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Waterworks Sludge: An Underrated Material for Beneficial Reuse
in Water and Environmental Engineering

Yagian Zhao'® - Ange Nzihou? - Baiming Ren?? . Nathalie Lyczko? - Cheng Shen® - Chun Kang' - Bin Ji

Abstract

Waterworks sludge refers to the inevitable suspended and dissolved solids produced during the water purification process
when producing tap water where Al-salt and/or Fe-salt are used as coagulant worldwide. Waterworks sludge is dewatered and
the resultant cakes have been treated as “waste” for landfill as their major final disposal solution for a long time in practice.
As waterworks sludge is the residual of potable water treatment process, it is not harmful and without toxic elements such
as heavy metals in most cases in comparison to sewage sludges for instance. Actually, waterworks sludge is an underrated
material with huge potential for beneficial reuse as raw material in water and environmental engineering. However, little
was significantly progressed on this topic until the last two decades. Research and development (R&D) with special interest
and focus on waterworks sludge reuse was conducted in our group in the last 15 years and this paper reports and discusses
the main work and its novel application profile. Overall, it is believed that the R&D of waterworks sludge is useful and will
help to develop national strategy of the entire waterworks sludge management, allowing its transformation from a “waste”
into value-added products, and thus contribute to sustainable development.
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residuals while being without toxic elements and heavy met-
als. Indeed, it harbours huge potential in beneficial reuse as
araw material in water and environmental engineering. This
paper outlines and assesses several novel reuse strategies
developed in our group for promoting WTS reuse in waste-
water and sewage sludge treatment processes. These include
reuse as a low-cost adsorbent; as a main substrate in con-
structed wetlands; as a primary coagulant for high strength
wastewater treatment; as a conditioner for co-conditioning/
dewatering with sewage sludge; and as a novel material for
H,S/odor gas purification, thus turning it from a “waste”
into value-added products and contribute to sustainable
development.

Introduction

Water is essential for life and purification of raw/source
water into drinking water requires the addition of chemical(s)
to enhance the efficiency. Such chemicals are called coag-
ulants while the various impurities in raw/source water
together with the coagulant residue will generate inevitable
by-products in the form of water treatment sludge (WTS).
Alum and/or Ferric salts are commonly used coagulants.
Accordingly, “alum sludge (AlS)” is generated when alum
salt is used in waterworks for the purification process [1]. As
the volume of AlS increased worldwide due to the increasing
demand for clean water with the rapid escalation of world
population and urban expansion, a significant concern on
how to effectively and efficiently manage AIS was raised
with the aim to achieve economical savings of disposal and
maintain the environment sustainably. Indeed, there have
been an increasing number of studies worldwide in the last
two decades to develop various beneficial reuse strategies of
WTS in water and environmental engineering. The driving
force behind this lies in the fact that WTS is relatively clean
without harmful and toxic elements in most cases [2—4].

A useful tool for relevant literature search and analysis is
bibliometric analysis. It can be applied to identify and link
key aspects of a certain subject. The performed bibliometric
mapping allowed the identification of the most cited items in
literature and the investigation of relationships between the
terms obtained. As such, a search at the “Web of Science”
database using the keywords of ‘waterworks sludge’ OR
‘waterworks residue’ OR ‘alum sludge’ OR ‘water treatment
plant sludge’ OR ‘drinking water sludge’ was performed and
440 publications, in scientific journals from 2000 to April of
2020, were obtained (Fig. 1). In spite of the relatively limited
papers in the last 20 years, Fig. 1 does give us a profile of
the current status of WTS studies. The increased number of
studies will bring the R&D of WTS to a high level towards
various reuse routes and final sustainable disposal. By using
VOSviewer software to analyze the keywords of the papers
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Fig. 1 Publications of WTS studies in the last 20 years based on Web
of Science search

regarding WTS studies in the literature, the bibliometric-
mapping of keyword density visualization was obtained
(Fig. 2). The red areas in Fig. 2 represent hotspots. From
this map, we can see that considerable attention has been
paid to WTS reuse and multiple applications. Among these,
the AlS reuse as a substrate in constructed wetlands (CWs)
has been intensively identified.

