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A B S T R AC T

With an ultimate objective of developing an inorganic sorptive media for nitrate removal from 
water for drinking purpose, preparation and properties of hydrous bismuth oxides (HBOs) were 
studied. Three HBOs, designated as HBO1, HBO2 and HBO3 were prepared using 0.1 M Bi2O3 
solution in 2 N HCl and 2 N NaOH in 1:1, 1:2 and 1:3 volumetric proportions respectively. In col-
umn tests, with 1 meq l−1 (=14 mg N l−1) nitrate in distilled water as infl uent solution, HBO1, HBO2 
and HBO3 were found to remove 0.6, 1.2 and 1.4 mg N g−1 (dry mass basis) at controlled fl ow rates 
of 1.20–1.45, 1.45–2.10 and 1.30–2.10 ml min−1 from the respective columns. Regeneration attempt 
of the used media by passing 0.1 N NaOH solution gave a nitrate recovery ratio (RR) of 0.9 for 
HBO1 and HBO2 and 0.5 for HBO3. In the second cycle of nitrate laden water application, whereas 
HBO2 and HBO3 showed decreased nitrate removals, HBO1 exhibited increased uptake. On dry 
mass basis HBO1, HBO2 and HBO3 precipitates showed a nitrate removal of 1.1, 0.7, and 1.0 mg 
N g−1 respectively in the second cycle. Thus, in two cycles HBO1, HBO2 and HBO3 precipitates 
were found to remove 1.7, 1.9 and 2.4 mg nitrate from solution per g (dry mass) respectively. The 
effl uent pH remains fairly in the range of 7.0 to 8.9, indicating that OH− ions are not released from 
HBOs in signifi cant quantity due to nitrate sorption. The precipitates apparently held appre-
ciable amount of chloride which may play important role in nitrate removal process.
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1. Introduction

Increasing nitrate concentration in ground and sur-
face waters have been reported from many parts of the 
world including India. Ground water remains the major 
source of drinking water supply in suburban and rural 
areas and high nitrate levels may pose direct health 
threat to the public health. Consumption of water with 

high nitrate concentrations has been correlated with 
methemoglobinemia, stomach cancer, early onset of 
hypertension, increased infant mortality, central ner-
vous system birth defects, non-Hodgkin’s lymphoma, 
initiation of kidney diseases, oral cancer, cancer of colon, 
rectum and other gastrointestinal cancers, and Alzheim-
er’s disease [1–8]. The current maximum allowable 
concentration for nitrate in drinking water ranges from 
2.5 mg N l−1 in Norway to 23 mg N l−1 in Netherlands [9]. 
USA, Canada, Poland and India recommend a maximum 
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allowable limit of 10 mg N l−1 (equivalent to 45 mg 
NO3

−/l−1). European Economic Community established 
the Maximum Contaminant Level (MCL) of 11.3 mg N 
l−1 (50 mg NO3

− l−1) and a recommended level of 5.65 mg 
N l−1 (25 mg NO3

− l−1) for nitrate [10,11]. As a result of 
recent evidence of presence of nitrite in some water sup-
plies, the World Health Organization (WHO) has pro-
posed a provisional guideline value for nitrite as 3 mg 
NO2

− l−1 [12] and Health and Welfare Canada has taken 
3.2 mg NO2

− l−1 as maximum acceptable concentration 
(MAC) [13].

A number of reviews of methods available for nitrate 
removal from water for drinking purpose have been 
reported [14–16]. Several treatment processes includ-
ing catalytic reduction [17,18], biological denitrifi cation 
[19,20], chemically catalyzed microbial reduction [21], 
ion exchange [11,22–24], a combination of ion exchange 
and membrane bioreactor [25], reverse osmosis [26], 
elecrodialysis [27–29], bio-electrochemical reactors [30] 
and adsorption [31–33], have been reported to remove 
nitrate from water with varying degrees of effi ciency, 
cost and ease of operation. Raw water quality param-
eters, such as presence of organic matter and sulphate 
concentrations have an impact on the ion exchange pro-
cess, but their impact on heterotrophic denitrifi cation is 
not expected to be signifi cant. Thus, biological denitrifi -
cation is applicable to surface waters, as the process can 
adjust better than ion exchange process to variation in 
water quality, such as natural organic matter (NOM), 
Total dissolved solids (TDS), suspended solids, nitrate 
and sulphate levels [15]. In ion exchange process, anion 
exchange resins, which are used in nitrate removal from 
water, are found to be more sensitive to fouling with 
organic materials [34]. Natural waters contain organic, 
inorganic and biological compounds in various ratios. 
Organic fouling results in production of low quality 
(high conductivity, low pH), low amounts of water and 
some serious problems such as early breakthrough and 
long washing periods after regeneration [34]. Thus, use 
of organic resin based ion exchange materials for drink-
ing water treatment at small scale, where the unit may 
be used intermittently, and the feed water from natural 
sources may contain a host of microbial populations, 
poses a different challenge to protect the resin from 
degradation and ensure safe drinking water chemically 
as well as microbiologically. Use of inorganic sorptive 
media appears appropriate under such conditions. The 
adsorption properties of hydrous oxides, such as alu-
mina, silica and ferric oxide have been known for many 
years and it has been established that adsorption pre-
sumably takes place through ion exchange [35]. Some 
of the hydrous metal oxides/inorganic materials have 
been used in drinking water treatment application. 
Hydrous titanium dioxide [36], iron–zirconium (Fe–Zr) 

