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Abstract: Resource reuse has become an important aspect of wastewater management. At present,
use of sludge in agriculture is one of the major reuse routes. Conventional municipal wastewater
treatment does not involve any designated process for removal of heavy metals, and these distribute
mainly between effluent and sludge. Enhanced removal of heavy metals during primary treatment
may decrease the heavy metal concentrations in both effluent and sludge from secondary treatment
and promote long-term reuse of secondary sludge. This review considers heavy metal occurrence
and removal during primary settling, together with possible treatment technologies for heavy metal
removal in primary settlers and their theoretical performance. The variation in total heavy metal
concentrations and dissolved fraction in raw municipal wastewater points to a need for site-specific
assessments of appropriate technologies for improved heavy metal removal. Studies examining the
heavy metal speciation beyond dissolved/particulate are few. Missing or disparate information on
process parameters such as hydraulic retention time, pH and composition of return flows makes it
hard to generalize the findings from studies concerning heavy metal removal in primary settlers.
Coagulation/flocculation and use of low-cost sorbents were identified as the most promising methods
for enhancing heavy metal removal during primary settling. Based on the available data on heavy
metal speciation and removal during primary settling, sorption technologies may be most effective
for enhancing the removal of Cu and Ni, while coagulation may be efficient for Cd, Cr, Cu, Pb, Zn
and Hg removal (but not as efficient for Ni removal).

Keywords: primary settling; resource reuse; sludge; effluent; adsorption; coagulation/flocculation

1. Introduction

Heavy metals, referring to a group of high-density elements including metals and
metalloids, are a concern due to elevated concentrations in the natural environment as
a result of anthropogenic activities [1]. One of the anthropogenic sources is wastewater.
Heavy metals include biologically essential elements such as copper (Cu), chromium (Cr),
zinc (Zn), nickel (Ni), boron (B), iron (Fe) and molybdenum (Mo), and elements which are
not essential such as lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As) and silver (Ag).
Most heavy metals are toxic to humans even in low amounts. Heavy metals may induce
disease to the gastrointestinal, renal, cardiovascular systems, etc., including conditions
such as cancer, liver and kidney disease, melancholy and osteoporosis. Heavy metal
contamination can also affect plant metabolism and growth [2].

To achieve environmental sustainability, reuse of nutrients, energy and, in some
cases, water has become an important aspect of wastewater management [3]. Wastewater
treatment, through physical, chemical and biological processes generates treated water
(effluent), solid residues (sludge) and gaseous emissions. Degradation of heavy metals
is not possible, which means that the majority of influent heavy metals will distribute
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between effluent and sludge, though heavy metals such as Hg, As and the semi-metal
antimony Sb can form volatile compounds which are transferred to the gaseous phase [4,5].
Safe reuse of nutrients from sludge and water requires that associated toxic substances
such as heavy metals are minimized. Use of sludge in agriculture is currently the most
common option for reuse of nutrients [6], while the most common option for reuse of water
is for irrigation and landscaping [7].

Industrial emissions historically were the main source of heavy metals entering mu-
nicipal wastewater. However, stringent legislation for industrial emission caused heavy
metals to decrease markedly during the 1970s and the early 1980s [4]. Based on the current
trends of heavy metals’ contents in sludge, it was deduced that in some places, diffuse
emissions currently constitute the main contribution of heavy metals [8]. Diffuse emission
sources include corrosion of pipes and roofs (containing Cu) and runoff from streets (where
asphalt, tires and brake linings may contain Cd, Pb and Zn). Furthermore, the use of
amalgam for fixing teeth was estimated to contribute a large part of Hg, and food was
calculated to contribute 9% of Cd and 25% of Zn in a municipal wastewater treatment plant
(WWTP) in Stockholm, Sweden [8].

In order to continue the reduction in heavy metals in sludge and effluent, there is a
need to regulate the use of heavy metals in different products further. Meanwhile, it is
also relevant to attempt to optimize wastewater treatment systems for minimization of
heavy metals in sludge and effluent [4]. Yoshida et al. [5] modelled the ecotoxicity and
toxicity impact on humans from municipal wastewater. They found that the heavy metal Zn
contributed the largest share of toxic impact with regards to both effluent release and sludge
use in agriculture. However, they also found that conventional treatment of wastewater
significantly reduced the toxicity exposure from inorganic constituents (including heavy
metals) on freshwater and seawater. According to Hospido et al. [9], terrestrial ecotoxicity
due to heavy metal content in sludge together with eutrophication are the most significant
factors in terms of environmental impact from municipal wastewater treatment.

Several reviews [4,10,11] considered heavy metal removal during conventional munic-
ipal wastewater treatment and discussed the importance of assessing heavy metal contents
in end products from municipal wastewater treatment: effluent water and sludge. Conven-
tional treatment here refers to primary settling followed by the activated sludge process
(ASP) or biological nutrient removal (BNR). Hargreaves et al. [12] reviewed current heavy
metal removal and performance of additional treatment processes for enhanced removal to
minimize heavy metal concentrations in effluents (not considering heavy metal elimination
from sludge). Possible technologies for enhancing the removal of heavy metals during
primary settling were not reviewed previously. Increased heavy metal removal during or
directly following primary settling (as a separate treatment step) could potentially decrease
the heavy metal concentrations in the treated effluent and in the sludge from subsequent
biological treatment.

Environmental background concentrations, together with regulations and standards
for heavy metal concentration in freshwater, irrigation water and drinking water, are sum-
marized in Table 1 and compared to typical concentrations in municipal wastewater in
Europe. Heavy metal concentrations in WWTP influent are generally higher compared to
the concentrations of heavy metals found in natural water (background). In Europe, envi-
ronmental quality standards (EQS) for freshwater were implemented to preserve/attain
good ecological and chemical status in all surface- and groundwater, based on the goals
of the Water Framework Directive [13]. EQS for Pb, Cd, Ni and Hg exist on the central
European level [14], while priority substances identified on the national level led to an
extended list of EQS with stricter limits, as exemplified by Swedish regulation [15]. Raw
municipal wastewater generally contains higher concentrations of heavy metals compared
to both central and local EQS; however, effluent concentrations (after treatment) may not
exceed the EQS. In relation to standards and regulation for drinking water and irrigation
water, heavy metal concentrations in municipal wastewater do not always exceed the limits.
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Background heavy metal concentrations and limiting values for heavy metals in
soil and sludge used in agriculture are summarized in Table 2 and compared to typical
concentrations in sludge from municipal WWTPs in Europe. European heavy metal limits
for sludge use in agriculture [16] are more stringent compared to US limits. The current
European legislation is more than 30 years old. Several member states have implemented
more strict limits. Updated legislation was drafted on the central European level but not
yet implemented. The drafted proposal includes stricter limits for heavy metals and an
addition of limit values for synthetic organic contaminants and indicator organisms [17].
Based on the heavy metal concentrations occurring in sludge from European WWTDs,
reuse of sludge is partly limited by current legislation, especially in relation to the stricter
regulation in some countries.

This review focuses on heavy metal removal during primary treatment of municipal
wastewater, with the purpose of reducing heavy metal contents in effluent and in sludge
from subsequent biological treatment (secondary sludge). The review includes: (i) occur-
rence and speciation of heavy metals in raw municipal wastewater (influent to primary
settlers), (ii) mechanisms of heavy metal removal during primary settling, (iii) possible
treatment technologies for enhanced heavy metal removal in or directly following primary
settling, (iv) calculations to estimate theoretical heavy metal removal if enhanced heavy
metal removal was introduced based on current removal of particulate and dissolved heavy
metals during primary settlement.

2. Material and Methods

In this study, findings on heavy metal removal during primary treatment of municipal
wastewater in previous published scientific publications are summarized. The findings are
also related to current and planned regulations for water in different parts of the world.
Experimental data collected from previous studies were analyzed by correlations of data
with respect to heavy metal concentrations and heavy metal removal during primary
settling (Sections 4.4 and 7). Further, the potential for improved removal of dissolved and
particulate heavy metals was estimated (further details given in Section 7.1).

