance the sludge dewaterability 353 

significantly. From Figure 4A, the S275-295, SR, S350-400 and C1 were most positively correlated 354 

with Al/Fe dosage, but were most negatively related with CQAS dosage, and were slightly 355 

related with the moisture content. Furthermore, from Figure 4D, the line lengths of S275-295, SR 356 

were greater than those of S350-400 and C1. These indicated that the charge neutralization of 357 

Al/Fe had little effect on the sludge dewatering, but the flocculation bridging of CQAS played 358 

an essential role in the deterioration of the protein chelation with Al/Fe.  359 

From Figures 4B and 4E, compared with S-EPS, the S275-295 and SR for LB-EPS were 360 

more positively correlated with moisture content and their lines were longer, illustrating that 361 

the impact of Al/Fe dosage on the sludge dewaterability was greater than that for S-EPS. 362 

Moreover, SUVA280, SUVA254 and C1 were negatively correlated with dosage of Al/Fe and 363 

positively correlated with the moisture content, which was negatively correlated with C2 and 364 

S350-400. Figure 4B showed that the line length of C1 was the same with that of C2 and they 365 

were all much longer than those of SUVA280 and SUVA254. These indicated that, compared with 366 

S-EPS, a larger amount of protein was chelated with Al/Fe for LB-EPS, which had a greater 367 

adverse impact on sludge dewaterability due to the lower flocculation bridging of CQAS for 368 

LB-EPS. Since the flocculation bridging of CQAS for LB-EPS was less than that for S-EPS, 369 

the sludge dewatering was also impacted greatly by Al/Fe dosage. Therefore, the sludge floc 370 

size of LB-EPS was determined by the ratio of CQAS to Al/Fe, which could result in the 371 

maximum variation of sludge floc size. This was consistent with the PCA analysis. 372 

From Figure 4F, it was evident that C2 and S275-295 were negatively correlated with the 373 

moisture content, SUVA280, and SUVA254. Figure 4C showed that compared with LB-EPS, the 374 

lines of C2 and S275-295 were shorter and the lines of SUVA280 and SUVA254 were longer. These 375 

indicated that the amount of protein chelated with Al/Fe for TB-EPS was larger than that for 376 

LB-EPS. Therefore, the flocculation bridging of CQAS for TB-EPS was the lowest for all EPS 377 
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types. In addition, the C1 was slightly positively related with moisture content but was greatly 378 

positively related with CQAS dosage, indicating that the sludge dewatering was slightly 379 

reduced by protein chelation with Al/Fe. Moreover, the C2, S275-295, SUVA254 and SR were 380 

negatively correlated with the moisture content and the line of SR was longer than the other 381 

lines. Moreover, there was no relationship between moisture content and S350-400. These 382 

findings illustrated that fine particle aggregation was not correlated with sludge dewaterability. 383 

This suggested the sludge dewatering was mainly promoted by the destabilization of the 384 

proteins due to their chelation with Al/Fe, rather than the charge neutralization of Al/Fe; this 385 

was because of the excess amount of Al/Fe and the weakest flocculation bridging of CQAS. 386 

 387 

3.5 The interaction between tryptophan-like and tyrosine-like or humic-like component 388 

Figure 2A showed that the aggregation of components related with S350-400 was the key 389 

factor influencing sludge dewaterability. Furthermore, from Figure 3, there were some overlaps 390 

between tryptophan-like and tyrosine-like or humic-like components in the emission spectra 391 

and quantum yield. Therefore, VPA was applied to assess the contribution made by two or three 392 

of the fluorescence components for each EPS type (SI, Figure S3). The results showed (SI, 393 

Figure S3) that the components of LB-EPS were very similar to the other EPS types. Moreover, 394 

the tryptophan-like component emits at a maximum of 320 nm in an environment with a low 395 

polarity (Xiao et al., 2019). Since the intensity of 320 nm for LB-EPS was greatest, the 396 

tryptophan-like component for LB-EPS was much more hydrophobic than the other EPS. 397 