binary oxide adsorbent [37], nanocrystalline TiO2-based 
adsorbent [38], manganese oxide-coated-alumina for As 
(III) [39], graphene oxide/ferric hydroxide composites 
[40] and granular Fe–Ce oxide adsorbent [41] have been 
used for arsenic removal from water. In case of fl uoride 
removal from water hydrous-manganese-oxide-coated 
alumina (HMOCA) [42] granular ferric hydroxide 
(GFH) [43], Titanium hydroxide-derived adsorbent [44] 
amorphous iron and aluminum mixed hydroxides [45] 
have been reported.

However, a review of literature concerning anion 
exchange properties of these hydrous metal oxides indi-
cates that either nitrate ion has not been studied thor-
oughly or very few of reported materials have shown 
nitrate sorptive properties. Bhatnagar et al. [46] have 
compiled the various adsorbents for nitrate removal 
from water. Bhatnagar et al. [47] evaluated the feasibility 
of nano-alumina for nitrate removal from aqueous solu-
tions. Fritsche [48] reported removal of nitrate and other 
anions from water by yellow bismuth hydroxide precipi-
tate. Bismuth is one of the least toxic of heavy metals [49] 
and basic bismuth nitrates are used in many pharmaceu-
tical or beautycare applications. Theoretically bismuth 
forms two hydroxides, bismuthous hydroxide, Bi(OH)3 
and bismuthyl hydroxide, BiOOH, both of which are 
white in color in their monomeric forms [50,51]. Hence 
in order to explore its possible use in drinking water 
treatment applications for nitrate removal, an in-depth 
study of formation and properties of yellow bismuth 
hydroxide appears essential. This paper discusses some 
of the theoretical basis of formation of hydrous bismuth 
oxides (HBOs), and experimental observations in rela-
tion to their nitrate sorptive (removal) properties.

2. Materials and methods

Bismuth trioxide (Bi2O3, MW 466.0) powder of ana-
lytical reagent (AR) grade was used as the starting mate-
rial for all bismuth based preparations. A 0.1 M Bi2O3 
solution in 2 N HCl served as the working solution for 
all further processing. Three HBOs were prepared by 
mixing the bismuth trioxide working solution and 2 N 
NaOH in 1:1, 1:2 and 1:3 volumetric proportions. After 
mixing the reagents, a reaction time of 1 h was allowed 
and then supernatants were decanted. The precipitates 
were washed thoroughly with suffi cient distilled water 
to remove all unreacted chemicals. Finally the precipi-
tates were fi ltered in small batches through Whatman 42 
fi lter paper under vacuum to remove maximum amount 
of water. The precipitates so obtained were designated 
as HBO1, HBO2 and HBO3 respectively.

All experiments were conducted at a nitrate contam-
ination level of 1 meq l−1 (= 14 mg N l−1, equivalent to 62 
mg NO3

− l−1) in distilled water. Nitrate determinations in 
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 water were made using Micro-2 ion meter with nitrate 
selective electrode (ISE 311), manufactured by Toshniwal 
Process Instruments Pvt. Ltd., Ajmer (India). The pH of 
solutions was measured using digital pH meter (Model 
335, Systronics, India). Alkalinity, chloride and sulfate 
concentrations in column effl uent were measured as per 
Standard Methods [52]. X-ray diffraction (XRD) patterns 
were obtained using X-ray diffractometer (Philips 1710, 
the Netherlands).