3. Occurrence of Heavy Metals in Wastewater and Sludge

Based on current legislation, it is relevant to optimize wastewater treatment to reduce
heavy metal concentrations in both sludge and effluent. It should be noted that, while
concentrations in sludge may directly limit the possibilities of sludge reuse in agriculture,
effluent release is not directly prohibited by concentrations exceeding EQS, since the
dilution of effluent discharge is considered [18] Gardner et al. [19] showed that dilution of
Zn, Cd, Cu and Ni was required for some of UK’s WWTPs to meet the national EQS or so
called “predicted no effect concentration”. The scope of this review includes the metals
listed in Tables 1 and 2 (for which water-related regulations and standards exist), and Ag
(for which a limiting value was proposed in Sweden) [20].
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Table 1. Heavy metal concentrations in municipal WWTP influents compared to concentrations in natural water (background) and regulation/standards for: freshwater (EU/US);
irrigation water (Food and Agriculture Organization of the United Nations (FAO)/Canada); drinking water (World Health Organization (WHO)/EU/US); and toxicity (FAO/WHO).

Irrieation Drinkin Typical Municipal Toxicity
Freshwater (ug/L) Wate% (ug/L) Water ( ;‘;L) WWTP Influent (mg/kg Body
Metal Bac(kgt}t;j)md H& Canada Hg EUPb us Concentrations (ug/L) Weight)
ug
EQS in Sweden Water Quality Europe d
(EU Central EQS)?  Criteria in the US FAO WHO (Number of Plants) € FAGO/WHO
Withdrawn
As 0.13-2.71 7(-) - 100 100 10 10 10 2.7-12 (15) (previous:
0.0021 daily)
0.08-0.25
_4_ _ o
Cd 6 x 107*-0.61 (0.08-0.25) 10 5 3 5 5 0.4-75 (18) 0.025 monthly
Cr 0.29-11.46 12 (-) - 100 Cré+: 8,Cr3*: 5 50 50 100 8-100 (17) -
Cu 0.23-2.59 8.2(-) 0.18-20 ¢ 200 200 f 2000 2000 1300 10-100 (18) 0.500 daily
Withdrawn
Pb 0.007-308 0.34 (1.2-1.3) 0.01-7¢ 5000 200 10 10 15 2-100 (18) (previous: 0.025
weekly)
Hg - 0.05 (0.07 8) 0.77 - - 6 1 2 0.7-3.6 (6) 0.004
Ni 0.35-5.06 2.3 (4-8.6) 1-115¢ 200 200 7 20 - 3-100 (17) -
1000 .
| - 260 ¢ - - - —
Zn 0.27-27 7.8(-) 2.4-260 2000 (pH < 6.5) 100-1600 (17) 1 daily
Reference [1] [14,15] [12] [1] [1] [1] [1] [1] [4] [1]

2 Annual average values. Interval for inland and surface waters, and for Cd also depending on water hardness. b Regulations are similar in e.g., Canada and China, though in Canada Cu and Ni are not regulated,
and in China Hg is not regulated but Zn is [1]. © From WWTPs in France, Greece, Italy, Poland and the UK. The following deviating values were excluded: At one WWTP, Cu concentration was 250-300 pg and Pb
concentration was 600 ug/L. At one WWTP, Ni concentration was 800 pg/L. In one of the plants, As concentration was below the detection limit. In one plant, Hg concentration was below the detection limit.
(Rule et al. [21] investigated influent heavy metal concentrations to 30 WWTPs in UK and found similar concentrations as given here; no correlation was found between industrial loads and heavy metal
concentrations, with exception for Cr concentrations which were higher in plants with >50% ind. load). d Provisional tolerable weekly intake for humans, established by a joint FAO/WHO (World Health
Organization) expert committee. Limit values for As and Pb were withdrawn in 2011, because the previous limits were no longer considered to be significantly low to assure health protection. ¢ Because
bioavailibility of heavy metals varies e.g., due to hardness, criteria is different depending on the hardness of the water. £1000 ug/L for tolerant crops. 8 Maximum allowable concentration.
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Table 2. Heavy metal concentrations in municipal WWTP sludge compared to natural soil (background), and limit values in agricultural soils (EU/Canada) and in sludge (EU/US Environmental

Protection Agency (EPA)) when sludge is used in agriculture (d.w. stands for dry weight).

Background Agricultural Soils Sludee f icultural d T};I;IC:I Ngmlupal WWTP
(mg/kg) (mg/kg d.w.) udge for Agricultural Use (mg/kg d.w.) udge Concentrations
(mg/kg d.w.)
Metal Surface Soil EU, Directive EU. Directive EU Countries with  EU Countries with US, EPA/ Europe (Number of
Upper Crust 86/278/EEC Canada 8 6’ 1278/ EEC More Far More Federal Plants) ©
(Soil pH 6-7) Stringent Limits ? Stringent Limits ? Regulation
As 1.8 47 - 12 - 20-150 4 25¢ 75 4.2-40.4 (6)
Cd 0.1 0.41 1-3 1.4 20-40 2-10 0.8-2 85 1.0-22 (11)
Cr 35 42 - 64 - 70-1000 75-100 - 15.3-856 (10)
Cu 14 14 50-140 63 1000-1750 70-1000 75-600 f 4300 38.9-1200 (11)
Pb 15 25 50-300 70 750-1200 45-900 100-120 840 3.1-330 (11)
Hg 0.07 0.07 1-1.5 6.6 16-25 2-10 0.75-2.5 57 0.9-3.2 (6)
Ni 19 18 30-75 45 300-400 25-200 30-50 420 16.6-621 (10)
Zn 52 62 150-300 200 2500-4000 200-3000 300-800 f 7500 501-8900 (11)
Reference [1] [1] [1] [1] [16] [4] [4] [4] [4]

2 Austria, Belgium, Finland, France etc. ® Netherlands, Sweden, Denmark. In Sweden, a limiting value for Ag was also proposed [20]. ¢ Sludge from WWTPs in Greece, Italy, Slovenia, Spain and Sweden (partially
industrial load, which ranged from 6-70%, though not given in all cases). 4 Limit values for as only apply in Austria (20) and Belgium (150). ¢ As limit only in Denmark. f In Denmark: Cu: 1000, Zn: 4000.
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4. Heavy Metal Speciation in Raw Municipal Wastewater

The speciation of heavy metals, i.e., the knowledge of which heavy metal ions and
complexes are present in which amounts, is important for the potential removal of heavy
metals during primary treatment. Heavy metal speciation is affected by hardness, alkalinity,
pH and redox potential of the wastewater [10]. The heavy metal speciation in influent
wastewater is of importance for the possible removal of heavy metals through different
technologies. For example, in the case of sorption processes, dissolved heavy metals can be
sorbed, while heavy metals bound to wastewater particles may only interact with an added
sorbent if desorption first occurs or if wastewater particles form agglomerates with the
sorbent. Heavy metals associated with particulate matter can be removed through settling
or filtration if the particles are large enough.

4.1. Different Definitions Applied with Respect to Heavy Metal Speciation in Municipal Wastewater

A number of studies concerning heavy metal load in raw wastewater and distribution
of heavy metals between sludge and effluents in WWPTs examined the total heavy metal
concentrations without further specifying the speciation of heavy metals [5,21-32]. How-
ever, there is also a number of studies where partitioning of heavy metals between the partic-
ulate and dissolved phase was determined (e.g., Choubert et al. [33] and Toumi et al. [34]).
The distinction between dissolved and particulate matter in wastewater is generally based
on size fractioning of the wastewater, where the fraction which passes through a filter of cer-
tain pore size is defined as dissolved. A filter with pore size of 0.45 um is most commonly
used; however, in some cases, other pore sizes were applied, e.g., 0.2 um [35,36]. What are
referred to as “dissolved” heavy metals are analyzed after filtering the wastewater, while
the “particulate” heavy metals are calculated as the difference between the total heavy
metal concentration (analyzed in unfiltered wastewater) and the dissolved heavy metals.