However, since the excitation wavelength of hydrophobic humic acid was greater than the 398 

hydrophilic fulvic acid (Xiao et al., 2020), the humic-like component of LB-EPS was more 399 

hydrophilic compared with the other EPS, suggesting there was more hydrophobic humic acid 400 

removed for LB-EPS. The interactive contribution of EEM for all EPS could be explained only 401 

by tryptophan-like × tyrosine-like and tryptophan-like × humic-like because the Radj
2 values of 402 

tyrosine-like × humic-like and tryptophan-like × tyrosine-like × humic-like were 0 for all EPS 403 

samples (SI, Figure S4). Since the Radj
2 (tryptophan-like + tyrosine-like/ humic-like) for S-EPS 404 

and TB-EPS were both much greater than that for LB-EPS, the LB-EPS was the key barrier for 405 

sludge dewatering. 406 
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From Figure 5A, the total of Radj
2 (tryptophan-like + tyrosine-like/ humic-like) increased 407 

with increasing CQAS to Al/Fe ratio for S-EPS, suggesting the aggregation of components was 408 

mainly improved by flocculation bridging of CQAS. This was consistent with the detection of 409 

emission spectra and quantum yield for S-EPS. Moreover, the Al/Fe was the barrier for the 410 

aggregation of components because the flocculation bridging of CQAS was enough for 411 

destabilization of components and the residual Al/Fe could not affect charge neutralization but 412 

improve the stabilization of the components. As shown in Figure 5B, the sum of Radj
2 413 

(tryptophan-like + tyrosine-like/ humic-like) increased with increasing CQAS to Al/Fe ratio, 414 

and reached the maximum value at 1:1, then decreased to the minimum value at 1:0.5, followed 415 

by the slight increase at 1:0. These indicated that the aggregation of components was mainly 416 

improved by flocculation bridging of CQAS and the magnitude of improvement was greatly 417 

decreased as the CQAS dosage exceeded the Al/Fe dosage. There was the greatest aggregation 418 

of sludge colloids for 1:1, which was consistent with the greatest sludge dewaterability, 419 

emission intensity and quantum yield at the ratio of 1:1. Therefore, the flocculation bridging of 420 

CQAS in LB-EPS was less than that in S-EPS and the sludge colloids aggregation for LB-EPS 421 

was influenced by the synergy between the flocculation bridging of CQAS and charge 422 

neutralization of Al/Fe. Furthermore, the total of Radj
2 (tryptophan-like + tyrosine-like/ humic-423 

like) for ratios of 0:3.6 and 1:1.5 were much greater than that of 1:0.5 and 1:0, which suggested 424 

that the flocculation bridging of CQAS for TB-EPS was less than that for S-EPS. As shown in 425 

Figure 5C, the sum of Radj
2 (tryptophan-like + tyrosine-like/ humic-like) decreased to a 426 

minimum value with increasing ratio of CQAS to Al/Fe from 0: 3.6 to 1:1, and then increased 427 

gradually from 1:1 to 1:0. This suggested that there was the largest amount of Al/Fe chelated 428 

in TB-EPS at 1:1 and the weakest component aggregation. As the TB-EPS is mainly comprised 429 

by hydrophobic substances (Guo et al., 2016), the component aggregation did not influence 430 

sludge dewaterability. Moreover, the sum of Radj
2 (tryptophan-like + tyrosine-like/ humic-like) 431 

for 0:3.6 was greater than that for 1:0, illustrating that the flocculation bridging of CQAS 432 

decreased and the Al/Fe was the principal factor affecting the aggregation of sludge colloids.  433 

 434 

3.6 The variations of functional groups for sludge cakes 435 



16 

 

As shown in Figure 6A, the peaks at 2935 cm-1 and 2680 cm-1 were assigned to aliphatic 436 

C-H, and the peaks at 1640 cm-1, 1530 cm-1 and 1450 cm-1 were attributed to amino groups, 437 

which were mainly derived from the protein structure. Since the normalization of spectra was 438 

conducted based on the peak value of the C-O group for polysaccharide at 1015 cm-1, as the 439 

CQAS to Al/Fe ratio increased, the intensities of peaks related to the protein structure increased 440 

and reached the greatest for a ratio of 1:1, then decreased, which was consistent with the sludge 441 

dewatering variation. This indicated that the ratio of protein to polysaccharide increased due to 442 

the release of polysaccharides to the liquid phase during the filtration. According to previous 443 

studies, the protein component in EPS was more important than polysaccharides because the 444 

increased binding by the protein content improves the sludge dewatering performance (Higgins 445 

and Novak, 1997). There was a strong and positive correlation between increased sludge 446 

filterability and the removal of protein and neutrals with low molecular weight(Xiao et al., 447 