Three parallel columns were run using 60 cm long, 
2.50 cm internal diameter transparent cylindrical tubes, 
fi tted with perforated glass at the base. In order to retain 
the fi ne precipitate particles without loss, 5 g of acid 
washed (0.1 N HCl, 24 h) sand (250 μm ≤ d ≤ 425 μm) 
was used in each column to provide uniform bed. HBO1, 
HBO2 and HBO3 pastes of 5.0 g each were put in the 
respective columns and suffi cient distilled water was 
passed through beds to clean the washable impurities 
before applying the desired feed solution in down fl ow 
mode under a constant static head of about 2 m. Effl u-
ents were collected continuously in 25 ml volumetric 
fl asks and analyzed for nitrate, pH and chloride concen-
trations.

3. Results and discussion

3.1. Nitrate removal

Visibly HBO1 is predominantly white in color, while 
HBO2 and HBO3 are broadly yellow. Based on purely 
theoretical considerations, hydrochloric acid solution of 
Bi2O3 may produce two forms of bismuth hydroxides, 
Bi(OH)3 and BiOOH as follows, both of which are white 
in colour in their monomeric forms [50,51]:

(A)

Bi O + 6HCI q = 2BiCI q + 3H O(I)2 3O 3 2+ 3H( )c ( )aq ( )aqaq  

2BiCI q 6NaOH q 2Bi 6NaCI q3( )aq ( )aq ( )OH ( )c ( )aq=6NaOH( )aq +3

Bi O 6HCI q 6NaOH q
2Bi 6NaCI 3H O

2 3O
2

( )c ( )aq( ) ( )aq
( )OH ( )c ( )I

+ +6HCI( )aq =
+ 6NaCI3  (1)

ΔGf 118 55 31 37 99 23 138 55 91 78 56 68° = − −1181 55 − −99 23 − −91 78. .55 31 . .23 138 . .78 56

(B)

Bi O 6HCI q 2BiCI q 3H O2 3O 23H3( )c ( )aq ( q( )aqaq ( )I+ =6HCI( )aq

2BiCl aq 6N OH q 2BiOOH 6N Cl q 2H O3 26NaOH 2BiOOH 6NaCl 2H( )aqaq ( )qaq( ) ( qaq)=6NaOH6NaOH( )aqaq + 6NaCl6NaCl aqaq

Bi O 6HCI q 6NaOH q
2BiOOH 6NaCI 5H O

2 3O
2

( )c ( )aq( ) ( )aq
( )c ( )I

+ +6HCI( )aq =
+6NaCI  (2)

ΔGf 118 55 31 37 99 23 88 4 91 78 56 68° = − −118 55 − −99 23 91 78. .55 31 . .23 88 .78 56

where ΔGf° is the Gibb’s free energy of formation (kcal 
mol−1) under standard state conditions.

The Gibb’s free energy change, ΔGr° for reactions as 
per Eqs. (1) and (2) are −95.67 and −108.73 kcal respec-
tively. Hence both the reactions seem feasible, but bis-
muthyl hydroxide, BiOOH may be the eventual product 
of reactions, as

BiOOH H O Gr 6 53 kcal2( )OH ( )c ( )c( ) ( )I ; .Gr 6))3 BiOOH(c °Δ  (3)

It is interesting to note that formation of both the 
forms of bismuth hydroxide in their monomeric form 
requires an acid to hydroxide ratio of 1:1 only, as evi-
dent from Eqs. (1) and (2). HBO1 has been prepared 
using an acid (solution of Bi2O3) to hydroxide ratio of 1:1 
and thus its colour is in line with the theoretical predic-
tion for monomeric Bi(OH)3 or BiOOH. Theoretically a 
monomeric BiOOH compound should be colorless, as 
univalent [Bi = 0]+ or [Bi → 0]+ radicals are colorless [50] 
and there is no indication that they ever go in covalent 
form [53]. However, HBO2 and HBO3 which are yellow 
in color and have been prepared in presence of extra 
hydroxide, appear to be “presumably” polymeric [54]. 
In case of hydrous ferric oxide precipitate formation 
also, it has been reported that polymerization is accel-
erated by a higher hydroxide ion concentration and 
elevated temperature [55,56]. The color of a substance 
is determined by its absorption spectrum and colorless 
ions have absorption bands in ultraviolet range. How-
ever, if through a perturbing infl uence, like formation 
of a bond with increasingly great covalent character, a 
single absorption band of an ion were increased in wave 
length, so as to pass through the visible spectrum, the 
color of the ion by transmitted light would go through 
the sequence of lemon yellow, yellow, orange, red, 
purple and so on. Thus, this sequence of color may be 
used as a measure of the amount of covalent character 
of compounds with colorless ions [57]. Thus, it appears 
that HBO2 and HBO3 which are yellow in color and are 
formed under the presence of excess hydroxide ions are 
polymeric forms of bismuthyl hydroxide, BiOOH, and 
possibly have developed some covalent character in its 
structure.