According to Ziolko et al. [10], heavy metals are likely to occur as organometallic
complexes, and should be considered in the following three groups: surface-bonded organic
ligands, insoluble matter and soluble organic ligands. Truly dissolved heavy metal ions
are considered rare. Heavy metals associated with the dissolved phase (<0.45 pm) may
be associated with chelating agents of natural origin (e.g., proteins and nucleic acids) or
synthetic origin (e.g., nitrilotriacetic acid and ethylenediamine tetraacetic acid (EDTA) [10].
El Samrani et al. [37] examined the different mineral forms of heavy metals in overflow
wastewater from a combined collection system for municipal wastewater and stormwater
(also called combined sewer overflow). They found that heavy metals associated with
sulfide particles were abundant. These were assumed to be formed within the sewer
network. Heavy metals were also encountered in the form of alloys, iron oxihydroxides,
carbonates, phosphates and sulphates, and associated with clays. The abundance of heavy
metal-bearing sulfides was confirmed by [38].

Further knowledge on the speciation of heavy metals could enhance the understand-
ing of heavy metal removal mechanisms. Some attempts were made to elucidate the heavy
metal speciation in municipal wastewater. Lawson et al. [36] performed gel chromatogra-
phy of synthetic wastewater for separation of heavy metal species. Buzier et al. [39] and
Gourlay-Francé et al. [40] analyzed the dissolved heavy metals in two different fractions,
inert or labile. Buzier et al. [39] described the labile heavy metals as “inorganic metal
fraction with a possible additional contribution of small weak organic complexes”, while
Gourlay-Francé et al. [40] simply described the labile fraction as “truly dissolved in water”.
The dissolved inert fraction is associated with dissolved organic matter (DOM), which
Buzier et al. [39] described as “strong metal complexes and large weak organic complexes”.
The analysis of heavy metals by Gourlay-Francé et al. [40] and Buzier et al. [39] was per-
formed subsequent to separation of heavy metals species by diffusion and dissociation into
a permeable gel.

The dissolved fraction (<0.45 um) may also be considered to consist of heavy metals
associated with colloids and truly dissolved heavy metals. The distinction between the two
is based on molecular weight, where the truly dissolved fraction is the fraction smaller than
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1 kDa (1000 Dalton), and colloidal matter is defined by the interval 1 kDa—-0.45 um. The or-
ganic matter in the truly dissolved size fraction is primarily composed of humic substances,
while the colloidal fraction is primarily composed of non-humic macromolecules, includ-
ing proteins, polysaccharides and aminosugars (which may be associated with nucleic
acids) [41].

4.2. Influence of Return Flows on Heavy Metal Speciation

Influent wastewater to primary settlers is commonly mixed with return flows from
sludge treatment (thickening and/or dewatering), in which the heavy metal speciation
may differ from the speciation in influent wastewater. These return flows are not always
considered when calculating the removal of heavy metals over primary clarification or
mass balances over whole WWTPs (e.g., Karvelas et al. [35]). However, return flow of
sludge liquors was shown to contribute to significant amounts of heavy metals entering
primary settlement, according to Goldstone et al. [42—44]. Most of these heavy metals
were associated with solids. According to a mass balance study of a Danish WWTD, the
amount of heavy metals from return of centrate from sludge dewatering constituted a
significant fraction of the heavy metals entering primary treatment: 8% of Cd, Cr, Pb and
Zn; 12% of Cu and 5% of Ni (estimated from graph) [5]. Innaa et al. [45] investigated mass
flows of Cu in return flows from consolidation of sludge (co-settled sludge from primary
treatment and biological trickling filters) and found that these contributed a significant
fraction of the total Cu mass flows entering a primary settler. However, despite the increase
of Cu concentrations, this return flow together with return of sludge from a trickling filter
increased the removal of soluble Cu during primary settling due to increased suspended
solids (SS) concentrations. In one of the plants sampled by Gourlay-Francé et al. [40], return
liquors from sludge dewatering considerably increased both particle-bound and dissolved
concentrations of Cu, Zn and Ni.

4.3. Fractions of Dissolved Heavy Metals in Raw Wastewater

Dissolved fractions of Cu, Cr, Ni, Pb, Cd, Zn, Hg and Ag in raw wastewater are given
in Table 3. The fraction of dissolved heavy metals in raw wastewater varies according to
different studies. With exception for Ni, the ranges of the fractions of dissolved heavy
metals are narrower when considering the studies known not to include return liquors (in
the stream that was sampled). This indicates that return sludge liquors influence the heavy
metal speciation; however, this conclusion should subject to a level of caution, since the
amount of data is limited. Ni is often associated with the dissolved fraction to a higher
degree than other heavy metals.
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Table 3. Fraction of dissolved heavy metals (%, concentration of dissolved heavy metals in relation to total heavy metal

concentrations) in influent wastewater.

Cu Cr Ni Pb Cd Zn Hg Ag As Reference
20 22 78 22 86 - - - - [39] ab
14 86 59 6 100 12 40 - 67 [46]
24 24 57 18 23 25 - 15 - [33] 4P
26 - 57 17 22 23 26 - - [47]¢
8 59 63 13 70 34 8/58 - - [42,43] afb
10 - 33 - - 18 - - -
14 - 56 - - 27 - - - [40] &%
39 - 67 23 - 66 - - - [41] 2
12 9 79 6 14 8 - - - [35] b
4 9 70 - 6 75 - - - [29]1
55 7 67 5 8 24 9 - - [48] €
16 21 - 70 36 12 - - - [34] 2
455 7-8 57-79 570  6-100 875  8-58 - - Range, all (11 studies)
839 21-59 3378 1370 36-86 12-66 858 _ Range for samples known to not include

return liquors (5 studies)

2 Sampled before addition of return sludge liquors/directly when wastewater entered the plant. ® The data were estimated from graph.
¢ The exact location of raw wastewater sampling is not clear. The sample might thus include return of liquor from sludge processing.
4 Average of ~20 samples, sampled at nine different treatment plants. The data were estimated from graph. Details on sampling points
for raw wastewater were not given in the reference, and therefore it is not known whether the sampled flow included return liquors.
¢ Average from 16 WWTPs in the UK. Most samples of influent wastewater were taken before addition of return liquors. f A second
sampling campaign performed ~1.5 yrs. later showed 58% dissolved Hg in influent wastewater. & Sampling was made at two different
treatment plants. I' Sampled after addition of return liquors from sludge digestion and after grit removal, but before return of another
supernatant stream. In contrast to the other studies, the dissolved fraction was analyzed after filtering through a 0.2 um filter (instead of
0.45 pm). ! Sampled after return of sludge from biological treatment and after grit removal. For Ni and Zn, there was a suspicion that
samples of dissolved heavy metals were contaminated to some extent, and it can be noted that compared to data from the other studies,
these values are in the upper range.

4.4. Correlation between Total Concentrations in Raw Wastewater and the Fraction of Dissolved
Heavy Metals

It is hypothesized that high total concentrations of heavy metals in wastewater coin-
cide with high SS concentrations, and thus large complexation or sorption capacity of the
solids in the wastewater, which could cause a lower fraction of dissolved heavy metals
in raw wastewater. Nielsen and Hrudey (1983) demonstrated this trend; increased SS
concentration decreased the concentration of dissolved heavy metals (Ag, Cd, Cr, Cuand
TI). To investigate this trend further, the correlations between total metal concentrations
and fractions of dissolved heavy metals are investigated based on literature data, and
are shown in Figure 1. With respect to Cu, Ni, Pb and Zn, the correlation is very weak
or non-existent (based on ﬁ; 0.02 or less, as given in Figure 1). For Cr and Cd, some
correlation exists (R? of 0.24 and 0.11). The correlation with respect to Hg appears to
be stronger (R? of 0.97); however, the negative correlation was broken when one of the
references [47] was excluded, which indicates that the correlation is uncertain.



