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There is a major knowledge gap and a multifarious 
problem involving metal chemistry, physical interac-
tions of metals, microbiology, aerobic and anaerobic 
processes in understanding the precipitation of heavy 
metals in sewage and polluted water bodies. This 
study focuses on determining the most feasible metal-
salt that can be formed using standard Gibbs free 
energy change for each possible reaction of all the 
heavy metals in wastewater. Solubility limits of all 
possible metal salts are computed. It is shown that 
even in the short anaerobic stage, any heavy metal will 
have the propensity to precipitate as sulphides and 
form insoluble salts, thus rendering the wastewater 
free from heavy metals. The measured heavy metal 
concentration in treated wastewater from Bangalore’s 
K–C Valley and Bellandur sewage treatment plants is 
presented as a validation of the theory. 
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Origin of heavy metals in urban sewage and  
threat to lakes 

THE ever increasing sewage generation from urbanization 
and consequent threats to water resources are important 
concerns to sustainable development. Majority of the 
world’s population now lives in the cities1–6. Nearly one-
third of the Indian population is urbanized and many 
states are expected to have more than half of their popula-
tion in cities by 2021 (ref. 7). Most cities have little 
wastewater infrastructure8. Cities have become large 
sinks for water and epicentres for wastewater (sewage). 
Cities usurp water from hundreds of kilometres away 
while the rainwater collection tanks have become recep-
tacles of sewage. When untreated sewage flows under 
anaerobic conditions, most of the metals present are pre-
cipitated and deposited as a heavy metal (HM)-rich 
sludge9. 
 Cities in the Deccan Plateau have always aligned their 
sewerage systems along with the natural contours of land 
and water basins. These water bodies have become perpe-
tually filled with sewage. For example, Varthur and  
Bellandur lakes of Bengaluru, Musi in Hyderabad and 

River Cooum in Chennai receive large volumes of urban 
sewage. As cities are industrialized, storm water, sewage 
and industrial effluents became mixed and flow as com-
mon wastewater. For a significant period, industries in 
Bengaluru such as battery reconditioning, electroplating 
and paint shops have released effluents bearing HMs into 
sewage10. It is unclear what happens to these HMs in  
sewage streams. The present study answers this question 
using both thermodynamic potential and solubility limita-
tions. 
 By definition, metallic elements and metalloids having 
atomic density >5 g/cm3 are termed as ‘heavy met-
als’11,12; for example, As (5.75 g/cm3), Zn (7.14 g/cm3), 
Cr (7.15 g/cm3), Mn (7.30 g/cm3), Fe (7.87 g/cm3), Cd 
(8.69 g/cm3), Co (8.86 g/cm3), Ni (8.90 g/cm3), Cu 
(8.96 g/cm3), Mo (10.2 g/cm3), Ag (10.5 g/cm3), Pb 
(11.30 g/cm3) and Hg (13.53 g/cm3). Selenium having an 
atomic density of 4.8 g/cm3 is also included in this list 
given its toxic nature. All these HMs, except silver, are 
toxic. Although the dominant material of sewage is con-
sumed food, several other household chemicals also enter 
it. Food contains only insignificant levels of HMs and 
over 99% of the digestible organic food matter is  
absorbed by humans. Rejects are further digested as  
sewage decomposes rapidly, anaerobically or aerobically, 
leaving behind these unused HMs. Sewage, especially as 
settled sludge, is known to accumulate these HMs and is 
often considered as an environmental threat12,13. 
 The Environmental Protection rules of 1986 have spe-
cified the discharge standards for 10 HMs, namely As, 
Hg, Pb, Cd, Cr+6, Cr, Cu, Zn, Se and Ni14. A few recent 
reports claim that these HMs are present in amounts higher 
than the permissible limits in urban sewage15–21. Bioac-
cumulation of HMs in the riverine/lacustrine systems and 
the risk of reusing sewage water on health, agriculture 
and environment have been reported. For example,  
according to a study on crops and soils receiving sewage 
from Bellandur, Byramangala, Nagavara and Varthur 
tanks in Bengaluru, the average HM concentration of  
water from these water bodies ranged from 0.014 to 
0.039 mg/l for Cd, 0.039 to 0.075 mg/l for Pb, 0.120 to 
0.311 mg/l for Cr and 0.027 to 0.042 mg/l for Ni22. The 
concentration of Pb and Ni was within the safe limits of 
0.5 mg/l and 0.2 mg/l respectively, according to the 
guidelines for irrigation water22. Nevertheless, it is not 
clear how these levels, well above typical solubility  
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levels of their respective sulphides, have been reported 
from sewage under chronic anaerobic conditions. 
 Several studies have indicated that under anaerobic 
conditions, in the presence of hydrogen sulphide (H2S), 
HMs present in the sewage tend to rapidly precipitate or 
bind to the sludge, forming metal sulphides which preci-
pitate out of the water given their low water solubility23–25. 
Being highly insoluble, they need to be resolubilized into 
forms that plants can take up and such a process is un-
likely to take place with sewage under normal conditions. 
 This study evaluates the fate of HMs in urban sewage. 
A thermodynamic study based on standard Gibbs free 
energy change (ΔG0) was conducted to determine which 
metal-salts will be formed spontaneously under anaerobic 
conditions. The ΔG0 values were calculated for each 
possible reaction of all the HMs with other anions and 
neutral species. The most spontaneous reactions based on 
the lowest ΔG0 values were determined to arrive at the 
most feasible product salt formed. Based on the solubility 
limits of the salts formed, this study shows that HMs 
present in the sewage will turn almost immediately into 
insoluble sulphides which will precipitate out of the  
water, thus rendering the wastewater free from HMs. 