Intensive research and development (R&D) was con-
ducted in our group in the last 15 years with a special inter-
est and focus on WTS, especially AlS and various beneficial
reuse, and this paper reports the main work and the updated
novel application profile.

Production and Characteristics
of Waterworks Sludge

Conventional waterworks involves the processes of coagula-
tion & flocculation, sedimentation, filtration and disinfection
with a large quantity of sludge generated as inevitable by-
products during the sedimentation process (after coagulation
& flocculation) and the back washing process during the
filtration stage [5]. These two streams of sludges will be
subject to thickening and conditioning before dewatering
to result in the cakes for final disposal (Fig. 3). It has been
normally estimated that WTS production from waterworks
comprises 1-3% of the total volume of raw water used dur-
ing the treatment process [6]. It is difficult to obtain accurate
data on overall WTS generation at the global level but WTS
generation in China is the highest globally at 2.3 million
tonnes per year. However, the largest quantity of annual
WTS generation per person is in Korea. By contrast, Den-
mark generates the least WTS at 10,000 tons/year as well
as the least quantity of annual WTSs generation per person.



Fig.2 Bibliometric map gener-
ated based on density visualiza-
tion from VOSViewer—red
areas represent hotspots. (Color
figure online)
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The sludge disposal cost in Netherlands stands at a huge sum
of US$37-50 million per year while it is $6.2 million per
year in Australia. It is also estimated that the cost of WTS
disposal in Ireland will be doubled by the end of the next
decade from the present assessment of 15,000—18,000 tons/
year of the dried solids [7-10].

With regard to the nature of WTS, it is produced with
various impurities and contaminants such as clay minerals,
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sandy and loamy particles, organic matter, microorgan-
isms, and trace heavy metals etc. depending on the source
waters. These particles are agglomerated with the residual
of dosed Al or Fe salts. Obviously, the amount of WTS
depends on the quality of raw water treated and the effi-
ciency of operational units involved in the water treatment
processes. It should be noted that WTS is generally clean
without toxic elements since the water resource areas are



normally protected to ensure the quality of raw water away
from potential pollution.

The physicochemical characteristics of WTS vary accord-
ing to a number of factors of the quality of raw water, nature
of coagulants used, treatment technology involved and the
final quality of water produced. In general, SiO, constitutes
the majority of the sludge followed by Al,O; and Fe,05;
other oxides such as CaO, MgO, Na,0, K,0, P,05 and TiO,
are also found in small percentages. The amount of Al,O; or
Fe,05 in WTS is also associated with the coagulant applied
(Al or Fe salts) and the concentration of these metals in
the raw water. From the literature, physicochemical com-
position of Al-based and Fe-based WTS is summarized in
Table 1. It is reasonable to understand that the composition
of WTS varies but Al and Fe are of course the major ele-
ments. Some heavy metals are also reported in WTS analy-
ses. They are also an indication of source water quality or
pollution although they were concentrated into WTS during
the treatment processes.

WTS Used as Low-cost Adsorbent for Various
Pollutant Immobilization

Reuse of dewatered WTS as low-cost adsorbent for phospho-
rus (P) immobilization represents a large number of inves-
tigations in the past [1, 3, 17, 18]. Intensive studies have
been conducted to explore the capacity of reusing dewa-
tered WTS for various P and pesticide adsorption [6, 19-21].
Static adsorption tests and column trials were conducted and

adsorption behaviour had been investigated in great detail
across the world. It has been well demonstrated that WTS
have a strong affinity with P while Ligand-exchange is the
dominant mechanism based on exploratory evidence from
the adsorption mechanism of P onto the AlS. Although
chemical reaction between phosphate and dissolved alu-
minium was demonstrated, it is believed that the chemical
reaction plays only a marginal role in the phosphate removal
process [22]. The maximum P adsorption capacity by AlS
can be seen from Table 2. It should be noted that the P
adsorption capacity may be linked with the experimental
conditions, while caution should be paid when comparing
it between different studies. In addition, Zhao et al., [23]
reported that the AIS has considerable ability for arsenic
immobilization, while Shakya et al. [8] investigated prac-
tical approach on reuse of drinking water treatment plant
residuals for fluoride removal. Adsorption behaviours of AIS
for arsenic adsorption were investigated and the results had
shown that the maximum adsorption capacities ranged from
0.61 to 0.96 mg As/g when the pH of the arsenic solution
was varied from 9.0 to 4.0 [23]. WTR has been demonstrated
to own a good ability for fluoride removal in contaminated
groundwater from initial 5.0 mg/L to about 90% reduction
within 2 h contact time at WTR dose of 28 g/L in the pH
range of 5-8 to meet the drinking water standard [8].