Water 2021, 13, 1121

9 of 26

100%
8 90% 5 - e Cu
2 80% _ .
g 70% R<=0.11 o . O r
B 60% Ni
= o =
% 28;3 . ) R<<0.01 Pb
S o — P ", ® B2
5 30% R2=0097 O._.. . ) O R4 <0.01 o Cd
(] 5 s, .
c @-.,_. ) éj,. ) 5
L 20% | 0 Ttteeen, o) m. e C e
© R o " § L O Zn
2 10% ""'---..<,>.Qt> n o Jn
0% ¢ Hg
0.025 0.25 25 25 250 2500

Total concentration in raw wastewater (ug/L)

Figure 1. Fraction of dissolved heavy metals in raw municipal wastewater at different total heavy metal
concentrations [34,35,39—-44,46-48] ([40] includes data from two different WWTPs). (Data from [29,33] (included in Table 3)
were not included, since average concentrations of total heavy metals in raw wastewater were not given/not easily read

from paper.) (Data for As and Ag not available from multiple sites.) The dotted lines represent the linear regression

between the percentage removal and the concentration of the different heavy metals in log form. The adjusted coefficient of

determination (R2) is given; this was calculated as follows: 1 — (1-R?)(n—1)(n— p — 1), where R? is the coefficient of

determination, # is the number of data points for the respective metal and p (= 1) is the number of explanatory variables,

excluding the constant.

4.5. Fractions of Colloidal/Truly Dissolved or Inert/Labile Heavy Metals

Hargreaves et al. [41] found that while around two-thirds of Ni and Zn in raw wastew-
ater was associated with the dissolved fraction (<0.45 pm), only 18% and 9%, respectively,
was found in the truly dissolved fraction. The truly dissolved fractions of Cu and Pb
constituted similar shares of the total influent heavy metal concentrations (around 10% and
5%, respectively). In measurements at two different WWTPs in Paris with mixed domestic
and industrial influents, Gourlay-Francé et al. [40] found no or very small amounts of Cu
and Zn to be labile, while around half of the Ni was labile at one of the sites. Cr and Pb
were present in the particulate fraction, but since the dissolved heavy metals were below
the detection level, the fraction of labile Cr and Pb was not given. Buzier et al. [39] found
around half the total influent concentration of Ni to be in the labile fraction. According to
Buzier et al. [39], the fraction of labile heavy metals should constitute less than half the
dissolved fraction of Cd, Cr and Pb; however, they did not quantify the labile fraction of
these heavy metals, because the concentrations were below the detection level. Labile Cu
constituted around a quarter of the dissolved heavy metals in influent wastewater.

Based on findings of Hargreaves et al. [41], the distribution of heavy metals between
the particulate, colloidal and truly dissolved fraction was similar in the effluent from
primary settling, as in raw wastewater. They therefore concluded that enhanced removal
of colloidal matter could enable increased heavy metal removal. Chen et al. [49] found
that particle-bound heavy metals in primary settler overflow were mainly associated with
particle sizes of 44 um and smaller, which also indicates that increased removal of small
particles could enhance removal of heavy metals. The organic matter in raw municipal
wastewater is to a high extent found in the truly dissolved and colloidal phase; around
40-60% was found in these phases, according to a review by Modin et al. [50].

5. Heavy Metal Removal Mechanisms

During primary settling, heavy metals are removed by removal of solids with which
the heavy metals are associated. Sorption/desorption of heavy metals in the primary settler
together with the speciation or partitioning of heavy metals in the influent wastewater
determine the removal capacity [10,51]. Heavy metal removal was shown to correlate
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positively with SS removal [52]. SS removal was measured frequently in the published
literature (measured by [35,41,47]; measured but not reported by [39]; not measured by [46];
in [5], total solids was measured in influent and primary sludge). Buzier et al. [39] found
a positive correlation between particulate concentrations of Cu and Cr, and suspended
solids concentrations, and proposed that “their removal is likely to be strongly linked to the
suspended solids removal”. Based on Gardner et al. [47], the SS removal in 16 WWTPs in
the UK was in the range ~45-63%; however, the correlation between heavy metal removal
and SS removal in each individual plant was not reported.

Removal through volatilization might occur to some extent for certain metals
Yoshida et al. [5] reported probable volatilization of the heavy metal Hg (6%) and the
semi-metal Sb (44%) during digestion of sludge.

Further factors of importance for removal of heavy metals include wastewater pH
and hydraulic retention time (HRT) of the primary settler [51]. Increased HRT was shown
to increase heavy metal removal [52]. Information on pH and HRT is not always available
in the published literature (with respect to heavy metal removal during primary settling),
which makes it hard to generalize the findings fully (pH in influent and effluent from
primary settling was reported by [5,41], but not by [35,39,46,47]; HRT was not reported
by [5,35,39,41,46,47]).

For optimization of the removal of both heavy metals and organic micropollutants
during treatment of municipal wastewater, it was suggested that primary settlers should be
optimized for heavy metal removal [53]. This is because removal of organic micropollutants
in ASP is improved at longer HRT and solids retention time (SRT), while removal of heavy
metals may be negatively influenced [53,54].

Internal return flows and recirculation in WWTPs likely influence the heavy metal
removal. Return flows from sludge dewatering (often to the primary settler) can affect the
heavy metal removal [10,54], and both increased and decreased removal were reported.
Increased removal was hypothesized to be caused by increased concentration of SS (as
mentioned above, removal of heavy metals was shown to correlate positively with SS
removal), influence of residues of ferric chloride coagulants in the return liquors or changes
in redox potential [10]. On the other hand, if the return liquors contain large amounts of
heavy metals associated with fine particles (which do not settle easily), the total removal
of heavy metals in the primary settler might decrease [10]. Ferric chloride residues could
contribute to increased heavy metal removal by increasing the removal of particles in
the primary treatment, or, hypothetically, the iron could replace heavy metal ions in
EDTA complexes (so that the heavy metals could instead bind to particles) [10]. The exact
influence of return flows on redox potential in the primary settler has yet to be examined,
to our knowledge. Since the redox potential is expected to increase during municipal
wastewater treatment [55], return flows will have higher redox potential than influent
flows and could hypothetically have some influence on the redox potential in the primary
settler, particularly if the return flows are large in volume. The wastewater redox potential
influences the oxidation state of metals (depending on the standard reduction potential
of each metal species), and of other compounds in the wastewater (which may cause
formation of various metal compounds). Xiao et al. [56] investigated the removal of Cu,
Pb, Zn and Cr in constructed wetlands treating municipal wastewater. They found that
an increase of redox potential occurred during treatment (—163 mv in the inflow and 184
mV in the outflow). They suggested that the reduction of sulphate (SO42~) to sulfide (S*7)
(occurring under reducing conditions/low redox values), followed by formation of heavy
metal sulfides, played an important role for the distribution of Cu, Pb, and Zn during
treatment. In the case of Cr, increases in redox potential may cause conversion of Cr(III)
into Cr(VI), which is a more mobile species [56].

Biodegradation is not directly relevant when it comes to heavy metals, though heavy
metals could be physically entrapped by biomass (if insoluble), adsorbed to bacterial walls
and extracellular polymers or actively taken up by bacteria (if in dissolved state), which
means that biological treatment has some effect on heavy metals [10]. In plant layouts
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where sludge from ASP/BNR is returned to the primary settler (and not directly to the head
of the ASP/BNR), adsorption to or uptake by biomass influences heavy metal removal
capacity in the primary settler. According to [25], heavy metals could attach to lipids,
proteins and polysaccharides at cell surfaces by sorption to carboxyl, hydroxyl, phosphate
and sulfonate groups. Extracellular polymeric substances (EPS) were stated to have a high
importance in the entrapment/adsorption of micropollutants by bacterial cells [10], and
sorption to EPS was shown to be pH-dependent [57] with different sorption capacity for
different heavy metals [58].

Process chemicals may contain trace heavy metals which cause significant increases in
heavy metal concentrations in wastewater. Buzier et al. [39] found that addition of FeCls
during tertiary treatment added significant amounts of Cr, Co, Cu and Ni (which may also
enter the primary settler with the return flows).