2017).  448 

From Figure 6B, the peaks at about 284.7, 286.2, 288 and 289.5 binding energy (eV) were 449 

assigned to C-C, C-O, C=O and O-C=O groups, respectively (Liu et al., 2020). Their atomic 450 

percent (at. %) decreased gradually with increasing eV, and the HO-C=O group (-COOH) only 451 

appeared as the Al/Fe was added without CQAS, indicating there were -COOH groups 452 

available for chelating Al3+ or Fe3+. Figure 6C shows that the peaks at around 400 and 402 eV 453 

were derived from the groups of NH2 and the NH2 chelated with metal ion (NH2-Metal), 454 

respectively. There was a NH2-Metal group only for the sample with a ratio of 0:3.6. These 455 

suggested that compared with other samples, the chelating ability of Al3+ or Fe3+ by the NH2 456 

and -COOH groups of the protein was greater for the sample with the dosage of 3.6% Al/Fe. 457 

Figure 6D displayed peaks at around 531.5 and 532.5 eV, which were attributed to the C-O 458 

group and the OH group of Al (OH)3 and Fe (OH)3 or SiO2. The peak at 532.7 eV for RDS was 459 

mainly derived from SiO2 because the content of SiO2 was much larger than other compounds 460 

(SI, Table S2). As the CQAS to Al/Fe ratio was 1:1, the peak at 532.7 eV increased from 35.1% 461 

to 43.5%, while the peak increased to 80% for the dosage of 3.6% Al/Fe. This indicated that 462 

the amount of Al (OH)3 and Fe (OH)3 generated for the ratio 0:3.6 sample was larger than that 463 

for the ratio 1:1 sample due to the greater dosage of Al/Fe. These all illustrated that the amount 464 
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of Al3+ and Fe3+ chelated by HO-C=O and -NH2 groups of protein decreased after the 465 

replacement of Al/Fe with CQAS. As shown in Figure S5, the peaks of Al 2p and Fe 2p for all 466 

samples were similar, indicating that the groups of flocs formed by Al and Fe were the same as 467 

the compounds of Al and Fe contained in the RDS.  468 

 469 

3.7 The simulation of cake dewatering curves and the surface images of cakes 470 

As shown in Figure 7A and Table 3, the irreducible saturation (S∞), which is the volume 471 

ratio of liquid in the cake to the voids, and specific resistance (SRF) were the lowest for the 472 

ratio 1:1 sample. This indicated that as the flow of the liquid ceases, the amount of filtrate 473 

retained in the cake voids was less than other samples, and the dewatering forces could more 474 

easily overcome the surface tension forces retaining fluid in the cake. Moreover, the porosity, 475 

capillary number and permeability of the sludge cake increased to a maximum for the 1:1 476 

sample, illustrating that the fluid would more easily flow through its voids because the 477 

magnitude of the permeability is determined by the degree of openness of the cake, which is 478 

related to the porosity and capillary pores present in its internal structure. The complexity of 479 

the internal pore structures was shown in the SEM images. From observation of Figures 7B-480 

7F, the number of nanosized pores increased, and then decreased, with increasing ratio of 481 

CQAS to Al/Fe, and the pore numbers appeared to be greatest for the 1:1 ratio sample compared 482 

with other ratios. The threshold pressure (Pb) is a way of expressing the minimum pressure 483 

difference applied across a cake to effect any dewatering (Wu et al., 2023b). The results (Table 484 

3) show that the Pb of the sample with a ratio of 1:1 was the lowest, suggesting that the pressure 485 

required to drive the filtrate across the cake was much lower than for the other samples. The 486 

size of the sludge particles has a major effect on the compaction, where greater forces are 487 

required to form cakes with the same moisture content but smaller particle size. The average 488 

particle size was the greatest for the 1:1 ratio sample and this was consistent with the results of 489 

the PCA analysis, which indicated that the sludge dewaterability was impacted significantly by 490 

sludge floc size. This also suggested that the imposed mechanical forces were more appreciable 491 

compared with the interparticle repulsive forces and the permeability of the filter cake was the 492 

greatest.  493 
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 494 

3.8 The mechanism of the Al/Fe replacement with CQAS for improving dewaterability 495 

As summarized in Figure 8, if the Al/Fe was added as the only pretreatment chemical for 496 

RDS dewatering, its dosage would need to be very great because the -NH2 and -COOH groups 497 

of protein chelate Al3+ or Fe3+ during coagulation to reduce their effective dosages. In contrast, 498 

if the CQAS acts as the pretreatment chemical first, the CQAS attached to one particle can 499 

subsequently attach to vacant sites on an approaching particle to achieve bridging flocculation. 500 