Water chemistry of heavy metals in urban sewage 

Unlike the tanks filled by run-off and drying off during 
summer, sewage-fed water bodies remain continuously 
filled for decades and show macrophyte infestation26. 
Within a few minutes of discharge of sewage, it gets 
mixed with a larger sewage flow and rapid digestion of 
the organics begin. This absorbs all dissolved oxygen and 
the sewage first becomes anoxic and almost immediately 
anaerobic. Under anaerobic conditions hydrogen (H2) is 
generated and sulphate-reducing bacteria converts the 
sulphur in organic matter and products of fermentations 
to H2S and HCO–

3 (eq. (1))27. Nitrates and sulphates are 
used in place of oxygen, releasing H2, CO2, NH3 and 
more H2S. The redox potential measured against a standard 
hydrogen electrode falls below –200 mV. CO2 is reduced 
to CH4 using H2 by methanogenic bacteria. The redox po-
tential drops up to –400 mV, a stage at which few metals 
can remain in soluble form. The H2S produced (~ –50 mV) 
reacts with the metals present to form insoluble metal 
sulphides that subsequently precipitate (eq. (2))28. This 
precipitation can be correlated with the Kipp’s apparatus. 
This is used to generate H2S, which when bubbled 
through metallic salt solutions of either Pb, Ag or Cu 
forms a black precipitate almost immediately, even as H2S, 
was brought near the salt solution29. H2S readily reacts 
with metal ions to give corresponding metal sulphides. 
 
 2CH2O + SO2

4
– → H2S + 2HCO–

3
 

 (in the presence of anaerobic bacteria), (1) 

where –CH2O represents organic matter. 
 
 M2+ + H2S ↔ MS(s) ↓ + 2H+, (2) 
 
where M includes metals such as Fe, Cu, Zn, Ni, Cd, etc. 
 The metal sulphides formed because of anaerobic con-
ditions have very low solubility in water over a wide pH 
range30. These HM-sulphide salts bind to the sludge 
which gradually settles as sludge or silt at the lake bot-
tom. 