Partitioning Constants and Modeling of Heavy Metal Speciation and Removal

The tendency for heavy metals to occur in the particulate and dissolved phase can
be described by the solid /liquid or water/sludge partitioning constant, often referred to
as Kp or Kp [40,54]. Gourlay-Francé et al. [40] found that the solid/liquid partitioning
constant of heavy metals varied along the treatment process, and no relation was found
between Kp and SS or dissolved organic carbon (DOC) concentrations. Similarly, in the
model TOXCHEM (described by Parker et al. [59]), the partitioning constant is assumed
to take different values in primary clarification compared to in ASP/BNR. According to
Wang et al. [60], dissolved organic matter (measured as chemical oxygen demand (COD) in
supernatant after sample centrifugation) significantly affects heavy metal partitioning in
influent wastewater, but this effect could be disregarded at neutral or low pH (<8). A model
for the prediction of heavy metal partitioning between dissolved and particulate fractions
was suggested, where heavy metal partitioning is dependent on pH and SS concentration.
Measurements by Katsoyiannis and Samara [61] revealed a negative correlation between
log Kp and DOC concentrations, indicating that a higher DOC concentration could result
in higher amount of heavy metals in the dissolved fraction and thus a lower heavy metal
removal in primary settling. Findings by Gourlay-Franceé et al. [40] were contradictory
to the findings by Wang et al. [60] and Katsoyiannis and Samara [61]. They calculated
a constant for partitioning between labile and inert fractions of dissolved heavy metals
and called this partitioning constant Kpoc. They found that Kpoc was highly variable
between different sites in the treatment plant, and thus hypothesized that sorption to
DOC may not control heavy metal speciation, or that equilibrium may not be reached due
to fast degradation of organic matter. However, another interpretation of their findings
could be that varying composition and complexing capacity of DOC in different treatment
steps caused the variability in Kpoc. Dionisi et al. [54] modelled removal of Cd and Pb
in a sequencing batch reactor (a type of ASP), and calibrated Kp based on experimental
data. They did not include the organic matter concentration as a variable when they
calibrated the Kp value. However, they found that the concentration of biodegradable COD
in the influent wastewater together with the specific rate of endogenous metabolism of the
biomass had an indirect effect on the heavy metal removal capacity, since they determined
the amount of biomass in the process.

When modelling heavy metal removal in full-scale treatment plants, an “aqueous
compartment” and a “solid phase” has generally been considered, where heavy metals
in the “aqueous compartment” are dissolved, and heavy metals in the “solid phase” are
attached to sludge [51]. In models, the removal of heavy metals in the “solid phase” de-
pends upon the removal of SS achieved. The dissolved heavy metals will end up in the
effluent if they are not sorbed during the treatment process. Cecchini et al. [46] found that
the concentration of dissolved heavy metals in effluents from primary settling followed
by ASP was similar to the concentrations in raw wastewater. This indicates that dissolved
heavy metals were relatively unaffected during the process, or that sorption and desorption
balanced out over the treatment process as a whole. In either case, for this treatment plant,
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the heavy metals which were not removed during primary settling chiefly ended up in
the effluent. Barret et al. [62] suggested a “three compartment-model” for sorption of
micropollutants (not heavy metals) to sludge; sorption to particles (analyzed in centrifu-
gation cake) associated with dissolved and colloidal matter (analyzed in centrifugation
supernatant filtered at 1.2 pm) and freely dissolved (not measured experimentally). A
three-compartment model might increase understanding of the heavy metal fate during
physical separation and requires that the full-scale physical model incorporates dynamics
of colloidal particles.

Cloutier et al. [63] modelled the removal of particulate heavy metals during primary
settling under the assumption that removal of particle-bound heavy metals is relative to the
removal of SS in the settler (removal efficiency thus being the same for all heavy metals).
The model also assumes that dissolved heavy metals are removed only by mass flow of
dissolved heavy metals with sludge, i.e., the concentration of dissolved heavy metals in
primary settler overflow is the same as in primary settler influent. These model assumptions
do not agree with the data according to, e.g., Karvelas et al. [35]. They found an SS removal
of 51%, while the removal of different particle-bound heavy metals was between 22-81%,
which indicates that sorption/desorption may occur during primary settling.

6. Technologies for Enhanced Heavy Metal Removal

Enhanced heavy metal removal during primary settling may target dissolved or
particle-bound heavy metals. Technologies used for heavy metal removal from wastewa-
ters include chemical precipitation, ion-exchange, adsorption, coagulation/flocculation,
electrodialysis, membrane filtration, photocatalysis and electro-chemical treatment tech-
nologies [64-66]. These were mainly applied to wastewaters of industrial origin from
production of, e.g., paper, pesticides, leather (tanneries), metal objects (plating) and ore
(mining) [65]. Some features of these heavy metal removal technologies are summarized
in Table 4. Due to large amounts of fibers in municipal wastewater, technologies which
involve filtration, e.g., membrane filtration, were presumed not to be relevant for treatment
during or directly following primary settling (as fouling may be an issue).

By introducing enhanced removal targeting both dissolved and particle-bound heavy
metals, the heavy metal removal during primary settling could theoretically approach 100%.
However, in addition to the heavy metal removal capacity of the different technologies, the
following conditions are also of relevance for the enhanced removal of heavy metals from
municipal wastewater during primary settling:

e  Should be suitable for wastewater with high solids/organic matter concentration.
e Low impact in terms of energy use and sludge production.
e Low removal of phosphorus (P) and organic matter.
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Table 4. Features of heavy metal removal technologies.

Efficiency at High Solids/

Method Heavy Metal. Organic Matter Selectivity for Cost Operation By-Products Ref.
Removal Capacity . Heavy Metals
Concentration
Not directly affected by
. solids concentration, though Low-cost (if using . .
Wide range, .. Simple operation
. . the Efficiency for low-cost sorbents). . Less sludge
maximum sorption . . . (wide pH-range). .
. . interaction of heavy metals different heavy However, many . production.
Adsorption capacity . . Separation of sorbent [60,64-68]
and dissolved organic matter =~ metals depends on sorbents have so far Waste sorbents
depends on the type . . may be a .
may sorbent properties. only been tested in (if not regenerated).
of sorbent. . challenge.
influence heavy metal lab-scale.
sorption.
Heavy metal removal
or
deposition possible, Low chemical usage.
Electroflotation separates but not Initial investment Easy to operate.
heavy metals and organic selective for heavy cost is high. High Corrosion may be a
. - . Less sludge
Electrochemical (EC) Efficient heavy metal matter. metals electricity problem. Quick roduction
treatment y Some electrochemical (different EC costs—proportional adaptation to P ) [64-66,69]
. removal. ) . No secondary
technologies methods simultaneously treatment to the volume of fluctuating flow and ollution
decompose generates water. Frequent pollutant P '
organic matter. agglomeration/ replacement of concentration.
floccula- electrodes.
tion/precipitation
etc.)
Not selective for
heavy metals, but
enhanced flocculants
Should work well when the (e.g., with chitosan)
. Cannot remove heavy .metals are aSSO.CIatEd . have shown Cost effective, Simple operation, Increased sludge
Coagulation/ with colloids. Will increased heavy - requires
. a heavy metals . though chemical volume, though good [64,65]
flocculation simultaneously metal removal S coagulant/flocculant 1
completely. L consumption is high. . dewaterability.
remove larger amounts of efficiencies, as has chemicals.
solids. eg.,
flocculation after
binding heavy metals