To further expand the scope of reuse, WTS have been
tested for a number of heavy metals and semimetals adsorp-
tion in studies of varied scale which include Cd, Cr, Co,
Cu, Pb, Hg, Ni, Zn, Mo, V, Ga, As, Se, and B (Fig. 4). Shen
et al., [4] conducted a comprehensive review on this aspect

Table 1 Physicochemical

o Parameter Units Al-sludge Fe-sludge References
composition of AlS and
Fe-WTS [3] pH 6.5+0.3* 7.0£13 Inputs from
Total solids mg/L 2500-52,345 2132-5074 (1,4, 11-16],
Al mg/kg 118,700 +24,260 61,390+ 35,920
Fe mg/kg 37,000+ 19,740 220,900 32,200
Ca mg/kg 10,360 +4299 Nd
Mg mg/kg 2407 +572 Nd
Na mg/kg 355+142 Nd
K mg/kg 3547+582 Nd
S mg/kg 6763 +2955 Nd
Mn mg/kg 2998 +1122 1088 +178
Zn mg/kg 98 +31 36+4
Cu mg/kg 624 +581 46+12
Ni mg/kg 28+10 64+14
Pb mg/kg 22+12 47+1
Cr mg/kg 20+7 38+4
Cd mg/kg 0.12+0.02 Nd
Hg mg/kg 0.46 Nd

Nd not determined

“Numbers are means + SD



Table 2 Comparison of maximum P adsorption capacities by WTS [13]

Test conditions Maximum adsorption capacity Q, (mg PO,>~/g WTS)
Ortho-P Poly-P Organic-P
Particle size <2.36 mm 10.2 7.4 4.8
pH 4.0 (Initial P concentration 14.7 mg (Initial P concentration (Initial P concen-
Equilibration time 1 day PO7/L) 10.8 mg PO,*7/L) tration 3.3 mg
PO7/L)
Particle size <2 mm 25.0 14.3 12.5
Initial P concentration up to 4000 mg PO43_/L;
pH7.1
Equilibration time overnight
Particle size 0.063-2.36 mm 10.5 - -
Initial P concentration 15.3 mg PO,>~/L
pH4.3
Not specified 0.30-0.33 - -
Particle size 0.1-0.3 mm 38.3 - -

Initial P concentration 918 mg PO,*>7/L

Equilibration time 1 day

Particle size <2 mm 2.02-50.49 - -
Initial P concentration 10.7 g PO,>7/L

Equilibration time 17 h

Particle size <150 ym 5.63-90.27 - -
Initial P concentration 0-10.7 g PO,*~/L (Equilibration time 17 h)

31.82-113.22

(Equilibration time 6 days)
Particle size <2 mm 22.95-30.60 - -
Initial P loading 30.6 mg PO43_/g sludge (four kinds of AlS tested)

Equilibration time 10 days
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Fig.4 Overview of WTS adsorption of various heavy metals and semimetals



and adsorption capacities are reported in Table 3. These
studies have approved the effectiveness of WTS to be a con-
siderable low-cost adsorbent for a wide range of pollutant
removal in wastewaters, thus turning WTS from “waste” for
landfilling into useful materials for water and environmental
engineering practice.

