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A B S T R A C T

Characterisation of the water treatment sludge (WTS) generated in drinking water treatment 
plants (DWTPs) is crucial to define alternatives for its adequate management, including potential 
reuse options. To define these alternatives, it is necessary to evaluate rainfall seasonality effect on 
WTS production and its physical and chemical characteristics. This study assessed the production 
and characterisation of four types of alum-based WTS. The WTS was generated in a pilot-scale 
system from different raw water turbidities (i.e., low: <5 NTU, medium: 5–10 NTU, high: ≥10 
NTU, and very high turbidity: ~300 NTU) and coagulant doses. To estimate WTS production, 
mathematical models based on variables such as raw water turbidity, coagulant dosage, and 
organic matter removed were used. The WTS characterisations included physical (solids and 
particle size distribution), chemical (metallic oxides, pH, mineral phases), and surface properties 
(functional groups and zero-charge point pH). The modified Kawamura model presented the best 
fit (R2 = 1.0, RMSE = 0.1062 and the lower Akaike Information Criterion) for the estimation of 
WTS production, indicating that at the DWTPs, it is possible to make sludge production pro
jections using only two simple variables: coagulant dose and the raw water turbidity. The four 
types of WTS consist mainly of amorphous materials (45–65 %), featuring some mineral phases 
and exhibiting high contents of Al (Al2O3: 30–34 %), Si (SiO2: 21–26 %) and Fe (Fe2O3: 11–13 %). 
Nevertheless, very high turbidity WTS shows variations in its characteristics, notably a height
ened content of clays. As a result of the high concentrations of Al and Fe, the WTS has the po
tential to be used as coagulants or for the recovery of coagulants, especially low turbidity WTS, 
which is produced from water with low turbidity and organic matter. The presence of alumi
nium–silicate clays and the surface functional groups of the silica network suggest that WTS, 
particularly very high turbidity WTS, also has the potential to be raw materials for generating 
adsorbents. The potential applications of WTS in coagulation and adsorption can be leveraged in 
wastewater treatment, promoting the circular economy in the water sector.

1. Introduction

The Sustainable Development Goals 11 and 12, defined by the United Nations, include among their targets the reduction of the 
adverse environmental impact of cities, with particular attention to waste management, focusing on strategies for its reduction, 
recycling and reuse [1]. The waste generated in cities and towns includes water treatment sludge (WTS), which is a by-product of 
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drinking water treatment [2]. In the 1990s, the global production of WTS was estimated to be 10,000 tonnes per day [3]. Due to 
population growth and economic development, global water consumption has increased [4], leading to a corresponding increase in the 
generation of WTS. Currently, the global daily generation of WTS is estimated to be 100,000 tonnes, and this production is projected to 
triple in the coming decades [5].

Conventional drinking water treatment plants (DWTPs) include coagulation/flocculation, sedimentation, filtration and disinfection 
processes [6]. DWTPs aim to eliminate colloidal and suspended impurities, natural organic matter (NOM), microorganisms, and other 
pollutants from water [7]. Aluminium (Al) and iron (Fe)-based chemicals are the most commonly employed coagulants in the 
coagulation/flocculation stage [8]. Among them, hydrolysable metal salts based on Al or Fe, such as aluminium sulphate or alum 
(Al2(SO4)3⋅14H2O), are the most used coagulant due to their high efficiency and low cost [5]. Aluminium sulphate facilitates particle 
collision by neutralising charges and sweeping, leading to their destabilisation and subsequent agglomeration into larger aggregates. 
These aggregates are then separated through sedimentation and filtration [9]. The waste that accumulates at the bottom of sedi
mentation tanks is referred to as WTS. Inorganic contaminants (such as metals and metalloids), as well as organic contaminants 
(including NOM, bacteria, and algae), are constituents of WTS [2,10]. The volume of WTS produced by a DWTP is estimated to range 
between 1 % and 3 % of the total volume of raw water treated [11].

In developing countries, WTS is usually discharged directly into nearby water bodies, and dewatered WTS is disposed of in landfills 
[12]. Nevertheless, releasing WTS into water bodies affects water quality and ecology [13]. Currently, landfilling of WTS is no longer 
considered practical due to reduced available landfill sites and increased operating costs [14]. Additionally, recycling or reusing 
valuable elements or materials present in WTS is not feasible after their disposal in landfills [15]. Therefore, there is a need to develop 
strategies for the sustainable management of WTS within the context of the circular economy and the objective of zero waste, adhering 
to the 5R principles of waste management: reduce, reprocess, reuse, recycle and recover [11,16]. In this context, numerous studies on 
the reuse and recovery of WTS materials have been documented in the literature. Sharma and Ahammed [7] and Dias et al. [17] review 
various WTS applications as adsorbents for removing pollutants from water and wastewater. The study by Nayeri and Mousavi [18] 
reviews several alternatives for the recovery and reuse of coagulants from WTS, such as acidification, basification, ion-exchanging and 
electrodialysis [19–23]. De Carvalho Gomes et al. [24] present a review of the applications of WTS in construction materials. The work 
by Tony [16] also reviews alternative valorisation methods for WTS, including agricultural uses and their application as a substrate in 
constructed wetlands. Azeddine et al. [25] highlight the importance of the physicochemical characterisation of WTS in defining their 
applications in manufacturing different products (e.g., bricks or blocks) and in energy cogeneration.