to humic acids.
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Table 4. Cont.
Efficiency at High Solids/ ..
Method Heavy Metal' Organic Matter Selectivity for Cost Operation By-Products Ref.
Removal Capacity . Heavy Metals
Concentration
Non-
Synthetic resins can selective/Removes Operational cost is
1}r’:move nearly all Easily fouled by organics only limited heavy = high, which makes it Resin regeneration
Ion-exchange heavy metals %,rom and other solids in the metal ions. More expensive especially Sensitive to pH. may cause secondary [64-66]
Zolu tion wastewater. effective for heavy at low heavy metal pollution.
’ metals with high concentrations.
ionic charge.
Compliiﬁir;)gitagents Large volumes of low
hvdroxide Simple operation, density sludge.
reyci itation requires large Sludge from sulfide
Fli) . hp droxi dé Low capital cost, amount of precipitation has
. oy . additional cost for precipitation better thickening and
. Not effective at low . . precipitation, optimal . . .
Chemical heavy metal Can give high removal of H differs dependin sludge disposal chemicals. dewatering [64-66]
precipitation # concer}itra tion COD. En heav metz 1 whil% which can make it Metal sulfides may properties compared
’ sulfide yreci itation less economically form colloidal to hydroxide
ives hip h dg ree of attractive. precipitates that precipitation.
}%eav m%etal regmoval cause settling Hydrogen sulfide
y problems. formation may be an
over a broad pH issue
range. ’
Organic pollutants
and heavy metals are
Guo et al. [70] investigated simlflrtr; ?:;isl
Cd?* and Pb?* removal o Y
. . R oxidation and
using Gamma irradiation reduction
May be operated at technique (which works in a mechanisms are Less harmful
Photocatalysis trace concentrations similar principle as . - Long retention time. [65,66,70]
y p p g
. non-selective. byproducts.
(less than ppm). photocatalysis) and found

decreased removal at
increasing organic matter
concentration.

Cationic heavy
metals may be
reduced to less toxic
forms and/or
deposited in the
process.

2 Subsequent sedimentation required.
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The removal of P and organic matter when enhanced heavy metal removal is intro-
duced is of relevance because (i) the reuse of secondary sludge is more attractive if the
organic matter and P content is high, and (ii) certain amounts of COD and P are required
for the “treatability” of primary settler effluent in ASP/BNR. Treatability requirements are
as follows: for conversion of 1 mg of nitrogen in APS/BNR, 2.9 mg of COD is theoretically
required, while to fulfill criteria of less than 10 mg nitrogen in the effluent in full scale BNR,
a required ratio of 4.7-8.7 was reported [71]; a general rule to determine the P requirement
for heterotrophic growth of biomass is to multiply the COD concentration in primary
effluent with 0.005 [71].

Among the treatment technologies described in Table 4, some may have limited po-
tential in relation to the additional requirements. Precipitation may not be efficient when
the heavy metal concentrations are low due to large consumption of chemicals and large
production of sludge. The ion exchange process is not appropriate for primary treatment
of municipal wastewater since it is prone to fouling. Electrochemical treatment methods
suffer from high electricity requirements when wastewater volumes are large and may
be more appropriate for decentralized wastewater treatment operations. With respect
to photocatalysis, there is limited experience with full-scale operation for treatment of
municipal wastewater. Loeb et al. [72] pointed out that this may be due to the complexity
of large-scale photocatalysis systems. The most attractive methods for enhanced heavy
metal removal in this application are thus coagulation/flocculation and adsorption. Coag-
ulation/flocculation could mainly increase the removal of particle-bound heavy metals
and heavy metals associated with colloidal matter. However, removal of dissolved heavy
metals could be enhanced by use of modified flocculation agents. Addition of a sorbent
during or directly following primary treatment could enhance mainly the removal of
dissolved heavy metals. Coagulation/flocculation was previously investigated by, e.g.,
Hargreaves et al. [73,74], while addition of low-cost solid sorbents during primary treat-
ment of municipal wastewater was not previously examined, to our knowledge. Both
sorption and coagulation/flocculation are considered easy to operate and relatively cost-
effective technologies.

Though not examined in detail here, it is also of importance to consider how enhanced
heavy metal removal during primary treatment could affect the removal of heavy metals
during secondary treatment and fate of heavy metals during sludge treatment. High
removal of BOD during primary treatment may decrease the complexation of heavy metals
during secondary treatment [10], which affects the effluent quality. Sludge dewatering may
influence both the sludge quality and the amounts of heavy metals entering primary settling
(through return liquors, as previously mentioned). Data according to Yoshida et al. [5]
indicated that P-loss from sludge during dewatering was greater than loss of heavy metals.
In the plant which they examined, sludge dewatering thus had a negative impact on the
sludge quality, while heavy metal loss from sludge contributed significantly to the total
influent heavy metal load (5-12%). In the case of enhanced heavy metal removal during
primary treatment, the primary sludge will contain larger amounts of heavy metals, while
secondary sludge will likely contain smaller amounts of heavy metals (depending on the
partitioning of heavy metals between secondary sludge and effluent), which may affect the
heavy metal losses/fate during sludge dewatering.

6.1. Adsorption Using Low-Cost Sorbents

Low-cost sorbents can be produced from many different materials. The lower cost
of such sorbents compared to traditional sorbents is associated with availability—being
abundant in nature or produced as a byproduct or waste from other activities/industries.
A low-cost sorbent should also require no or limited preprocessing before use, though
preprocessing that significantly increases the sorption capacity may be motivated [75].
Low-cost sorbents include:

e Natural materials such as zeolite and clay [75].
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e Waste materials such as agricultural residues/plant residues and industrial
by-products [76,77] including sewage sludge in wet or dried state [78]. Such waste
materials were also referred to as biosorbents when applied as sorbents. Biosor-
bents are living or dead microorganism biomass (e.g., bacteria, microalgal and fungal
biomass) [79,80], or derived from different lignocellulosic materials such as bark,
husks, shells, etc. [81].

e Biochars. Production of low-cost biochar use of various organic wastes/residues
were investigated, such as saw dust, rice husks, municipal waste, manure, sewage
sludge, etc. [82].

Relative sorption capacity (% removal) can generally be expected to increase at low
initial metal concentration. Removal of Cd, Cr, Cu, Pb, Zn, Hg and Ag may approach 100%
when the initial heavy metal concentration is low [83]. Low concentrations of metals thus
facilitate the use of low-cost sorbents with no or little preprocessing (the sorption capacity
does not need to be maximized to achieve high removal percentage). Possible challenges of
low-cost sorbents are to achieve stable sorption performance (since the properties of waste
materials may vary over time) and to separate the sorbent from solution (some sorbents
form small, low-density particles) [79,80].

The concurrent removal of COD and P by addition of low-cost sorbents is expected
to be relatively small. Utilization of biochars for P removal has generally considered
modification of the biochar with metal salts to enhance phosphate sorption capacity (FeCls,
MgCl,) [84]. Peng et al. [85] found that phosphate was not sorbed but released from
unmodified sludge-derived biochar. Alkaline sorbents are generally considered appropriate
for heavy metal sorption since this is promoted by increased pH, and sorption of phosphate
is less efficient at high pH [85].

6.2. Coagulation/Flocculation

Coagulation/flocculation is widely used in WWTPs in association with primary set-
tling (for increasing solids and P removal) and in simultaneous precipitation (to enhance P
removal in ASP); it is also used as a tertiary treatment step (for P removal) [86]. Coagulation
refers to charge neutralization of colloids followed by agglomeration, while flocculation
occurs when small particles are joined together through physical bonds—both resulting in
formation of larger particles which can be removed through sedimentation. Aluminum,
iron and calcium salts are commonly-used coagulants, while polyaluminium chloride,
polyacrylamide and polyferric sulphate are commonly-used flocculants [64,86].

Johnson et al. [87] showed that removal of heavy metals (Cr, Cu, Pb, Ni, and Zn) in
primary treatment could be more than doubled by adding a coagulant (FeCl3) and an
anionic polymer (SS removal increased from 68% to 82%, indicating that the removal of
colloidal and dissolved metals also increased). More than 90% removal of Pb, Cu and Zn
was shown using commercial aluminum salt coagulants for treatment of combined sewer
overflow [88]. One of the possible mechanisms for removal of heavy metals was suggested
to be sorption to aluminum oxyhydroxide mineral phases. The concurrent removal of SS
was very high. The COD and P removal was not examined, but typical COD removal was
reported to be around 60%, which may lead to an insufficient C/N ratio for ASP/BNR.
Chemically-enhanced microsieving (as a replacement for primary settling) resulted in a
C/N ratio and P concentrations lower than those required for ASP/BNR (at >80% SS
removal) [71]. In this context, complete removal of solids (particle-bound heavy metals) is
generally not an option when conventional primary settling and ASP/BNR is applied. The
typical SS removal during conventional primary settling is ~60% [89].