Standard Gibbs free energy change for heavy  
metal salts in urban sewage 

Table 1 shows the standard Gibbs free energy (ΔG0) of all 
possible reactions for 13 HMs31,32. As shown in table, for 
each metal, ΔG0 for the formation of metal sulphide is the 
lowest, indicating that metal sulphide formation is more 
spontaneous/favourable compared to all other metallic 
salt formations, namely metal hydroxides, chlorides,  
fluorides, phosphates, chromates, bromates, bromides, 
carbonates, metal iodates, metal iodides, nitrates and 
metal sulphates. This result matches with the earlier  
studies confirming formation of metal sulphides in  
sewage23–25 and as explained by eq. (2)28. Also, this result 
agrees with earlier studies which have reported that  
sulphide precipitates are thermodynamically the most  
copious product in the inorganic fraction under anaerobic 
conditions and HMs will precipitate as sulphides to form 
insoluble salts23. These data strongly indicate that  
propensity of metal-sulphide formation in wastewater is 
the highest and will occur rapidly, if not instantly. 

Solubility of heavy metal salts in urban sewage 

Solubility limits of salts in a liquid can be determined by 
calculating the solubility product (Ksp) at a given pH and 
temperature33. Table 1 lists the Ksp and solubility of  
various metal salts at 298.15 K. As shown in the table, 
the solubility of sulphides is the least at room temperature 
(e.g. for HgS solubility at 298.15 K is 1.47 × 10–11 mg/l), 
indicating that the metal sulphides are least soluble in  
water. Metal ligands are formed based on Lewis’s acid–
base interactions. Hard ions (such as Al3+, Ba2+, Be2+, 
Co3+, Cr3+) have highest affinity towards ions of hard 
bases (such as OH–, SO2

4
–, CO2

3
–, HCO–

3) to form ionic 
complexes and are less toxic in nature. Soft acid ions 
(such as Ag+, Cd2+, Cu+, Hg2+) have highest affinity  
towards ions of soft base (such as HS–, S2–, CN–) to form 
covalent complexes and are toxic in nature. The tendency 
of metals to form solid phases, such as sulphides, is  
related to their hard and soft (Lewis) acids and base  
qualities34. Each metal has a specific affinity with each 
anionic system and the order of precipitation is dependent 
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Table 1. Standard Gibbs free energy change of the reaction, selected solubility product constants and solubility of heavy metals at 
 298.15 K, 1 bar (at zero ionic strength)31,32 

Reaction ΔG0
298.15 K, 1 bar (kJ/mol) Ksp at 298.15 K Solubility (mg/l) at 298.15 K 

 

Arsenic (As)    
 2As3+ + 3S2– → As2S3 –422.3 2.1 × 10–22 5.17 × 10–5 at 291.15 K 
 As3+ + 3F– → AsF3 64.1 – – 
 As3+ + 3I– → AsI3 97.3 – – 
 As3+ + 3Cl– → AsCl3 136.1 – – 
    
Zinc (Zn)    
 Zn2+ + S2– → ZnS –140 1.2 × 10–23 at 291.15 K 3.38 × 10–7 at 291.15 K 
 Zn2+ + 2OH– → Zn(OH)2 –92 3 × 10–17 0.195 
 Zn2+ + CO2

3
– → ZnCO3 –56.6 1.46 × 10–10 1.515 

 Zn2+ + 2F– → ZnF2 –8.6 3.04 × 10–2 2.03 × 104 
 Zn2+ + 2NO–

3 → Zn(NO3)2 0.1 – 5.46 × 105 
 Zn2+ + SO2

4
– → ZnSO4 20.1 – 3.66 × 105 

 Zn2+ + 2Cl– → ZnCl2  40.1 – 8.03 × 105 
 Zn2+ + 2I– → ZnI2 41.3 – 8.14 × 105 
 Zn2+ + 2Br– → ZnBr2 43 – 8.3 × 105 
    
Chromium (Cr)    
 Cr2+ + S2– → CrS –305.8 Insoluble Insoluble– 
 Cr3+ + 3F– → CrF3 –57.1 6.6 × 10–11 1.36 × 102 
 Cr3+ + 3Cl– → CrCl3 102 – 5.9 × 105 at 293.15 K (for CrCl3 ⋅ 6H2O)
    