Fig. 1 shows the effl uent quality from the three col-
umns with respect to nitrate, pH and chloride concen-
trations. The weighed amount of the precipitate in each 
column was 5 g, but due to physico–chemical differences 
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of the materials formed, the bed heights in different col-
umns were different and the free fl ow rates also varied.

Although even at controlled fl ow rates the depths of 
the precipitate in the columns were found inadequate 
with respect to nitrate removal, the trends indicated 
removal of nitrate by all the three hydrous bismuth 
oxide materials. In order to make quantitative evalua-
tion, solid content of the precipitates were estimated. 
An average of three determinations for each precipitate 
gave a solid content of 38.38%, 15.82% and 17.60% for 
HBO1, HBO2 and HBO3 respectively. On dry mass basis, 
each gram of HBO1, HBO2 and HBO3 were found to 
remove 0.6, 1.2, and 1.4 mg N respectively at 1 meq l−1 
infl uent nitrate level in the given run.

Fig. 1(b) shows the variation of pH with effl uent vol-
ume. The effl uent pH from HBO1 varied between 7.0 and 
7.8 and those from HBO2 and HBO3 between 7.8 and 8.2. 
The effl uent pH from HBO2 and HBO3 seemed to be more 
stable than that from HBO1 column. HBO3 precipitate in 

above set of experiments corresponds to the yellow bis-
muth hydroxide used by Fritsche [48]. He passed 20 ml 
of 50 mg NO3

− l−1 laden water from a bed of 10 g wet pre-
cipitate and on the basis of pH measurement of the eluate 
in a parallel separate column anticipated displacement of 
OH− from the precipitate by NO3

− being removed. Frit-
sche [48] however, did not report monitoring the effl uent 
pH continuously. The pH of effl uents in the range 7.8–8.2 
indicates that OH− is not released in any signifi cant pro-
portion due to nitrate uptake by the media.

Fritsche [48] also reported exchange of Cl− for nitrate 
due to Cl− impurity of the sorbent to minor extent. In 
order to examine such possibilities, chloride concentra-
tions of samples of the effl uents from the columns were 
also analyzed. Fig. 1(c) shows the results in this regard. 
Obviously, the effl uents were found to have elevated 
levels of chloride with respect to the infl uent. Thus all 
the three HBO precipitates appear to contain varying 
degree of held chloride.

Fig. 1. Effl uent quality from HBO columns with 5 g of wet precipitate.
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Fritsche [48] showed elution of sorbed nitrate from 
the yellow bismuth hydroxide precipitate bed by 0.1 N 
NaOH solution. Following similar lines, an attempt was 
made to elute the sorbed nitrate for regeneration and 
reuse of the material in nitrate removal. Fig. 2 shows 
the results of a regeneration attempt of precipitates by 
0.1 N NaOH solution in free down fl ow mode. Hydrox-
ide alkalinity expressed in terms of mg CaCO3 l−1 has 
been applied as a measure of regenerant consumption 
during the process. It is observed that the regenerant 
effl uents show peak nitrate concentrations when the 
hydroxide consumption by the precipitates are maxi-
mum. An apparent correlation between nitrate elution 
from the bed and hydroxide ion consumption indicate 
that nitrate sorption takes place mostly at exchangeable 
sites in the materials.

For quantitative evaluation, defi ning ‘recovery ratio 
(RR)’ as the ratio of total nitrate eluted by the regenerant 
(meq) to the total nitrate sorbed in the precipitate before 
regeneration (meq), whereas HBO1 and HBO2 give RR of 
0.9, it is 0.5 for HBO3. Thus, HBO1 and HBO2 precipitates 
appear to elute most of the sorbed nitrate, but HBO3 
seem to retain almost 50% of it.

The regenerated columns were washed with suffi -
cient distilled water before applying the nitrate solution 
for the second cycle. The fl ow rates and all other condi-
tions were maintained similar to the fi rst cycle. Fig. 3 
shows the effl uent qualities through columns in fi rst and 
second cycles.