Nevertheless, the production of WTS and its physicochemical composition depends on the quality of the raw water and the 
operational conditions in the associated DWTP, and it varies over time. Therefore, conducting qualitative and quantitative studies of 
the WTS produced in a DWTP is necessary and essential to define alternatives for its management, including potential reuse options 
[12,26]. To the authors’ knowledge, few investigations have evaluated the characteristics of WTS generated under different raw water 
conditions and operational parameters during drinking water treatment. Nair and Ahammed [27] investigated the impact of raw water 
quality, coagulant type and dosage on WTS production at the laboratory scale, focusing on evaluating the efficiency of aluminium 
recovery from WTS through acidification. Their results indicate that higher concentrations of organic matter and turbidity in the raw 
water led to lower aluminium recovery efficiency. The authors highlight the significant effects of raw water quality, coagulant type and 
dose on the coagulant recovery process. In their study, Ahmad et al. [28] assessed the monthly WTS production using empirical 
equations at a DWTP in India over 12 months, encompassing various seasons, such as winter, pre-monsoon, monsoon and 
post-monsoon. The WTS generated during these four seasons were characterised by moisture, organic matter, pH, fixed solids and 
particle size distribution. The authors outlined that seasonal variations significantly impact the quality of raw water received at the 
DWTP, leading to variations in sludge generation. Finally, the authors emphasised the importance of quantifying and characterising 
the WTS produced at the DWTP to formulate appropriate management strategies for its economical and environmentally friendly 
disposal. Similarly, Nguyen et al. [29] emphasize the importance of identifying the viability in chemical and physical properties in a 
DWTP over a year.

This study aimed to assess the characterisation of four types of alum-based WTS generated under different raw water turbidity and 
coagulant doses in a DWTP. The WTS was produced in a pilot-scale coagulation, flocculation and sedimentation system, replicating the 
operational conditions of the DWTP for each raw water type. The tests involved basic characterisations of raw water, treated water and 
WTS. Sludge production was determined experimentally and through empirical models. Furthermore, analyses of chemical compounds 
(X-ray fluorescence - ED-XRF), mineral phases (X-Ray Diffraction Analysis - XRD), active surface functional groups (Fourier transform 
infrared spectroscopy - FTIR), zero-charge point pH (pHPZC) (Solids addition method) and particle size distribution (Laser diffraction) 
were conducted on the four types of WTS, providing potential insights for their reuse and valorisation.

2. Methodology

2.1. Operative conditions of DWTPs

The WTS characterisation was conducted at a municipal DWTP in Colombia. This conventional DWTP treats surface water through 
coagulation, flocculation, sedimentation, rapid sand filtration and disinfection. Aluminium sulphate type A (alum) is used as the 
coagulant. According to its technical data sheet, type A alum contains a minimum of 17 % alumina (Al2O3) and a maximum of 0.008 % 
iron (Fe2O3) content. DWTP operators frequently conduct jar tests to determine the optimal coagulant dose, analysing variables such as 
the turbidity of the raw water and the remaining turbidity after the sedimentation stage of the jar test. Hence, a statistical analysis was 
conducted on the records of raw water turbidity, coagulant doses, and rainfall over five years of DWTP operation (i.e., 2016–2020). 
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Based on this analysis, three categories of WTS were established (i.e., low turbidity, medium turbidity and high turbidity), each linked 
to specific raw water turbidity (i.e., low: <5 NTU, medium: 5–10 NTU and high: ≥10 NTU) and the corresponding operational pa
rameters of the DWTP (i.e., coagulant dose). Subsequently, a new category of raw water (very high turbidity: ~300 NTU) was 
introduced during the water sampling for conducting coagulant dose tests, leading to the inclusion of a fourth type of WTS in this study 
(i.e., very high turbidity). These four categories of raw water turbidity found through statistical analysis are specific to the DWTP 
studied and were not defined from existing literature.

2.2. Jar test for coagulation dosing

To validate the coagulant doses used in the DWTP for each WTS category, jar tests were conducted with raw water that had 
turbidity levels within the respective range associated with each category of WTS. Water sampling for jar tests was performed using a 
bucket in the DWTP inlet channel. The samples were immediately carried to the plant laboratory and deposited in the beakers of the jar 
equipment. The time elapsed between water sampling and the start of the tests was, at most, 30 min. The tests were conducted using a 
standard jar test apparatus (brand Phipps and Birds) with a sample volume of 2000 mL. Rapid mixing was carried out at 200 rpm for 1 
min, followed by slow mixing for 20 min (13 min at 43 rpm, 2.5 min at 40 rpm and finally 4.5 min at 30 rpm). Subsequently, the jars 
were left undisturbed for 15 min to allow the flocs to settle [30]. Afterwards, the supernatants were collected to measure the remaining 
turbidity using a HACH 2100P turbidimeter.

The conditions above for slow mixing were determined based on assessing the hydraulic horizontal flow flocculation at the DWTP. 
In this assessment, average velocity gradients (G) and flocculation times (tf) were calculated for the three sections of the flocculation, 
considering the most frequently used flow rate at the DWTP (30 L s− 1). This calculation was done following the methodology outlined 
by Di Bernardo and Dantas [31]. To calculate G and tf, the dimensions (width, length, depth, slope, plate-to-plate spacing and 
plate-to-wall spacing) were determined, and water velocities in each section of the flocculator were measured. The FH950 handheld 
flow meter (HACH) was employed for velocity measurements. The assessment results for the three sections of the flocculator, along 
with the respective rotational speeds in the jar test equipment, are provided in Table 1. The rotational speed was determined based on 
the curves employed to calculate G in the standard jar test apparatus.

2.3. Pilot test for WTS generation

To gather an adequate sample quantity for the characterisation of each WTS type, pilot-scale coagulation, flocculation and sedi
mentation tests were conducted in a 70 L tank. This tank was equipped with a mechanical mixing system featuring a pitched-blade 
turbine-type impeller, sampling valves at various depths, and a bottom valve for extracting WTS (Fig. 1). Water sampling for the 
pilot test was performed using a bucket in the DWTP inlet channel. The samples were immediately carried to the plant laboratory and 
deposited in the tank. The time elapsed between water sampling and the start of the tests was, at most, 30 min. The pilot tests were 
executed under similar conditions for the G and tf conditions, as outlined in Table 1. For this pilot system, the rotational speed was 
computed using Eq. (1) and Eq. (2) [32]. 