In recent years, to better use WTS as adsorbent, granula-
tions of WTS have been increasingly studied. Granulation
is a technique of particle enlargement by agglomeration; it
is one of the most significant and commonly used opera-
tions in the production of pellet/granular forms [24]. During
the granulation process, fine or coarse particles of WTS are
converted into large agglomerates [25]. These pellet type
WTRs are easy to separate and recover from the adsorption
process and more suitable to be used in wastewater treat-
ment facilities such as columns, beds and filters due to the
increased compressive strength and hydraulic conductivity
[26, 27]. Therefore, WTR granulation could widen WTR
reuse routes and also seems to be a promising strategy to
promote large engineering application of WTS. The current
approaches of granulation methodologies are classified in
three broad categories: sintering WTS ceramsite [28, 29],
gel entrapment [30] and newly emerged techniques e.g.,
freeze—thaw process [31] and natural curing [32]. No doubt,
these efforts have successfully demonstrated the potential of
WTS as novel value-added products.

WTS Used as Substrate in Developing
Constructed Wetland Treatment Systems

Use of dewatered WTS as the main wetland substrate to
develop the new generation of constructed wetlands (CW)
for wastewater treatment represents a great showcase of the
beneficial reuse of WTS [33, 34]. Great efforts have been
made on AlS-based CW development with novel operation
strategies of “tidal flow” and “intermittent aeration” allow-
ing the CW to treat high strength wastewater [33, 35, 36].
CW has risen in popularity and has been widely applied
at the global level for various wastewater treatment appli-
cations due to its good treatment efficiency, low cost of
operation and maintenance, and aesthetic value [37, 38].
However, it is important to note that CW is a biofilm-based
wastewater treatment technology. The soul of the CW lies
in the biofilm developed on its substrate with microor-
ganism activities being the main drivers for wastewater
biogradation/purification [39]. Meanwhile, CW is also a
biofilter-like wastewater treatment facility i.e. substrate/
filter medium plays a very important role. Developing new
materials with P and other pollutants is the priority in CW
development. WTS in the form of dewatered AlS was first
tested as a wetland substrate in 2008 [40] and dewatered
AlS has been examined as good material in CW system

with the following properties: (1) as carrier for biofilm
development; (2) as low-cost adsorbent for pollutant (P
and others) immobilization; and (3) as growing medium
to support wetland plant growth [41].

Thereafter, field pilot-scale trials of an AlS-based
four-stage CW system were conducted for high strength
farmyard wastewater treatment. The study showed excel-
lent pollutant removal efficiencies with mean monthly
removal percentages of BODs, COD, total nitrogen (TN),
ammoniacal nitrogen (NH,-N), total phosphorus (TP), IP
(inorganic phosphorus) and SS in the range of 57-84%,
36-84%, 11-78%, 49-93%, 75-94%, 73-97% and 46—-83%,
respectively (Fig. 5) [39].

In recent years, the AlS-based wetland system has been
further studied by embedding it into the traditional main
wastewater treatment process (i.e. activated sludge pro-
cess) to develop a so-called “Green-Bio-sorption Reac-
tor” (GBR) [42]. It has been well demonstrated that the
involvement of CW in the activated sludge process could
achieve ‘14 1>2’ regarding enhanced treatment efficiency
and upgrading the activated sludge process with aesthetic
value (Fig. 6a) [43]. Insight into the pollutant removal
potential, particularly the role of the AlS-based CW in the
GBR, showed that the GBR achieved 91.2% and 94.8%
removal for TN and TP respectively under hydraulic and
nitrogen loading rates of 2.07 m*/(m> day) and 166.2 g N/
(m? day) respectively. The AlS-based CW revealed dual-
intensification in both capacity and efficiency [43]. Most
recently, floating wetland has been well studied to further
use the AIS as media to enhance floating wetland waste-
water treatment efficiency (Fig. 6b) [44].

In addition, the AlS-based wetland system has been
integrated with microbial fuel cell (MFC) to further
expand its scope to develop the MFC-CW system to simul-
taneously achieve the dual goals of wastewater treatment
and bioelectricity generation [45-49]. Indeed, the embed-
ding of MFC into AlS-based CW represented a great
development in CW system in recent years. Although this
novel technical is still in its infant developing stage, it is
clear that compared with conventional CW, it is impor-
tant to state that MFC-CW can improve wastewater treat-
ment efficiency by the inner MFC function. Xu et al. [47]
found NH,-N removal efficiency was increased from
44.63+2.07% to 81.10+2.07% in a multiple-cathode
MFC-CW. More importantly, the generated electricity,
although it is minor, can develop the biosensor, which
owns a promising feature in the future to realise online
CW operation management.