Manganese (Mn)    
 Mn3+ + S2– → MnS –76.1 1.4 × 10–15 at 291.15 K 3.26 × 10–3 at 291.15 K 
 Mn2+ + 2Cl– → MnCl2 –0.3 – 4.36 × 105 
 Mn2+ + 2NO–

3 → Mn(NO3)2 –0.3 – 6.17 × 105 
 Mn2+ + SO2

4
– → MnSO4 –0.2 – 3.89 × 105 

 Mn2+ + 2Br– → MnBr2 26.9 – 6.019 × 105 
 Mn2+ + 2F– → MnF2 36.7 – 1.01 × 104 
    
Iron (Fe)    
 Fe2+ + S2– → FeS –107.3 3.7 × 10–19 at 291.15 K 5.35 × 10–5 at 291.15 K 
 Fe2+ + SO2

4
– → FeSO4 0 – 2.28 × 105 

 Fe3+ + 3NO–
3 → Fe(NO3)3 0.3 – 4.657 × 105 

    

Cadmium (Cd)    
 Cd2+ + S2– → CdS –164.7 3.6 × 10–29 at 291.15 K 8.67 × 10–10 at 291.15 K 
 Cd2+ + 2OH– → Cd(OH)2 –81.6 7.2 × 10–15 1.781 
 Cd2+ + 2I– → CdI2 –20.6 – 4.63 × 105 
 Cd2+ + 2F– → CdF2 –12.5 6.44 × 10–3 1.76 × 104 
 Cd2+ + 2Br– → CdBr2 –10.7 – 5.34 × 105 
 Cd2+ + 2Cl– → CdCl2 –3.9 – 5.46 × 105 
 Cd2+ + SO2

4
– → CdSO4 –0.6 – 4.34 × 105 

 Cd2+ + 2NO–
3 → Cd(NO3)2 0.1 – 6.1 × 105 

    
Cobalt (Co)    
 Co2+ + S2– → CoS –114.2 3.0 × 10–26 at 291.15 K 1.04 × 10–8 at 291.15 K 
 Co2+ + 2OH– → Co(OH)2 –85.5 5.92 × 10–15 1.059 
 Co2+ + 2F– → CoF2 –35.2 – 1.4 × 104 
 Co2+ + SO2

4
– → CoSO4 –0.2 – 2.77 × 105 

 Co2+ + 2I– → CoI2 –0.1 – 6.699 × 105 
 Co2+ + 2NO–

3 → Co(NO3)2 0.1 – 5.08 × 105 
 Co2+ + 2Cl– → CoCl2 0.1 – 3.59 × 105 
    
Nickel (Ni)    
 Ni2+ + S2– → NiS –119.7 1.4 × 10–24 at 291.15 K 1.07 × 10–7 at 291.15 K 
 Ni2+ + 2OH– → Ni(OH)2 –87.2 5.48 × 10–16 0.478 
 Ni2+ + 2F– → NiF2 –0.9 – 2.5 × 104 
 Ni2+ + 2NO–

3 → Ni(NO3)2 –0.3 – 4.98 × 105 
 Ni2+ + SO2

4
– → NiSO4 –0.2 – 2.88 × 105 

 Ni2+ + 2I– → NiI2 –0.2 – 6.069 × 105 
 Ni2+ + 2Cl– → NiCl2 49 – 4.03 × 105 
   (Contd)
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Table 1. (Contd) 

Reaction ΔG0
298.15 K, 1 bar (kJ/mol) Ksp at 298.15 K Solubility (mg/l) at 298.15 K 

 

Copper (Cu)    
 Cu2+ + S2– → CuS –204.9 8.5 × 10–45 at 291.15 K 8.81 × 10–18 at 291.15 K 
 Cu+ + I– → CuI –67.9 1.27 × 10–12 0.215 
 Cu+ + Br– → CuBr –46.8 6.27 × 10–9 1.136 × 101 
 Cu+ + Cl– → CuCl –38.7 1.72 × 10–7 4.105 × 101 
 Cu2+ + 2NO–