G=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
Pw

μ ∀

)√

(1) 

where G (s− 1) represents the average velocity gradient, Pw (W) is the power of the mixing input to water, μ (Pa s) is the dynamic 
viscosity of water and ∀ (m3) is the volume of water. 

n=

[
Pm

Np(Di)
5ρ

]

(2) 

where n (rpm) represents rotational speed, Pm (W) is the power of the motor, Np is the (dimensionless) impeller constant or power 
number, Di (m) is the impeller diameter and ρ (kg m− 3) is the density of water. Np = 1.26 and Di = 0.16 m for the impeller of the pilot 
system. Furthermore, Pm = 0.8Pw because the efficiency of transferring motor power to water is about 80 % [32]. The rotational speeds 
necessary to achieve G values of 38, 35 and 23 s− 1 (Table 1) in the pilot system were 58, 55 and 42 rpm, respectively. Rapid mixing was 
conducted for 1 min at a G of approximately 200 s− 1, and the sedimentation time was 90 min.

Before each pilot test, samples were collected to characterise the raw water. Likewise, after the sedimentation stage, water samples 
were taken from valves V1–V5 of the pilot system (Fig. 1) to obtain an integrated sample representing the treated water. WTS 
extraction was conducted through valve V6 (Fig. 1). The volume of WTS extracted from the pilot tank was transferred to two Imhoff 

Table 1 
G and tf in flocculator sections.

Flocculator section tf (min) G (s− 1) Rotational speed in jar test (rpm)

1 13.0 38 43
2 2.5 35 40
3 4.5 23 30
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cones and left to settle for 60 min. Subsequently, the volume of WTS generated in each pilot test was determined (in mL of WTS per litre 
of raw water) based on the settleable solids (SedS) measurement. Following the SedS measurement, the WTS samples in the Imhoff 
cones were mixed, homogenised and stored to measure additional parameters in the WTS. Section 2.4 details the parameters measured 
in the raw water, treated water and the WTS obtained in the pilot tests.

2.4. Characterisation of WTS, raw water and treated water

To assess the correlations between WTS characteristics, water quality and the drinking water treatment process, the following 
parameters were analysed for the raw water, treated water and wet WTS samples obtained in the pilot tests: total solids (TS, method: 
SM-2540-B [33]), total suspended solids (TSS, method: SM-2540-D [33]), aluminium (Al, method: SM-3500-Al B [33]), total iron (Fe: 
method: SM-3500-Fe B [33]) and pH (HACH HQ40d multiparameter equipment). Furthermore, the wet WTS samples were subjected to 
TSS and total fixed solids (TFS, SM-2540-E [33]) measurements. Additionally, turbidity (HACH 2100P turbidimeter), electrical 
conductivity (EC, HACH HQ40d multiparameter equipment), dissolved organic carbon (DOC, ASTM D-7573 [34]) and true colour 
(SM-2120 C [33]) were measured in the raw and treated water.

Additional characterisations were conducted for all WTS types to gain insights into their physicochemical and surface properties. 
This information could offer potential pathways for their reuse and valorisation. Thus, the main chemical compounds present in the 
WTS samples were determined using energy-dispersive X-ray fluorescence (ED-XRF) with the Thermo ARL Optim’X WDXRF. Mineral 
analysis used an X-ray diffractometer (Malvern PANalytical) with copper (Cu, Kα = 0.15406 nm) as the radiation source. Measure
ments covered a 2θ range from 4 to 80◦ with a 0.05◦ step. Quantification was done using the HighScore Plus software, employing the 
Rietveld method and referencing the Inorganic Crystal Structure Database: ICSD FIZ Karlsruhe 2012-1. Fourier transform infrared 
spectroscopy (FTIR; Spectrum-two, PerkinElmer with UATR) was employed to analyse the active functional groups within the WTS 
samples across the 4000–450 cm− 1 range. Particle size analysis of the WTS was conducted using laser diffraction with the Master Sizer 
2000E (Malvern PANalytical), equipped with the manual wet sample dispersion unit Hydro 2000MU. The solids addition method 
determined the zero-charge point pH (pHPZC; [35]). The hydrochloric acid (HCl) and sodium hydroxide (NaOH) used in pHPZC tests 
were obtained from Merck S.A. (Germany).

2.5. Estimation of WTS production

The quantity of dry WTS produced during the pilot test (mcal) was estimated using the equations presented by Kawamura [36], 
Vianna et al. [37] and AWWA and Edzwald [38]. These equations replaced the flow rate (Q) with volume (V) to align them with the 
pilot system’s operational conditions, which operate in batch mode. Furthermore, the equation introduced by Kawamura was 

Fig. 1. Scheme of the pilot test system.
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converted to the International Unit System.
Kawamura [36]: 

mcalc =V(1.30TuRW +0.26Dalum)10− 3 (3) 

Vianna et al. [37]: 

mcalc =V(0.75TuRW +0.44Dalum)10− 3 (4) 

AWWA and Edzwald [38]: 

mcalc =V(0.44Dalum +DOCr +TSS+A)10− 3 (5) 

where mcalc = WTS production calculated (g), V = volume of raw water in the pilot tank (L), TuRW = raw water turbidity (NTU), Dalum 
= alum doses as 17.1 % of Al2O3 (mg L− 1), DOCr = DOC removed (mg L− 1), TSS = raw water total suspended solids (mg L− 1) and A =
additional chemicals added such as polymer or clay (mg L− 1).