Table3 WTSs used as heavy metals and semimetals adsorption from aqueous environment [4]

Plant Type of sludge  Adsorption capacity
Sassari, Italy AlS 12.873 mg Pb(Il)/g, 3.494 mg Cu(Il)/g, 4.48 mg Cd(11)/g, 3.250 mg Zn(1l)/g
Bidifhinzu, Italy Fe-WTS 12.873 mg Pb(Il)/g, 3.496 mg Cu(Il)/g, 7.28 mg Cd(1l)/g, 5.252 mg Zn(1l)/g
Sassari, Italy AlS 30.4-94 mg As/g
Sassari, Italy Fe-WTS 75-139 mg As/g
Flandria, Belgium Fe-WTS 40.0 mg As(V)/g, 119.97 mg Pb(1l)/g, 21.02 mg Cd(11)/g, 40.01 mg Zn(1l)/g
Tempa, USA Fe-WTS > 10 mg As (V)/g, > 14 mg As(1l)/g
Fe-WTS 6.52-11.21 mg As(1l)/g, 4.92-9.18 mg As(V)/g
Bradenton, USA AlS 79 mg Hg (II)/g
AlS > 15 mg As(V)/g,>8 mg As (IlI)/g
AlS 34.4-40.24 mg As(Ill)/g, 44.95-49.98 mg As (V)/g
Fort colins,USA AlS 1.4-2.1 mg Se(VI)/g, 1.4-1.95 mg Se(IV)/g
Michagan, USA AlS 10 mg Cudl) /g
Colorado, USA Fe-WTS >0.113 mg B(Il)/g, > 0.023 mg Cr(VI)/g, 0.038 mg Se(VI)/g,>0.3 mg Cu(1l)/g,>0.0071 mg Pb (II)/g
Brandon, USA Fe-WTS 2.23 mg As/g
Texas, USA Fe-WTS 0.029 mg B(III)/g, > 0.0066 mg Cr(VI)/g,>0.00011 mg Se(VI)/g,>0.320 mg Cu(ll)/g
New York, USA Fe-WTS 4.29 mg As/g
Tampa, USA Fe-WTS As
Bradenton, USA AlS As
Brisbane, Australia ~ AIS 62.16 mg Pb(II)/g, 86.83 mg Cr(1ll)/g, 58.75 mg Cr(VI)/g, 20.98 mg As(V)/g, 18.73 mg As(1ll)/g
Brisbane, Australia ~ AlS 9.53 mg Mo(VI)/g, 13.02 mg V(V)/g, 17.36 As(V)/g, 28.74 mg Ga(Ill)/g
Dartmouth, Canada  AIS 0.003 mg As/g
Brandon, Canada Ca-WTS 0.16 mg As/g
Kelantan, Malaysia ~ AlS Cu(II), Zn(II)
Johore, Malaysia AlS 10.638 mg Cu(Il)/g
Peiking, China Fe(AD)-WTS 17.31 mg Co(I)/g
Sivas, Turkey Fe-WTS 6.97 mg Ni(Il)/g
Mumbai, India AlS Cu(Il), Co(Il), Cr(VI), Hg(1l), Pb{l), Zn(II)
Miyamachi, Japan AlS 5.3 mg Cd(I)/g
Nishino, Japan AlS? 9.2 mg Cd(Il)/g
Taiwan Fe(Mn)-WTS 16.6 mg Ni(II)/g
Taiwan AlS 0.98 mg B/g
GU, UK AlS 0.01-0.011 mg Pb/g, 0.03-0.11 mg Cr/g,0.01-0.06 mg Cd/g
WD, UK AlS 0.01-0.02 mg Pb/g, 0.1-0.14 mg Cr/g,0.1-0.66 mg Cd/g
OS, UK AlS 0.013-0.04 mg Pb/g, 0.08-0.1 mg Cr/g,0.25-0.52 mg Cd/g
HU, UK AlS 0.014-0.02 mg Pb/g, 0.08-0.11 mg Cr/g,0.01-0.02 mg Cd/g
WA, UK AlS 0.024-0.06 mg Pb/g, 0.12-0.16 mg Cr/g,0.13-0.7 mg Cd/g
BS, UK Fe-WTS 0.01-0.02 mg Pb/g, 0.07-0.1 mg Cr/g,0.02-0.07 mg Cd/g
MO, UK Fe-WTS 0.01-0.014 mg Pb/g, 0.091 mg Cr/g,0.03-0.1 mg Cd/g
HO, UK Fe-WTS 0.017-0.08 mg Pb/g, 0.02-0.12 mg Cr/g,0.15-0.4 mg Cd/g
CA, UK Fe-WTS 0.027-0.04 mg Pb/g, 0.08-0.11 mg Cr/g,0.08-0.17 mg Cd/g
FO, UK Fe-WTS 0.01-0.02 mg Pb/g, 0.02-0.11 mg Cr/g,0.05-0.2 mg Cd/g
HH, UK Fe-WTS 0.02-0.04 mg Pb/g, 0.13 mg Cr/g,0.02-0.03 mg Cd/g
AR, UK Fe-WTS 0.015-0.03 mg Pb/g, 0.06-0.11 mg Cr/g,0.02-0.1 mg Cd/g
WY, UK Fe-WTS 0.013-0.02 mg Pb/g, 0.11 mg Cr/g,0.01-0.45 mg Cd/g
BU, UK Fe-WTS 0.008-0.02 mg Pb/g, 0.09-0.1 mg Cr/g,0.014-0.82 mg Cd/g