3 → Cu(NO3)2 0.1 – 5.92 × 105 
 Cu2+ + SO2

4
– → CuSO4 12.8 – 1.8 × 105 

    
Molybdenum (Mo)    
 Mo4+ + S2– → MoS2 –388.95 2.2 × 10–56 1.9 × 10–23 
    
Silver (Ag)    
 2Ag+ + S2– → Ag2S –280.7 6 × 10–30 2.84 × 10–5 
 Ag+ + I– → AgI –91.7 8.52 × 10–17 0.002 
 Ag+ + Br– → AgBr –70 5.35 × 10–13 0.137 
 2Ag+ + CrO2

4
– → Ag2CrO4 –68.2 1.12 × 10–12 2.17 × 101 

 2Ag+ + CO2
3

– → Ag2CO3 –63.2 8.46 × 10–12 3.539 × 101 
 Ag+ + Cl– → AgCl –55.7 1.77 × 10–10 1.907 
 Ag+ + BrO–

3 → AgBrO3 –24.4 5.38 × 10–5 1.729 × 103 
 Ag+ + NO–

3 → AgNO3 0.8 – 7.01 × 105 
    
Lead (Pb)    
 Pb2+ + S2– → PbS –160.1 3.4 × 10–28 at 291.15 K 4.41 × 10–9 at 291.15 K 
 Pb2+ + CO2

3
– → PbCO3 –73.3 7.40 × 10–14 0.073 

 Pb2+ + 2I– → PbI2 –46 9.8 × 10–9 6.215 × 102 
 Pb2+ + SO2

4
– → PbSO4 –44.1 2.53 × 10–8 4.824 × 102 

 Pb2+ + 2F– → PbF2 –35.1 3.3 × 10–8 4.95 × 102 
 Pb2+ + 2Br– → PbBr2 –29.5 6.6 × 10–6 4.336 × 103 
 Pb2+ + 2Cl– → PbCl2 –27.3 1.7 × 10–5 4.504 × 103 
 Pb2+ + 2NO–

3 → Pb(NO3)2 0.1 – 3.738 × 105 
    
Mercury (Hg)    
 Hg2+ + S2– → HgS (red) –300.8 4 × 10–33 1.47 × 10–11 
 Hg2+ + 2I– → HgI2 –162.9 2.9 × 10–29 8.79 × 10–5 
 Hg2

2
+ + 2Br– → Hg2Br2 –126.6 6.40 × 10–23 0.014 

 Hg2+ + 2Br– → HgBr2 –109.5 – 6.1 × 103 
 Hg2

2
+ + 2Cl– → Hg2Cl2 –101.8 1.43 × 10–18 0.335 

 Hg2
2

+ + CO2
3

– → Hg2CO3 –93.8 3.6 × 10–17 0.003 
 Hg2

2
+ + SO2

4
– → Hg2SO4 –34.8 6.5 × 10–7 2.71 × 103 

 

 
on the different Ksp values. Lower Ksp indicates lower  
solubility of the salt. In addition, metal sulphides are  
amphoteric and only slightly soluble in water35. The solu-
bility data in Table 1 suggest that sulphide salts are  
water-insoluble, and form most stable precipitates under 
anaerobic conditions34. 
 Another aspect that plays an important role in HM 
chemistry is pH. Figures 1 and 2 show the solubility of  
various metal salts in water at different pH values37. As 
shown in figures for all HMs, their solubility decreases 
with pH. Under anaerobic conditions, the following 
processes are known to increase the pH of wastewater 
above 8, from its initial value of 6.8–8.3, i.e. consump-
tion of volatile fatty acids by methanogens and reduction 
of sulphate/sulphite to sulphides by sulphate reducing 
bacteria36. Under this pH condition, the metal sulphides 
of Zn, Cu, Ni, Cd, Fe, Mn, Hg and Ag are less soluble 
and more likely to form insoluble precipitates26. 
 Under anaerobic conditions, the HMs are known to 
speciate and shift towards the solid phase, leading  

to lower concentrations in the liquid phase. The percen-
tage of metals in the liquid phase represents only 0.5–4 of 
their total concentrations25, whereas the remaining 99.5–
96 shifts towards solid precipitate. 
 These data show that HMs that enter the wastewater 
systems which become anaerobic during their transport 
along waste streams, tend to form metal sulphides which 
rapidly precipitate out due to their low solubility. 