Increased heavy metal removal in coagulation/flocculation systems is possible through
use of polymeric supports, which were impregnated with nanoparticles having high heavy
metal affinity. Such flocculation agents include chelating polymers and polymers impreg-
nated with metal hydroxides (e.g., Fe(Ill), Mn(IV)) [90]. The following are examples of
flocculation agents with improved heavy metal removal capacity:
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e Polymers in the form of EPS are naturally produced by bacteria. These contain
functional groups such as carboxyl, hydroxyl, amino and phosphate groups, which
are involved in the removal of heavy metals [91]. Polymers generated by bacteria
have also been referred to as bioflocculants. Bioflocculants, which are currently under
development, showed a high capacity for heavy metal removal, e.g., for Cd, Cu, Hg
and Zn [91]. Liu et al. [92] found that EPS extracted from activated sludge could
remove 37-99% of heavy metals (removal increased in the order: Ni < Co < Cd < Cr <
Cu < Zn) at a heavy metal concentration range of 10-100 mg/L.

e  Heavy metal sorption capacity of polymers may be increased through impregnation
of polymers with chelating groups [90]. One such example is the application of the
natural material Chitosan, which was shown to remove Cu, Cr and Ni efficiently in
lab scale flocculation experiments [93].

e Hargreaves et al. [73] investigated heavy metal removal from municipal wastewater
effluent (after treatment in a trickling filter) by addition of ferric chloride (FeCl3),
polyethyleneimine (synthetic polymer), chitosan and floculan (biopolymers). Floculan
(a tannin-containing, modified plant-based material) performed removal of 77% Cu,
68% Pb and 42% Zn, while efficient Ni removal was not achieved. FeCl; (which is
commonly used in conventional municipal wastewater treatment) achieved similar
removal of Cu, Pb and Zn. The drawback of FeCl3 application is that it contains Ni,
which may lead to increased Ni concentrations in treated wastewater. It also removes
considerable amounts of P (while P removal by floculan was negligible). COD removal
of both FeCl3 and floculan was less than 50%. Floculan is a commercially available
product, though a drawback is that it has a higher cost compared to FeCls.

7. Current and Potential Heavy Metal Separation during Primary Settlement

Literature data on the potential removal of total heavy metal concentrations in primary
settlers are summarized in Table 5. The removal efficiency is in many cases reported to
be highest for Pb, while the lowest removal is often found for Ni, although the variation
is large.

In most cases, the sampling of influent was made before addition of return sludge
liquors, or it is unclear exactly at what point the influent was sampled, so the removal
during primary settling according to Table 5 may not be fully representative of the actual
removal capacity in primary settlers. Considering data from Goldstone et al. [42-44],
who sampled the influent both before and after addition of return sludge liquors, it is
evident that the calculated removal efficiency is larger for all heavy metals if the influent
concentrations after addition of return sludge liquors are considered. This is because the
return sludge liquors generally have a higher heavy metal concentration than the influent
(according to Brown et al. [23], 10-300 times higher) and thus add heavy metals to the
primary settler influent.

Brown et al. [23] found that the percentage of heavy metal removal during primary
settling was proportional to the total heavy metal concentration in the influent. Collected
data from six studies (Figure 2) show that there was a general trend (though not very
strong; R2 < 0.21) that increased fractions of particulate heavy metals in raw wastewater
can increase the total heavy metal removal during primary settling. This trend could not
be shown for Cr and Pb. Since these heavy metals were mainly found in the particulate
fraction in all underlying studies, the considerably large variation in removal efficiency
might have had other causes than the heavy metal speciation (such as the settler loading/
HRT). It should be noted that the total removal efficiencies are uncertain since the influent
sampling was often made before addition of return liquors, or the exact sampling point is
not known for the underlying studies.
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Table 5. Removal of heavy metals during primary settling (%) (data for As not available).

Removal Based on Sampling Made Prior
. Concentration/Mass To/After Return
Cu Cr Ni Pb Cd Zn Hg Ag Flow/Not Specified Liquors/Not Specified Reference
(C/M/n.s.) (P/A/n.s.)

9 2,4 2.5 - - 14 - - M - [22] 2
12-70  17-36 - 28-67 025 2268 13-54 - C ns. [23]®

44 59 29 74 33 - - - C P [39] €

23 17 2 54 14 19 - - M ns. [26]

59 60 67 71 67 73 75 - n.s A [42-44]

39 55 43 50 41 64 62 - n.s P [42-44]

22 - 22 23 - 20 52 - C P [41,94]

29 39 24 23 32 22 - - M pd [35] ¢

70 73 23 73 72 74 - - C P [27,28]

60 68 50 - 39 44 - - M pd [29]

32 55 15 61 50 53 57 - C ns. [48]

61 47 22 65 68 60 61 43 M A [5] <¢

31 - 8 31 33 39 54 - C pf [47] €
12-70 17-73  2-67  23-74 0-72  20-74 13-75 - Range &

2 Data from pilot plant experiments at influent heavy metal concentrations >10 mg/L. Removal was calculated based on amount of heavy
metals in primary sludge (not in primary settler effluent). No return liquors were added in the pilot plant. ® Range of four different
treatment plants. © The data were estimated from graph. 9 Influent wastewater was sampled after addition of return sludge liquors and
after grit removal, but before return of another supernatant stream. ¢ Removal was calculated based on distribution of heavy metals
between effluent, primary sludge and secondary sludge, i.e., mass flows. This is comparable to sampling the influent after addition of
return sludge liquors. { Average from 16 WWTPs. Most samples of influent wastewater were taken before addition of return sludge liquors.
& Data from Barth et al. [22] were not included, since the study was conducted with metal spiking of influent.
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Figure 2. Total removal of heavy metals in primary settler at different fractions of particulate heavy metals in raw

wastewater. [35,39,41-44,47,48]. (Data for As and Ag not available.) The dotted lines represent the linear regression between

the fraction of particulate heavy metals in raw wastewater and total removal of heavy metals in the primary settler, and

strength of correlation is indicated with R2 values.

The total removal of heavy metals in the primary settler varied greatly between studies
and seemed to increase somewhat at higher fractions of particulate heavy metals in raw
wastewater. Nevertheless, the primary settler effluent concentrations correlated with the
concentrations in raw wastewater; see Figure 3. A similar correlation was found by Santos
and Judd [95] for the removal of heavy metals in ASP and membrane bioreactors.
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Figure 3. Total heavy metal concentrations after primary settling compared to total heavy metal concentrations in raw
wastewater. [35,39,41-44,47,48]. (Sufficient data for As, Ag and Hg not available.) The dotted lines represent the linear
regression between the total heavy metals concentrations in raw wastewater and total heavy metal concentrations after
primary settling (R2 values: 0.75, 0.99, >0.99, 0.99, 0.88 and 0.97 for Cu, Cr, Ni, Pb, Cd and Zn, respectively; linear
relations between concentration in raw wastewater (x) and concentration after primary settler (y): yc, = 0.29x¢, + 39,
Yycr = 0.45xc, — 042, yn; = 0.86xy; — 4.9, ypp = 0.31xp, +7.5, ycg = 0.50xc; + 0.067, and yz, = 0.45xz, + 47; the
regression for Cu is not reliable, because the R2 value is not as high as for the other metals; the regression coefficient can be

taken as an estimation of the fraction of each heavy metal remaining after primary settling; the value of the intercept can be

interpreted as the average amount of metals added through return flows, and negative values are therefore unrealistic).