Eq. (3) is based on the following chemical reaction (Eq. (6)), and the factor 0.26 in this equation is the mass ratio between the 
aluminium hydroxide produced and the alum dosed: 

Al2(SO4)3 • 14H2O+3Ca(HCO3)2 → 3CaSO4 +2Al(OH)3(s) +6CO2 + 14H2O (6) 

Eq. (4) and Eq. (5) assume that three waters of hydration are chemically bound to aluminium hydroxide, as shown chemical re
action in Eq. (7). Therefore, the mass ratio between aluminium hydroxide produced and alum is equal to 0.44 in both equations (2Al 
(OH)3

. 3H2O(s)/Al2(SO4)3
. 14H2O) 

Al2(SO4)3 • 14H2O+ 6HCO3
− ⇌2Al(OH)3 • 3H2O(s) +6CO2 +8H2O + 3SO2−

4 (7) 

The estimation error in WTS production was calculated by comparing the WTS production values obtained from each equation 
(mcal) with the experimental WTS production values (mexp), as shown in Eq. (8). mexp values were determined based on the TS 
measurements in the WTS samples collected during the pilot tests. 

E=

(
mcalc − mexp

)

mexp
100 (8) 

where E = estimation error in the WTS production (%), mcalc = WTS production calculated (g) and mexp = WTS production measured 
(g).

3. Results and discussion

3.1. Operative conditions of DWTP

Fig. 2 shows the monthly mean, minimum and maximum values of raw water turbidity (TuRW) at the DWTP and the monthly 
rainfall data from 2016 to 2020. During this period, the average TuRW values ranged from 1.4 to 27.3 NTU, with maximum values 
reaching 870 NTU. The months exhibiting significant increases in average and maximum TuRW values correlate with the rainfall 

Fig. 2. Raw water turbidity data for the DWTP and rainfall data for 2016–2020.
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patterns, as Lee et al. [39] reported.
The 90th percentiles (P90) for monthly TuRW at the DWTP were calculated and grouped by month (Fig. 3). These P90 values were 

used to define the following categories for the raw water characteristics: low turbidity (P90 < 5 NTU), medium turbidity (5 ≤ P90 < 10 
NTU) and high turbidity (P90 ≥ 10 NTU). As depicted in Fig. 3, P90 values for TuRW were less than 5 NTU during 32 of the 60 months in 
the data analysis period. Consequently, the low turbidity category was predominant in the evaluated DWTP, with the medium turbidity 
category following closely behind. During the experimental period at the DWTP, an exceptionally high raw water turbidity occurred 
(TuRW around 300 NTU). Therefore, it was decided to introduce a fourth category of raw water, referred to as very high turbidity. The 
operational records of the DWTP indicated that the coagulant doses applied to raw water in alignment with each turbidity category 
were as follows: low turbidity (4–6 mg alum L− 1), medium turbidity (6–8 mg alum L− 1), high turbidity (8–10 mg alum L− 1) and very 
high turbidity (16–20 mg alum L− 1). Consequently, jar tests were performed to verify the efficacy of these coagulant doses in a wider 
range, and the findings are detailed in the subsequent section.

3.2. Jar test results

The outcomes of turbidity removal and the resulting treated water turbidity (TuTW) from the jar tests conducted with various 
coagulant doses (low, medium and high turbidity: 4–10 mg alum L− 1 and very high turbidity: 14–24 mg alum L− 1) for each type of raw 
water are depicted in Fig. 4a–d. When using low-turbidity raw water (Fig. 4a), the lowest turbidity removal (37 %) was observed when 
comparing the results of the optimal doses. The optimal dose for this type of water was 4 mg alum L− 1, resulting in a TuTW of 1.6 NTU. 
Additionally, by using the optimal doses in the tests with medium (6 mg alum L− 1) and high (8 mg alum L− 1) turbidity raw water 
(Fig. 4b and c, respectively), similar TuTW values (~2.4 NTU) were attained, resulting in 66 % and 91 % turbidity removal, respec
tively. Finally, Fig. 4d illustrates that the highest turbidity removal (99.8 %) and the lowest TuTW of 0.72 NTU were achieved with very 
high turbidity raw water using an optimal coagulant dose of 16 mg alum L− 1. This TuTW value is below the World Health Organi
zation’s (WHO’s) recommended limit of 1.0 NTU for effective disinfection [40], even without a filtration stage. Table 2 summarises the 
optimal coagulant doses for each raw water category utilised in the pilot tests to evaluate WTS characteristics.

3.3. Characterisation of wet WTS, raw water and treated water

Fig. 5 presents the results obtained for turbidity and EC of raw and treated water in the pilot tests conducted using the optimal 
coagulant dosage for each water type or category obtained in Section 3.2 and reported in Table 2. As shown in Fig. 5a, despite sig
nificant differences in the turbidity levels of the raw water across the various types of water evaluated, the treated water exhibited 
similar values, ranging from 0.83 to 3.28 NTU. Consequently, the very-high-turbidity water demonstrated the most substantial 
reduction in turbidity reaching a turbidity of 0.89 NTU in the treated water complying with the recommendations of the WHO 
Guidelines for Drinking-Water Quality, which also implies a greater removal of TSS that accumulate in the WTS. In all four types of 
water, an increase in the EC of the treated water was observed when compared to the raw water, as illustrated in Fig. 5b. This outcome 
is attributed to the contribution of ions through the dissociation of the coagulant, which increases EC, as reported by Gandiwa et al. 
[41].

NOM is a mixture of organic compounds detected in surface waters, which is measured as DOC or total organic carbon. True colour 
measurement can also represent the residual NOM in water [42]. Fig. 6 shows that the types of raw water with the highest turbidity 
levels (VH and H) also exhibit elevated levels of NOM, as indicated by DOC concentrations ranging from 4.51 to 4.65 mg L− 1 (Fig. 6a) 
and true colour levels between 23.6 and 29.3 CU (Fig. 6b). In the pilot test with low-turbidity water (L), the raw and treated water 
samples displayed the lowest levels of NOM. The DOC and true colour measurements in both samples were below the quantification 
limit of their respective analytical methods (1.0 mg L− 1 for DOC and 5.0 CU for true colour). Water types M, H and VH exhibited DOC 
removal rates ranging from 36.7 % to 65.2 %. As the trend observed with turbidity, the treatment of VH-type water resulted in the 

Fig. 3. P90 for raw water turbidity data.
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Fig. 4. Turbidity removal and TuRW in jar tests: (a) Low turbidity; (b) Medium turbidity; (c) High turbidity; (d) Very high turbidity.