This in turn implies that the available particle surface area of proteins would be completely or 501 

partly covered such that there would be a decrease in the amount of -NH2 and -COOH groups 502 

available to chelate metal ions, thereby increasing the effective dose of Al3+ and Fe3+. Moreover, 503 

the flocculation bridging of CQAS decreases, while the amount of protein chelated with Al/Fe 504 

increases, from the outer S-EPS layer to the inner TB-EPS layer. 505 

The effective content of Al3+ and Fe3+ can act to neutralize protein charge, described as 506 

adsorption destabilization, thereby reducing the extent of double layer repulsive interactions, 507 

and hence decreasing the potential energy barrier of proteins to coagulation. Moreover, Al3+ 508 

and Fe3+ are strongly hydrated to form complexes of the type Al (H2O)6
3+ and Fe (H2O)6

3+, 509 

which tend to hydrolyze and give rise to a series of hydroxylated species. For a hydrolyzing 510 

salt to be an effective coagulant, it should be used at a concentration less than the solubility of 511 

its hydroxide at the solution pH. Therefore, at the optimum ratio of CQAS to Al/Fe, with the 512 

adsorption of suitable species at protein surfaces, a coagulant bridge spanning adjacent proteins 513 

is formed, which promotes protein destabilization (Xiao et al., 2023c). Furthermore, with 514 

precipitating coagulants, the physical presence of the protein precipitate can greatly enhance 515 

the kinetics of the coagulation reaction by physically entrapping protein or other materials 516 

within the expanded aggregate structure, via sweep coagulation, to improve protein aggregation. 517 

Thus, the hydrophobicity and particle size of proteins increased by adsorption destabilization 518 

and sweep coagulation, resulting in the enhanced aromatic content of protein. As a result, the 519 

sludge dewatering efficiency was increased, while the cake conductivity decreased, after the 520 

substitution of Al/Fe by CQAS. 521 

 522 
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4 Conclusion 523 

The partial replacement of Al/Fe coagulant by CQAS substantially enhanced sludge 524 

dewatering, reducing the moisture content of the sludge cake from 60% to 50%. An optimum 525 

mass ratio of CQAS to Al/Fe was found to be 1:1, in terms of the highest solids content and the 526 

lowest CST. Through numerical analysis by CPA and RDA, the content of aromatic protein 527 

was identified as the key property determining the sludge dewaterability, and was related to the 528 

CQAS dosage. The combination of fluorescent protein-like and humic-like components of LB-529 

EPS was closely related to the extent of sludge dewatering. The simulation of cake dewatering 530 

and SEM results showed that the sludge porosity, and especially the number of capillary pores, 531 

was positively related to the extent to which the dewatering forces (applied pressure) can 532 

overcome the surface tension force retaining fluid in the cake. The fluorescence emission 533 

intensity, quantum yield and the XPS results indicated that the bridging flocculation of CQAS 534 

decreased the amount of -NH2 and -COOH groups of proteins with metal ion chelating 535 

properties, thereby increasing the effective dose of Al3+ and Fe3+. In addition, the cost of Al/Fe 536 

before substitution was calculated to be almost 1.5 times the total cost of Al/Fe and CQAS after 537 

substitution (SI, Table S3). Therefore, this study has demonstrated an effective and cost-538 

effective method to enhance sewage sludge dewatering, and achieve a substantial reduction in 539 

cake conductivity, by the partial replacement of a conventional inorganic coagulant with a 540 

natural polymer, thereby increasing the sustainability of sewage sludge disposal. Moreover, 541 

this study also indicated that the dosing of metal-free flocculant before the inorganic coagulant 542 

could enhance the cost-effectiveness and sustainability of the combined coagulant treatment.  543 
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Appendix A. Supplementary data 560 

The Supporting Information contains 4 sections of Texts, 3 Tables and 5 Figures that present 561 

the following: Calculation of the coagulant dosage (Text S1); Measurement of sludge cake 562 

conductivity (Text S2); Graphical representation of fluorescence emission spectra, and 563 

fluorescence quantum yield spectra (Text S3); The contributions of Tryptophan-like and 564 

Tyrosine-like or Humic acid-like analyzed by VPA (Text S4); VPA calculation (Table S1); The 565 

mass contents of elements and compounds for RDS, and samples of conditioned sludge with 566 

CQAS to Al/Fe mass ratios of 0:3.6 and 1:1 sample (Table S2); The cost of CQAS and Al/Fe 567 

before and after substitution (Table S3); VPA conceptual diagram (Figure S1); The specific 568 