Water quality and heavy metal concentration in  
urban sewage treatment plants 

To validate the above theory, the treated wastewater from 
K–C Valley and Bellandur sewage treatment plant (STPs) 
were analysed, which have anaerobic digestion as part of 
their treatment process. Table 2 lists the discharge water 
quality from these STPs and compares it with the CPCB 
inland surface water discharge standards. The concentration 
of metals was determined by inductively coupled 
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Table 2. Water quality of sewage treatment plant as on 10 January 2019 

 
Parameter 

CPCB: inland surface water  
standards 

 
K–C Valley STP 

 
Bellandur STP 

 

Temperature Shall not exceed 5°C above the 
receiving water temperature

24.6 24.9 

pH 5.5–9.0 7.7 7.8 
Iron (as Fe; mg/l) 3.0 0.363 0.321 
Manganese (as Mn; mg/l) 2.0 0.024 0.006 
Zinc (as Zn; mg/l) 5.0 BDL 0.028 
Cadmium (as Cd; mg/l) 2.0 0.000057 BDL 
Lead (as Pb; mg/l) 0.1 BDL BDL 
Total arsenic (as As; mg/l) 0.2 0.001 0.001 
Hexavalent chromium (as Cr + 6; mg/l) 0.1 <0.1 <0.1 
Total chromium (as Cr; mg/l) 2.0 0.006 0.004 
Nickel (as Ni; mg/l) 3.0 0.028 0.024 
Copper (as Cu; mg/l) 3.0 0.001 0.000064 
Aluminium (as Al; mg/l) – 0.109 0.02 
Barium (as Ba; mg/l) – 0.045 0.01 
Boron (as B; mg/l) – 0.021 0.037 
Calcium (as Ca; mg/l) – 57.8 58.45 
Magnesium (as Mg; mg/l) – 17.16 3.35 
Selenium (as Se; mg/l) 0.05 0.000698 0.008 
Silver (as Ag; mg/l) – 0.000429 0.000395 
Mercury (as Hg; mg/l) 0.01 0.00096 0.003 
Molybdenum (as Mo; mg/l) – 0.001 0.003 

BDL, Below detection limit of 1 × 10–12 mg/l. 
 

 

 
Figure 1. Solubilities of metal hydroxides and sulphides as a function
of pH37. 
 
 

 
Figure 2. Metal solubilities as a function of pH37.

plasma–mass spectrometry (ICP–MS) after filtering the 
samples using 0.45 μm membrane filter and acidifying 
them in 2% nitric acid matrix, according to the APHA38. 
The results indicate that HMs in the secondary treated  
water that has undergone anaerobic treatment are well  
below the discharge limits. Table 2 shows that the treated 
wastewater does not contain any harmful HMs above the 
prescribed limits, which provides evidence for the above 
theory of HM-sulphide formation and solubility in sewage 
systems. 

Conclusion 

The relative content of HMs tends to accumulate in urban 
sewage when organic matter content is sequentially  
digested in the food chain and often, storm water, sewage 
and industrial effluents become mixed. Occasionally, 
small amounts of industrial effluents entering fugitively 
into sewage-dominant wastewaters pose a serious chal-
lenge to the reuse of treated wastewater. The sewage sys-
tems under tropical climatic conditions undergo rapid 
anaerobic digestion leading to precipitation of HMs as 
metal sulphides. Metal sulphide precipitates are thermo-
dynamically the most copious product in the inorganic 
fraction of wastewater under anaerobic conditions. It is 
therefore an important condition that sewage flow is 
maintained under typical anaerobic conditions, atleast for 
a few hours, to ensure that HMs if any, are allowed to 
form insoluble precipitates thus rendering the wastewater 
free from HMs. This process makes the sewage more  
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appropriate for further treatment before it is released back 
to the environment. 
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