Table 2 
Results for optimal coagulant dose tests.

Raw water category Turbidity range 
(NTU)

Turbidity in raw water samples 
- TuRW (NTU)

Coagulant dose (mg 
alum L− 1)

Turbidity in treated water 
samples - TuTW (NTU)

Turbidity 
removal (%)

Low turbidity (L) <5 2.6 4 1.6 38.5
Medium turbidity 

(M)
5–10 7.4 6 2.5 66.2

High turbidity (H) 10–30 25 8 2.3 90.8
Very high 

turbidity (VH)
~300 294 16 0.72 99.8

Fig. 5. Results for raw water (left side) and treated water (right side) in pilot tests: (a) Turbidity; (b) EC.
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highest DOC removal of 2.94 mg L− 1 (DOCr). NOM can be absorbed by aluminium hydroxide precipitates formed in 
coagulation-flocculation stages and then removed by flocs sedimentation [43]. NOM removal also contributes to the accumulation of 
solids in the water treatment system [44].

Figs. 7–9 depict the outcomes concerning solids (TS and TSS), metals (aluminium (Al) and total iron (Fe)) and pH values for the wet 
sludge, raw water and treated water. The WTS is designated based on the raw water type from which they were generated, as follows: 
low-turbidity WTS (L-WTS), medium-turbidity WTS (M-WTS), high-turbidity WTS (H-WTS) and very-high-turbidity WTS (VH-WTS).

In Fig. 7, a consistent and increasing pattern in the mass of TS (Fig. 7a) and TSS (Fig. 7b) was observed across the various types of 
generated WTS. The L-WTS exhibited the lowest solids mass (TS = 155 mg and TSS = 91 mg), with mass progressively increasing in the 
following order: L-WTS < M-WTS < H-WTS < VH-WTS. This trend can be attributed to the increase in alum dosing as the turbidity of 
the raw water rises (Table 2). This, in turn, leads to a higher production of aluminium hydroxide (Eq. (6) – (7)), a component of the 
WTS. Additionally, the accumulation of removed solids (difference between the solids in raw water and treated water) in the WTS also 
rises with increasing turbidity of the raw water, as shown in Fig. 7. The VH-WTS displayed significantly elevated solid contents, 
surpassing the mass of TS obtained for the L-WTS by over 130 times and exceeding the mass of TSS by over 200 times. This finding 
confirms the influence of the raw water quality, the coagulant doses applied during treatment and the treatment efficiency on the mass 
of WTS generated at the DWTP, as reported by Gregory and Dillon [45].

The results for Al and Fe are depicted in Fig. 8a and b, respectively. The presence of both elements was detected in all types of raw 
water assessed, with iron showing a higher content. Al can exist in soluble or colloidal forms in raw water, often as a component of 
aluminosilicate-type clays [46]. Furthermore, it is widely acknowledged that iron oxides are prevalent in natural environments and 
aquatic systems, with Fe-rich particles being recognised as ubiquitous components for decades [47]. In Fig. 8a, it is evident that a 
fraction of the alum dosed in type L, M and H waters remains in the treated water (12–16 mg Al, equivalent to concentrations of 
0.177–0.228 mg Al L− 1), either in soluble form or as part of particles that are not removed during the treatment process. The use of 

Fig. 6. Results for raw water (left side) and treated water (right side) in pilot tests: (a) DOC; (b) True Colour.

Fig. 7. Results for wet WTS, raw water and treated water: (a) TS; (b) TSS.
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Fig. 8. Results for wet WTS, raw water and treated water: (a) Al; (b) Fe.

Fig. 9. pH for wet WTS, raw water and treated water in pilot tests.

Fig. 10. Volume and mass of WTS produced.
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lower coagulant doses in treating these types of raw water can cause the residual aluminium remaining in the treated water [48]. In 
contrast, the lowest amount of residual aluminium (11 mg, equivalent to a concentration of 0.166 mg Al L− 1) was observed for 
VH-WTS despite applying the highest alum dose. This result indicates a more effective coagulation process for VH-WTS. As shown in 
Fig. 8b, all types of water exhibited lower iron levels in the treated water compared to their respective raw water, signifying substantial 
reductions in iron mass through coagulation and particle sedimentation effects, ranging from 51.6 % to 99.5 %.

Fig. 8 shows that the Al and Fe content in the WTS follows a similar trend as analysed for TS and TSS. L-WTS shows the lowest mass 
of Al and Fe (12 mg of Al and 5 mg of Fe), with mass progressively increasing as follows: M-WTS (39 mg of Al and 53 mg of Fe), H-WTS 
(69 mg of Al and 75 mg of Fe) until reaching its maximum values in the VH-WTS (653 mg of Al and 1481 mg of Fe). The Al and Fe 
content in the four types of WTS analysed indicates their potential for coagulant recovery.

The pH was consistent across all the raw waters studied, with reported values ranging from 6.9 to 7.0 (Fig. 9). Upon the addition of 
alum, which reacts with the water’s alkalinity (Eq. (6) and Eq. (7)), a decrease in the pH values of the treated water occurred (from 6.9 
to 5.7), with a more pronounced drop associated with higher alum doses. The pH values observed in the WTS were similar to those in 
the corresponding treated water. Therefore, WTS types L, M and H displayed pH values ranging from 6.9 to 6.4, while VH-WTS 
recorded the lowest pH value (5.7) because of the higher alum dose used in treating the water that produced this WTS type. All the 
reported pH values fall within the typical range documented for alum sludges (5.12–8.0), according to Turner et al. [49].