“WTS containing activated carbon introduced with coagulants



Fig.5 Field study of AlS-based
CW for animal farm wastewater
treatment

Conventional activated sludge
(a) Constructed wetland

Fig.6 AlS-based CW combination with activated sludge process
(GBR) (a) and floating treatment wetland (b)

Liquid WTS Used as Coagulant

for Wastewater Treatment

and as Conditioner for Wastewater Sludge
Co-conditioning and Dewatering

Reuse of WTS can either be in dewatered cakes or in liquid
form. It has been studied and demonstrated that WTS in
liquid form can be used as coagulant in wastewater indus-
try due to its abundant content of AI** and Fe** (Table 1).
For the same reason, they are also employed for wastewater
sludge co-conditioning and dewatering to achieve the dual
goals of polymer (conventional conditioner) saving and P
control from the reject water.

Recently, Rebosura et al. [50] introduced Fe-WTS into
the urban wastewater drainage system to effectively reduce
dissolved sulphide in the sewer collection network system
and the concentration of P in the ensuing wastewater treat-
ment. Indeed, previous studies have demonstrated various
reuse of WTS as primary coagulant [1, 3,22, 51, 52], and as
special coagulating-flocculating agents for industrial effluent
purification [53], as well as for low-turbidity source water
coagulation [54] to turn WTS into a value added material.
Hu et al. [55] used liquid AIS as coagulant for pesticide
immobilization in wastewater and found that the liquid AlS
adsorbed P more rapidly than dewatered AlS cakes as well
as having higher performance in comparison with other
adsorbents. Mazari et al. [56] introduced liquid AlS into the
pre-treatment process as the primary coagulant for the ultra-
filtration (UF) membrane process of municipal wastewater



treatment. Shrestha et al. [57] also used waterworks AlS in
pilot sewers for the first time to replace the chemical coagu-
lants. Kang [58] investigated the use of liquid AlS in animal
farm wastewater treatment. The quantity of strong wastewa-
ter discharged by animal farms and the livestock and poultry
industry is a big concern. Treatment of such strong waste-
water needs significant reduction of the pollutants (such
as chemical oxygen demand (COD)) in the primary stage,
e.g. coagulation/flocculation and sedimentation, before bio-
logical treatment. Based on Kang’s [58] trial, removal effi-
ciencies of TSS (total suspended solids), PO43_, and TOC
(total organic carbon) of 87.76 +2.2%, 96.88 +2.9%, and
62.14 + 1.8%, respectively, could be obtained for animal
farm wastewater treatment at the optimum initial pH value
of 7.0 and liquid AIS dosage of 1.59 g/L. This provides
AlS with an alternative option for high strength wastewater
coagulation. Actually, the mechanisms behind these studies
are the large specific surface area, certain pore volumes and
porosity of AlS flocs [1, 19] and their oxide or hydroxide,
which can perform with a strong capacity as coagulant while
being adsorbent for a number of pollutants in wastewater [4].