7.1. Potential Improvement of Heavy Metal Removal

In Figure 4, removal efficiencies for different heavy metals during primary settling
are given based on dissolved and particulate fractions in raw and settled wastewater.
Calculations of the total removal were made under the idealized assumption that 100%
of heavy metals which are “dissolved” and associated with particles, respectively, could
be removed.

Based on these idealized calculations, some indication is given on the potential of
enhancing removal of dissolved heavy metals (i.e., applying sorption technologies), or
enhancing removal of particle bound metals (i.e., applying coagulation/flocculation).

Enhanced removal of dissolved heavy metals seems to enable improved removal
mainly of Cu and Ni. For Pb, Cd and Zn, some of the studies indicate a possible improve-
ment of 50% or more. Sorption using low-cost sorbents may be an appropriate technology
for addressing enhanced removal of these metals. It must be stressed the sorption capacity
of the applied sorbent for each metal needs to be considered, and that some of the dissolved
heavy metals may be unavailable for sorption (as mentioned in previous discussion on the
fractioning between colloidal and truly dissolved/labile heavy metals). In the case of Cr
and Hg, the possible improvement (in total removal by enhancing removal of dissolved
metals) seems to be low.

Enhanced removal techniques associated with particles seem to enable improved
removal of all heavy metals, though the possible improvement of Ni removal seems to
be low in some of the cases. This indicates that coagulation/flocculation may be an
appropriate technology for addressing enhanced removal of these metals.
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Figure 4. Current removal during primary settling (removal dissolved, particulate, according to reference and calculated
removal) and potential for improved removal of dissolved (sorption) and particulate heavy metals (coagulation/flocculation)
for: (a) Cu; (b) Cr; (c) Ni; (d) Pb; (e) Cd; (f) Zn; (g) Hg. (Data for As and Ag not available.) The removals according to the
references (current dissolved and particulate removal) ([35,39,41-43,47,48]) are given compared to the calculated removal,
which were based on the concentrations given (not on mass flows). Negative values indicate that the concentrations
after primary settling were higher than the concentrations before primary settling. Comments regarding sampling points:
In [39,41], the influent was sampled before addition of return sludge liquors (i.e., the removal achieved by primary settling
might be somewhat underestimated). In [42,43], the influent was sampled after addition of return sludge liquors. In [35],
the influent was sampled after return of liquors from sludge digestion and after grit removal but before addition of another
supernatant stream. In [48], it is not clear if sampling was performed before or after addition of return sludge liquors.
In [47], average values from 16 WWTPs in the UK were given, and most samples of influent wastewater were taken
before return flows from sludge treatment. Comment on the “Removal according to reference” compared to “Calculated
removal”: In [39,41,47,48], the removal given in the references was calculated based on the concentrations in the liquid
phase. For [39,47,48], the removal calculated here is thus the same as the removal calculated in the references. The
calculated removal calculated for [41] differs from the removal given in the reference because of rounding error (rounded
off concentrations were given in the reference). In [35], the removal according to the reference was calculated based on mass
flows and thus differs somewhat to the removal calculated here. In [42,43], it is unclear if the removal in the reference was
calculated based on mass flow or concentration.
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Furthermore, emerging wastewater treatment technologies with high solids removal
efficiency may be beneficial in terms of residual heavy metals in effluents. A treatment
technology which is increasingly implemented is membrane bioreactors, which is a compact
technology with high effluent quality. Another wastewater treatment technology of interest
is mainstream anammox/AB-system (based on two successive biological treatment stages,
A and B, and using no primary clarifier). Mainstream anammox is a technology which is still
under development. The advantages of such systems are low external energy requirements
and compact construction [96]. With regards to potential heavy metal removal, the solids
concentration and removal in the A-stage are typically high which may facilitate removal
of both particle-bound and dissolved heavy metals.

8. Conclusions and Outlook

The removal of heavy metals during primary settling is determined by the speciation
of heavy metals in raw municipal wastewater and the sorption/desorption of heavy metals
occurring in the settler. Volatilization is relevant for some metals, e.g., heavy metal Hg
(and semi-metal Sb). Liquors from sludge-thickening and dewatering are often returned to
the primary settler. These may increase the heavy metal removal in the primary settler if
the concentration of SS is increased or if containing residue of ferric chloride coagulant.
Furthermore, changes in redox potential may affect the heavy metal speciation and thus
removal. Decreased heavy metal removal may be a result if return liquors contain large
amounts of heavy metals associated with fine particles. Heavy metals contained in process
chemicals used in secondary or tertiary treatment may contribute to the total heavy metal
load entering the primary settler via return liquors. Return sludge from ASP/BNR is
sometimes recirculated to the primary settler head, and biomass uptake/sorption may in
that case support heavy metal removal.

Mechanisms of heavy metal removal during primary settling are not fully understood.
Missing or disparate information on process parameters such as HRT, pH and composition
of return flows makes it hard to generalize the findings from different studies.

Knowledge concerning the speciation of heavy metals is of importance to design
appropriate removal technologies. Research is not consistent in considering total and
dissolved concentrations (<0.45 or 0.2 um). Studies which attempted to elucidate heavy
metal speciation further applied different methods for pre-processing wastewater before
analysis of heavy metals, resulting in different definitions of heavy metal speciation. One
definition is particulate, dissolved and truly dissolved and the other definition is particulate,
inert and labile. The different ways of defining heavy metal speciation in wastewater make
it difficult to compare the results of different studies. However, additional studies including
such detailed information regarding heavy metal speciation in influents, effluents and
sludge could shed further light on the mechanisms of heavy metal removal in WWTPs.

The variation of total heavy metal concentrations and dissolved fraction in raw mu-
nicipal wastewater points to a need for site-specific assessment of appropriate technologies
for improved heavy metal removal.

Modelling may be helpful to increase the understanding of heavy metal removal
during primary settling. So far, full-scale modelling of heavy metal removal during
primary settling was made under the assumption that the removal of heavy metals is
determined by the distribution of heavy metals between particulate and dissolved fractions
in raw wastewater and did not consider the possible sorption/desorption which may
occur during the process. Knowledge on the speciation of heavy metals and distribution
between particulate and colloidal/truly dissolved or inert/labile may be implemented
in models. However, in standard WWTP modelling applied at many WWTPs around
the world (the “activated sludge model” [51]), the dynamics of colloidal particles are
not described. No literature model for heavy metal speciation/removal from municipal
wastewater has considered parameters such as hardness, alkalinity and redox potential of
the wastewater.
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Coagulation/flocculation and use of low-cost sorbents were identified as the most
promising methods for enhancing heavy metal removal during or directly following pri-
mary settling. In the context of decreased heavy metal concentrations in both effluent
and sludge from ASP/BNR, the treatment technology should not only enable high heavy
metal removal but also: be suitable in wastewater of high solids concentration; have low
impact in terms of, e.g., energy use and sludge production; the concurrent removal of P
and organic matter should be low. In the case of coagulation/flocculation, the concurrent
removal of organic matter and P needs to be controlled to assure that the C/N ratio and P
concentrations are sufficient for subsequent ASP/BNR. Moreover, the possible complexa-
tion of heavy metals during ASP/BNR will likely decrease if the MLSS is decreased, which
is of importance for the removal from the liquid phase/effluent. Application of low-cost
sorbents during primary settling of municipal wastewater was not examined previously, to
our knowledge. Based on the heavy metal speciation (Cd, Cr, Cu, Ni, Pb, Zn and Hg) and
current removal capacity of primary settlers, it is proposed that sorption technologies may
be most effective for enhancing the removal of Cu and Ni, and in some cases of Pb, Cd and
Zn. Furthermore, the studies concerning heavy metal speciation and removal reviewed
here indicate that the fraction of dissolved Cr and Cd may likely be smaller at higher total
influent heavy metal concentrations. Sorption technologies may thus be less efficient in
the case when Cr and Cd concentrations are higher. Coagulation/flocculation may be
efficient for increasing removal for all the heavy metals studied, with possibly less impact
on Ni removal.
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