The production of WTS per unit of treated water is presented in Fig. 10. The volume and mass of the WTS were calculated from 
settleable solids (SedS) and TS, respectively. As depicted in Fig. 10, the volume of WTS produced increased with the rising turbidity of 
the raw water. Consequently, the lowest volume of WTS production was associated with the L-WTS (0.5 LWTS m− 3

raw water), while the 
highest volume was observed in the VH-WTS t (5.6 LWTS m− 3

raw water). These findings indicate that between 0.05 % and 0.56 % of the 
volume treated in the coagulation, flocculation and sedimentation stages of the DWTP becomes wastes represented by WTS. The 
generated mass of WTS exhibits a similar trend as the volume, with a minimum value of 2.2 g dry solids m− 3

raw water for the L-WTS and a 
maximum of 289 g dry solids m− 3

raw water for the VH-WTS. Considering the average flow rate of the DWTP influent reported for the year 
2020 (24 L s− 1), during months of low raw water turbidity, approximately 31 m3 or 137 kg dry solids per month of WTS can be generated, 
while in months of high turbidity, approximately 230 m3 or 1281 kg dry solids per month of WTS may be produced. Notably, during an 
extreme event of raw water turbidity, approaching the evaluated very high turbidity value of 285 NTU, it is possible to generate 
approximately 1.0 m3 or 50 kg dry solids of WTS in the DWTP within just 2 h of treatment with the average flow rate.

In Fig. 11, it is evident that all types of evaluated WTS consistently exhibited values greater than 0.5 for the TSS/TS and TFS/TS 
solids ratios. These findings imply that across all WTS types, TSS are more dominant than total dissolved solids. Likewise, TFS pre
dominate over the total volatile solids, indicating that a significant portion of the WTS is inorganic in nature, as reporting Ahmad et al. 
[28]. Notably, the L-WTS exhibited the lowest TSS/TS value (0.59), which can be attributed to the fact that the treatment process for 
the water responsible for generating this sludge resulted in the lowest removal of turbidity (as shown in Fig. 5a) and TSS (as depicted in 
Fig. 7b). In contrast, the M-WTS and H-WTS types displayed the lowest TFS/TS values (ranging from 0.57 to 0.67), indicating a higher 
proportion of volatile solids within these WTS samples, which include the organic matter removed during the treatment process.

3.4. Characterisation of dry WTS

The chemical composition and mineral phases of the WTS are presented in Fig. 12. The primary components of all WTS in terms of 
oxides include Al2O3 (29.9–33.9 %), SiO2 (20.5–26.4 %) and Fe2O3 (11.3–12.9 %). The X-ray diffraction results suggest that all WTS 
samples are predominantly amorphous, constituting 45.1–65.2 %, with the presence of crystalline structures such as alumi
nium–silicate clays (kaolinite 1A, illite 2M1, and dickite 2M1), quartz and low magnetite. These minerals include the main elements 

Fig. 11. TSS/TS and TFS/TS solids ratios in WTS.
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(Al, Si and Fe) identified in the XRF analysis. Additionally, amorphous material can include Fe and Al as Fe(OH)3 and Al(OH)3 formed 
during coagulation-flocculation stages [50,51]. The loss of ignition (LOI) at 950 ◦C in WTS is linked to the content of organic matter 
and minerals that undergo dehydroxylation processes during calcination, such as kaolinite, illite and dickite [52–54]. As shown in 
Fig. 12b, WTS of types M, H and VH displayed similar values of LOI at 950 ◦C within the range of 33.9 %–34.4 %, whereas L-WTS 
exhibited a lower LOI at 950 ◦C of 24.6 %. This reduced LOI at 950 ◦C value in L-WTS can be attributed to its lower content of alu
minium–silicate clays (28.5 %) and organic matter, as evidenced by its high TFS/TS ratio (0.78) reported in Fig. 11.

The high content of aluminium (Al) and iron (Fe) reported in the four types of WTS studied, both in their wet state (Fig. 8) and dry 
state (Fig. 12a), renders them potential coagulants for application in wastewater treatment. This application can be achieved directly 
using unmodified or chemically modified WTS [55,56]. Additionally, coagulants can be recovered from WTS through various phys
icochemical techniques [18] for subsequent use in wastewater treatment [7,57–59]. According to the study by Nair and Ahammed 
[27], a higher percentage of coagulant can be recovered from L-WTS by acidification, as this type of sludge is generated from raw water 
with the lowest levels of turbidity and organic matter (Figs. 5a and 6a).

Fig. 13 and Table 3 depict the particle size distribution in the WTS. In Fig. 13, it is evident that the L-WTS and M-WTS exhibit 
similar particle distributions, with D90 values close to 150 μm (Table 3). On the other hand, WTS types H and VH show smaller particle 
sizes, with D90 values of 116.5 μm and 86.6 μm, respectively. Table 3 provides further details, indicating that all WTS samples contain 
less than 40 % of particle volume in the sand range (75 μm ≤ dp < 4.75 mm) and increased volumes (61.0–85.9 %) of particles in the 
fines range (dp < 75 μm), as defined by ASTM [60]. The content of sand in the four WTS is lower than the values reported by Das
sanayake et al. [43] for alum sludges (60.4–69.0 %). The particles in the fines range of WTS encompass silts, clays (as identified in 
Fig. 12b) and organic matter, a component of the amorphous material that contributes to the LOI at 950 ◦C (Fig. 12a).