In addition, liquid WTS can be used as “conditioner” to
jointly be treated with sewage sludge. The role of the WTS
that could strengthen sewage sludge conditioning lies in the
strong coagulation elements of AI** and Fe®* [59]. The pro-
cess is to form the co-conditioning and dewatering of WTS
and sewage sludge [60, 61]. Yang et al. [60] conducted a
study on the co-conditioning and dewatering of an Irish AlIS
with wastewater sludge in Dublin, Ireland and demonstrated
that the AIS could improve sewage sludge dewaterability.
The technical foundation was sound while simultaneous ben-
efits were observed in savings on polymer (as conventional
conditioner) dosage and control of P from the reject water
i.e. the filtrate from the mechanical dewatering process in
the sludge treatment unit in the WWTP. Taylor and Elliott
[62] reported co-conditioning and dewatering of AIS with
sewage sludge which reduced the amount of polymer dos-
age so that the total cost of sludge treatment was decreased.
More recently, Ren et al. [61] demonstrated the use of a
liquid AIS obtained from Graulhet waterworks in South
France in co-conditioning and dewatering with sewerage
sludge from a nearby WWTP. By considering the P concen-
tration in the supernatant as well as the treatment capacity
of Graulhet WWTP, the optimal mixing ratio of sewerage
sludge and AlS in v/v was 1:1. Moreover, the optimal poly-
mer (Superfloc-492HMW) dosage for the mixed sludge ratio
(1:1) was 200 mg/L, while the current dosage for the waste-
activated sludge in Graulhet WWTP is 2.8 g/L. An inte-
grated cost-effective evaluation of process capabilities was
considered including: AlS transport (3 km away to Graulhet
WWTP), increased cakes disposal (after co-dewatering), and
additional administration etc. which suggested that the co-
conditioning and dewatering strategy for the Graulhet water

industry was practicable; theoretically the initial investment
could be returned in 11 years. Therefore, a scientific inves-
tigation but also a “Circular Economy” approach was pro-
vided for the Graulhet water industry.

Although the technical aspect of co-conditioning and
dewatering is promising and the benefits are sound, the only
concern and difficulty in practice lies in the fact that the
waterworks and the WWTP are always built separately with
considerable distance between them in a city/town. This may
hinder the practical application of this c-treatment strategy.

Novel Use of AIS for Unpleasant Gas
Purification

AlS has recently been investigated as a raw material for
hydrogen sulfide (H,S) adsorption [62]. H,S is one of several
odorous gases from industrial effluents such as municipal
wastewater treatment plants (WWTPs), landfill sites and
petrochemical industries [63]. It is a poisonous, flammable,
colorless gas with a characteristic odor of rotten eggs. The
average odor threshold of H,S is reported at 7 to 9 parts per
billion (ppb) [64]. In the study of Ren et al. [65], dewatered
AlS was used for H,S adsorption for the first time, while
various trials were performed in fixed bed columns to study
the effects of H,S flow rate and sorbent bed depth on the
AlS adsorption behaviour. The breakthrough curves were
simulated by adsorption models, while the mechanisms of
H,S adsorption onto the AIS were examined in great detail.
The AIS adsorption capacity was determined to be 374.2 mg
of H,S/g, slightly decreasing with increasing flow rate and
increasing with increasing bed depth.