UV-visible absorbance (SUVA) spectra of S-EPS, LB-EPS and TB-EPS for various samples 569 

and the fluorescence components extracted from all EPS layers (Figure S2); The fluorescence 570 

components extracted from the EEM data sets of samples for S-EPS, LB-EPS and TB-EPS 571 

using PARAFAC (Figure S3); Venn diagrams of the variation partitioning of EEM data sets of 572 

samples for S-EPS, LB-EPS and TB-EPS explained by tryptophan-like, tyrosine-like and 573 

humic-like components (Figure S4); XPS spectra of Al 2p and Fe 2p for RS and the sludge at 574 

the CQAS to Al/Fe ratios of 0:3.6 and 1:1 (Figure S5). 575 
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Table1. Principal properties of RDS 

Moisture content 

(%) 

Specific resistance 

of sludge (SRF) 

 (1012 m/kg) 

pH 
Total suspended 

solid (g/L) 
CST (s) TOC (mg/g SS) 

94.0±0.05 6.11 ± 0.14 7.8 ± 0.05 6.00±0.05 596.2±11.9 51.16±0.47 

 



Table 2. The dosage, mass ratio of CQAS and Al/Fe and the replacement ratio of Al/Fe 
The mass ratio of CQAS to Al/Fe 1:0 1:0.5 1:1 1:1.5    0:3.6 

The dosage of CQAS (mL/100 mL sludge) 1 1 1 1 0 

The mass fraction of CQAS in dry solid of sludge (%) 0.83 0.83 0.83 0.83 0 

The dosage of Al/Fe (mL/100 mL sludge) 0 0.25 0.5 0.75 1.8 

The mass fraction of Al/Fe in dry solid of sludge (%) 0 0.42 0.83 1.25 3 

The replacement ratio of Al/Fe by CQAS (%) 100 86.1 72.2 58.3 0 

 



Table 3. The properties of filter cakes 

The ratio 

of CHA 

to PAFC 

Irreducible 

saturation 

S∞ 

Porosity 

ε 

Thickness 

of filter 

cake L(m) 

Capillary 

number 

Ncap 

Average 

particle 

diameter  

x (m) 

Threshold 

pressure  

Pb (Pa) 

SRF 

(m/kg) 

Permeability 

k (m-2) 

0:3.6 0.186 0.939 0.0096 0.0222 4.23×10-7 50501.0 7.78×1011 1.41×10-14 

1:1.5 0.174 0.942 0.0094 0.0596 6.51×10-7 31244.9 6.17×1011 1.87×10-14 

1:1 0.157 0.946 0.0083 4.6197 5.01×10-6 3777.0 6.13×1011 2.01×10-14 

1:0.5 0.209 0.932 0.0074 0.0072 2.40×10-7 100166.1 8.23×1011 1.20×10-14 

1:0 0.228 0.908 0.0071 0.0039 2.42×10-7 138779.0 8.32×1011 8.70×10-15 

 



 

Figure 1. (A) The weights of water and solid, and moisture content for dewatered cakes, (B) the CST and zeta potential, and (C) the conductivity 

for RDS and the conditioned sludge, at various ratios of CQAS to Al/Fe. 
 



 

A



 
Figure 2. (A) PCA, and (B) the relationships among the indexes and data scatter 

diagram (below the diagonal line), for the conditioned sludge at various ratios of 

CQAS to Al/Fe.  

B



    
Figure 3. Fluorescence emission spectra for (A) S-EPS, (B) LB-EPS and (C) TB-EPS, 

and Fluorescence quantum yield spectra for (D) S-EPS, (E) LB-EPS and (F) TB-EPS. 
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Figure 4. The RDA analysis of samples and indexes of (A, B) S-EPS, (C, D) LB-EPS 

and (E, F) TB-EPS. 
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Figure 5. The Radj

2(Tryptophan-like × Tyrosine-like) and Radj
2(Tryptophan-like 

×Humic acid-like) by VPA and their sum for (A) S-EPS, (B) LB-EPS and (C) TB-EPS 

of conditioned sludge at various ratios of CQAS to Al/Fe. 
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Figure 6. (A) The FTIR spectra for sludge cakes by different conditioning processes; 

the XPS spectra of (B) C 1s; (C) N 1s and (D) O 1s for the sludge cakes of RS, and the 

CQAS to Al/Fe ratios equal to 0:3.6 and 1:1. The % values of various groups were 

denoted with the eV values. 
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Figure 7. (A) The variation and modeling of filtrate mass for the sludge by different 

conditioning processes; the SEM images of samples for (B) RDS; (C) 1:0; (D) 1:0.5; 

(E) 1:1; (F) 1:1.5 and (G) 0:3.6. Higher resolution images are denoted by the yellow 

rectangles on the original images, and the nanosized pores are indicated by the yellow 

circles. 
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Figure 8. The mechanism of enhanced sludge dewatering by the replacement of Al/Fe 

with CQAS. 
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