The zero-charge point pH (pHPZC) is the pH at which the net surface charge on the WTS surface becomes neutral, with the positive 
and negative charges of the material equal [61]. The pHPZC is a crucial parameter that influences the use of WTS as adsorbents or 
coagulants for contaminants removal in aqueous solutions [8]. Fig. 14 shows that WTS types L, M and H exhibit pHPZC values in the 
range of 6.4 and 6.6, whereas VH-WTS has a lower pHPZC of 5.7. These pHPZC values align closely with the corresponding pH values of 
wet WTS and treated water (Fig. 9). When the solution pH is lower than the pHPZC, the WTS surface will be positively charged and 
interact with negative species. Conversely, if the solution pH is higher than the pHPZC of the WTS, the surface becomes negatively 
charged and will interact with positively charged pollutants [62]. Hence, for aqueous solutions with a pH less than 5.7, all WTS exhibit 
strong potential for adsorbing pollutants such as metals (Pb+2, Cu+2, Cd+2) and cationic dyes. In contrast, for pH values exceeding 6.6, 
WTS can be advantageous in removing contaminants like anionic dyes and phosphates [7].

The functional groups of WTS analysed by ATR-FTIR are illustrated in Fig. 15. The band observed in the 3020 to 3780 cm− 1 range in 
L-WTS is attributed to the OH stretch of sorbed water and mineral hydroxide phases [63,64]. The slight increase in the intensity of this 
band observed in WTS types M, H and VH can be attributed to a higher content of aluminium–silicate clays and water. NOM is 

Fig. 12. Composition of WTS: (a) Chemical composition; (b) Mineral phases.
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associated with bands around 1640 cm− 1 (C=C, C=O) and 1400 cm− 1 (COO-, C-O) in all WTS [63,65]. These bands exhibit similar 
intensity in L-WTS and VH-WTS. They increase for M-WTS and H-WTS due to the higher content of organic matter in these latter two 
WTS types, as indicated by the lower ratios of TFS/TS in Fig. 11. Bands attributed to the silica network fall within the range of 
465–1150 cm− 1 [66], corresponding to the structures of quartz and the clays identified in the XRD analysis. Peaks at approximately 
1030 cm− 1 and 465 cm− 1 are linked to Si–O vibrations, as indicated by Shamaki et al. [64]. Moreover, the band at 914 cm− 1 is 
associated with the elongation of Al–OH bonds [62], and the Fe–O vibrations of Fe2O3 can be observed at 534 and 522 cm− 1 [26]. All 
the previously mentioned bands in the range of 465–1030 cm− 1 exhibited an increase in intensity in the VH-WTS, which can be 
attributed to its higher content of mineral phases, as shown in Fig. 12b.

Fig. 13. Particle size distribution in WTS.

Table 3 
Particle size analysis in WTS.

WTS type D90 (μm) Fines (clays, silts) dp < 75 μm (% volume) Sands 
75 μm ≤ dp < 4.75 mm (% volume)

Low (L) 146.0 65.6 34.4
Medium (M) 153.8 61.0 39.0
High (H) 116.5 73.2 26.8
Very high (VH) 86.6 85.9 14.1

Fig. 14. pHPZC of WTS.
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3.5. WTS production estimation

Table 4 summarises the results of the variables used in Eq. (3) [36], Eq. (4) [37], and Eq. (5) [38] for estimating the quantity of dry 
WTS produced during the pilot tests. The experimental WTS production (mexp), calculated production (mcal), the error (calculated by 
Eq. (8)), the coefficient of determination (R2) and the root mean square error (RMSE) are presented in Table 5.

The errors obtained with Eq. (3) indicate an overestimation ranging from 20 % to 30 % in the production of all types of sludge with 
this model. The model corresponding to Eq. (4) showed an overestimation in the generation of L-WTS (21.8 %) and underestimates in 
the 15 %–23.6 % range for producing other types of WTS. Eq. (5) presents errors of less than |10 %| in the production of WTS types H 
and VH but also exhibits the greatest overestimation (>200 %) in the quantity produced of L-WTS. The three models evaluated 
presented high values for the R2 (>0.999); however, none of them provided a good fit in estimating WTS production for all types of 
WTS due to the high overestimation and underestimated errors obtained and RMSE values reported (0.7232–3.0076). Therefore, some 
modifications were made to the original equations, resulting in Eqs. (9)–(11). 

mcalc =V
( (

RTSS/Tu ×TuRW
)
+0.26Dalum

)
10− 3 (9) 

mcalc =V
( (

RTSS/Tu ×TuRW
)
+0.44Dalum

)
10− 3 (10) 

mcalc =V
(
0.44Dalum +DOCr +

(
RTSS/Tu×TuRW

)
+A

)
10− 3 (11) 

where mcalc = WTS production calculated (g), V = volume of raw water in the pilot tank (L), TuRW = raw water turbidity (NTU), RTSS/ 

Turbidity = correlation coefficient between TSS and TuRW (1.01), Dalum = alum doses as 17.1 % de Al2O3 (mg L− 1), DOCr = DOC removed 
(mg L− 1) and A = additional chemicals added such as polymer or clay (mg L− 1).

As recommended by Kawamura [36] and AWWA and Edzwald [38], the correlation coefficient between TSS and turbidity 
(RTSS/turbidity) for the DWTP was calculated based on simultaneous measurements of TSS and turbidity in multiple raw water 
samples, as illustrated in Fig. 16. This correlation coefficient replaced the values 1.3 and 0.75 in Eq. (3) and Eq. (4), resulting in Eq. (9)
and Eq. (10), respectively. Additionally, the TSS (measured) in Eq. (5) was substituted by the factor RTSS/Turbidity TuRW, representing 
the TSS calculated through the equation presented in Fig. 16, resulting in Eq. (11). The value of the correlation coefficient 
(RTSS/Turbidity) obtained (1.01) falls within the ranges reported by Kawamura [36]; between 1.0 and 2.0 and AWWA and Edzwald [38]; 
between 0.7 and 2.2.

Table 6 presents the results for WTS production calculated using Eq. (9), Eq. (10) and Eq. (11), including model coefficients and the 

Fig. 15. FTIR spectra of WTS.

Table 4 
Parameters for estimating WTS production.