The study demonstrated that AIS could be a cost-effec-
tive, largely available, and efficient sorbent for H,S removal,
thus opening a novel way for H,S removal using a “waste”.
In spite of the small scale lab trial, it has good potential for
application in WWTPs as the unpleasant odor from waste-
water treatment processes has been a long complained issue
of the public and a painful concern of the wastewater treat-
ment authority. Normally, technologies of H,S removal from
odor gas derived from WWTPs include physical/chemical
(such as adsorption, chemical scrubbing) and biological
approaches (biofiltration, biotrickling, activated sludge dif-
fusion etc.) [66]. Singh et al. [67] used zinc oxide-decorated
multi-wall carbon nanotubes (ZnO-MWCNTSs), which was
a synthesis of the carbon nanotube and zinc oxide, for a
high value (98%) of H,S removal in a bench-scale fixed bed
reactor. Sdnchez-Gonzélez et al. [68] investigated Mg-based
metal-organic frameworks (MOFs) as a highly reversible
sorbent for H,S removal. Hervy et al. [69] reported H,S
removal by chars obtained from pyrolysis of wastes under
ambient temperature in various dry gas matrices (N2, Air,
Syngas). Other materials have been reported as sorbents for



H,S removal including fly ash, activated carbon, polymers,
carbon-coated polymers, ceramics, and synthetic zeolites.
The H,S removal efficiency of these materials ranged from
8.63 to 210 mg H,S/g [70-72]. Obviously, compared with
other materials, AlS is a easily, locally and largely avail-
able by-product with cost-effectiveness as a feature. Indeed,
adsorption has the common shortcomings of material cost
and the complexity of sorbent preparation and regeneration
after saturation. No doubt, direct utilization of AlS for H,S
removal has attracted intensive research interest.

Conclusions and Future Perspectives

It should be noted that WTR has clear features which are
obviously different with other industrial by-products. On
the one hand, like with other “waste”, it needs to be dis-
posed which is associated with increased cost as well as
environmental impacts, which are still worldwide issues.
Historically, the simple and less thoughtful disposal routes
of WTRs include discharging to a nearby natural water body,
or discharging to lagoons, or sending as waste for landfill-
ing after dewatering [73, 74]. On the other hand, it contains
very useful elements of Al, Fe, Ca etc. in considerably high
quantities (Table 1) which are good at adsorption and immo-
bilization of other pollutants (Table 2). Additionally, WTS
has the specific feature of being an inevitable by-product of
the tap water supply service locally and largely available
almost everywhere in the world. This makes it very special
with unique potential to be a resource for beneficial reuse
from a sustainability point of view. Thus, development of
strategies for its various reuse applications is an urgent pri-
ority over the next extended period of time. Although, so
far, more work is beening done, WTS is still an underrated
material as landfill remains the major final disposal route in
the current global situation.

From now, it is necessary to adopt/focus on 5R principles
(Reduce, Reprocess, Reuse, Recycle and Recover) of waste
management for sustainable development. It is crucial to
identify viable management options for WTS, particularly
where WTS can be effectively utilized in an environmen-
tally acceptable and sustainable manner [61]. To date, there
are four broad categories of beneficial WTS reuse routes.
These efforts include: (1) the coagulant recovery and reuse
from WTS; (2) reuse in wastewater and sewage sludge treat-
ment processes via either the liquid or dewatered forms and
jointing points of treatment processes, which are the main
focuses of the current paper; (3) reuse as building/construc-
tion materials or in the manufacture of these materials in
civil engineering—at least mature enough that WTSs were
used as a partial replacement for clay in clay brick manufac-
turing [75]; and (4) land-based applications, which comprise

the wide range of areas related to agricultural, forest and
gardening [73].

It is worth noting that the majority of WTSs were reused
in a powdery form (sorbent for pollutant removal), which
was through the dried, ground and sieved processes [10].
However, the powdery forms of WTS hinder its wide engi-
neering applications and makes it even less attractive as
adsorbent since it is difficult to recover powdery WTSs (as
sorbents) from the adsorption process [31]. Hence, convert-
ing raw WTS into useful value-added products via granula-
tion is of great interest worldwide and should be further
studied. It is expected that various commercial products
based on WTSs should be in the market in the future, thus
offering wider and wiser WTS reuse routes and further
invigorate water, environmental and civil engineering.
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