WTS type Dalum (mg L− 1) Raw water Treated water DOCr (mg L− 1)

TuRW (NTU) TSS (mg L− 1) DOC (mg L− 1) DOC (mg L− 1)

Low (L) 4 1.25 <5 <1.00 <1.00 0a

Medium (M) 6 9.13 6 2.29 1.45 0.84
High (H) 8 18.6 13 4.65 2.41 2.24
Very high (VH) 16 285 299 4.51 1.57 2.94

Note.
a Assuming DOC = 1.0 mg L− 1 (method quantification limit – MQL) for raw and treated water.
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Akaike Information Criterion (AIC). The values of WTS production calculated with Eq. (9) closely matched the experimental values, 
with errors less than |5 %|. Furthermore, the high R2 (1.0000), the lower RSME (0.1062) and the lower AIC (− 3.4851) reporting for Eq. 
(9) show that the Kawamura model adjusted with RTSS/turbidity is the simplest model that presents a better fit to the experimental 
data. For models corresponding to Eq. (10) and Eq. (11), the estimation was improved, reporting RSME values of 0.2165 and 0.1985, 
respectively; however, for L-WTS, overestimations close to 37 % were still observed. These findings highlight the importance of 
knowing the correlation coefficient between TSS and turbidity to accurately estimate WTS production [28]. Furthermore, the best fit of 
the Kawamura model adjusted with RTSS/turbidity suggests that the chemical reaction presented in Eq. (6) more accurately represents 
the coagulation process in the studied DWTP. Therefore, this process does not correspond to enhanced coagulation [36].

Fig. 17 illustrates that in Eq. (9), the factor that contributes the most to sludge production is the one associated with turbidity (RTSS/ 

Tu x TuRW) in the WTS types M, H and VH (77.7–97.6 %). This is because these types of WTS exhibit high TSS removal (Fig. 7b). In 
contrast, in the generation of WTS type L, there was low TSS removal (Fig. 7b), and the factor related to the coagulant dose and the 
production of aluminium hydroxide (0.26Dalum) was the most significant (58.2 %).

Table 5 
WTS production estimating by Eqs. (3)–(5).

WTS type mexp (g) Eq. (3) Eq. (4) Eq. (5)

mcalc (g) E (%) mcalc (g) E (%) mcalc (g) E (%)

Low (L) 0.155 0.187 20.4 0.189 21.8 0.473a 205.3
Medium (M) 0.781 0.940 20.4 0.664 − 15.0 0.664 − 15.0
High (H) 1.444 1.838 27.3 1.223 − 15.3 1.313 − 9.1
Very high (VH) 20.23 26.23 29.6 15.46 − 23.6 21.63 6.9

R2 ​ 1.0000 1.0000 0.9994
RSME ​ 3.0076 2.4033 0.7232

Note.
a Assuming TSS = 5 mg L− 1 (method quantification limit – MQL) for raw water.

Fig. 16. Correlation between raw water turbidity and TSS.

Table 6 
WTS production estimating by Eqs. (9)–(11).

WTS type mexp (g) Eq. (9) Eq. (10) Eq. (11)

mcalc (g) E (%) mcalc (g) E (%) mcalc (g) E (%)

Low (L) 0.155 0.161 4.0 0.212 36.5 0.212 36.8
Medium (M) 0.781 0.755 − 3.4 0.830 6.3 0.889 14.0
High (H) 1.444 1.461 1.2 1.561 8.1 1.718 19.3
Very high (VH) 20.23 20.44 1.0 20.64 2.0 20.49 3.1

R2 ​ 1.0000 1.0000 0.9999
RSME ​ 0.1062 0.2165 0.1985
Model coefficients ​ 2 2 3
AIC ​ ¡3.4851 ¡2.0606 ¡1.7341
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4. Conclusions

The analysis of operational condition records at the DWTP over five years revealed significant variability in the turbidity of the raw 
water, which is linked to rainfall patterns. Among the four types of raw water defined through data analysis and jar tests, the low 
turbidity (L) category was the most frequently occurring at the DWTP during the study period.

Rainfall seasonality significantly affects WTS production, showing that the smallest amount of sludge was generated with type L 
raw water (137 kg of dry solids per month for the average flow rate of the DWTP) whereas, in one month, with the average turbidity of 
raw water in the high turbidity range, WTS generation increase more than nine folds.

The WTS production estimation model proposed by Kawamura, adjusted with the correlation coefficient between raw water 
turbidity and TSS calculated for the DWTP, demonstrated a good fit for the experimental production data for all types of WTS (R2 = 1.0, 
RMSE = 0.1062 and the lower Akaike Information Criterion). Therefore, sludge production projections, which are an essential aspect 
for properly managing WTS, can be made based on the raw water’s coagulant dose and turbidity. These two variables are easily and 
frequently measured in the DWTP.

As a result of its high content of Al (Al2O3: 30–34 %) and Fe (Fe2O3: 11–13 %), the WTS generated in the studied DWTP have the 
potential for direct use as coagulants or for the recovery of coagulants that can be used in wastewater treatment. This particularly 
applies to L-WTS, which is produced from raw water and characterised by low concentrations of NOM and turbidity. Moreover, all the 
evaluated sludges are primarily amorphous materials, with the presence of some mineral phases, notably kaolinite, illite and dickite. 
These minerals are more prevalent in VH-WTS, resulting in a higher content of particles in the fine size range for this type of WTS. The 
presence of aluminium–silicate clays and the functional groups of the silica network observed in the FTIR analysis suggest that WTS, 
particularly VH-WTS, also have the potential to serve as raw materials for the generation of contaminant adsorbents in aqueous 
systems. The potential applications of WTS in coagulation and adsorption during wastewater treatment can contribute to the circular 
economy in the water sector. However, these applications depend on the physical and chemical characteristics of the WTS that are 
controlled by rainfall seasonality.
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