It is observed that all the three HBO precipitates 
started taking up nitrate from the infl uent solution 
once again. Interestingly, while for HBO2 and HBO3 the 

nitrate uptake potentials appeared to have decreased in 
the second cycle, it got increased for HBO1. While pass-
ing 0.1 N NaOH solution through beds for regeneration, 
some further transformation in HBO1 appears to have 
taken place to effectively increase nitrate uptake by this 
precipitate. On dry mass basis HBO1, HBO2 and HBO3 
showed a nitrate removal of 1.1, 0.7, and 1.0 mg N g−1 
respectively in the second cycle. The pH of effl uents 
ranged 7.0–8.2, 8.1–8.3 and 8.1–8.9 for the three respec-
tive columns. Whereas chloride releases from HBO1 
and HBO2 appeared to have decreased, it increased for 
HBO3 in the second cycle. This appears to indicate that 
HBO precipitates hold replaceable chloride under vary-
ing structural arrangements in the fabric and may have 
some correlation with the nitrate uptake by the material. 
This aspect needs further planned exploration.

3.2. Competing anions studies

Presence of alkalinity (bicarbonate) and sulfate 
interfere the removal of nitrate from water. Hence, the 
removal of alkalinity (bicarbonate) and sulfate has been 
studied by HBOs. Fig. 4 shows the removal of alkalinity 
(bicarbonate) by HBO1, HBO2 and HBO3. It is clear that 
HBO1 performed best (~77% removal) regarding alkalin-
ity (bicarbonate) removal from water in the comparison 
of HBO2 and HBO3. Fig. 5 shows the removal of sulfate 
from water by similar media. HBO2 and HBO3 both are 
very much effi cient in removing sulfate from water. HBO2 
removes 73% and HBO3 removes 75% of sulfate. When 
these three contaminants were mixed in the concentration 
of 1 meq l−1 each (Nitrate = 14 mg NO3

−-N l−1, alkalinity 

Fig. 2. Characteristics of effl uents during regeneration of precipitate in columns by 0.1 N NaOH.
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(bicarbonate) = 61 mg l−1, sulfate = 48 mg l−1) HBO2 and 
HBO3 still very good in the removal of nitrate. The 
removal percentage of alkalinity signifi cantly decreases 
by HBO1 from 77% to 22%. Sulfate has been removed 
almost same level by all HBO1, HBO2 and HBO3 (Fig. 6).

3.3. X-ray diffraction

The X-ray diffraction (XRD) pattern of HBO2 (Fig. 7) 
and HBO3 (Fig. 8) show the presence of peaks which 
indicates these are crystalline in nature. The major 

Fig. 4. Removal of alkalinity (bicarbonate) by HBOs. Fig. 5. Removal of sulfate by HBOs.

Fig. 3. Effl uent qualities from HBO precipitate columns in two cycles.
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 peaks appeared at 2θ = around 33° and 55° are shows 
the Bismuth oxide chloride [BiOCl] compound (as per 
the JCPDS File no. 03-1125) and the peaks around 30°, 
32° and 56° are may be the characteristics of Bismuth 
hydroxide [Bi(OH)3] compound (as per the JCPDS File 
no. 01-0898).

3.4. Comparison of the relevant studies

Fritsche [48] performed the experiment on the 
removal of nitrate and other anions from water by 
yellow bismuth hydroxide’ precipitate. In the pres-
ent study, three forms of HBOs, designated as HBO1, 
HBO2 and HBO3 were prepared using the method 
similar to that of Fritsche [48], but with increasing 
volumetric proportion of 1:1, 1:2 and 1:3 of 0.1 M 
Bi2O3 solution in 2 N HCl and 2 N sodium hydrox-
ide solution respectively. Thus, the ‘yellow bismuth 
hydroxide’ as prepared by Fritsche [48] corresponded 
to HBO3 in this study. HBO1 has been prepared to 
get bismuth hydroxide, as per Eqs. (1)–(3). HBO2 has 
been planned to get an intermediate product between 
HBO1 and HBO3 for comparative purposes.

• A continuous fl ow of 14 mg NO3
−N l−1 (1 meq l−1) solu-

tion has been passed. On dry mass basis, each gram of 
HBO1, HBO2 and HBO3 were found to remove 0.6, 1.2, 
and 1.4 mg N respectively at 1 meq l−1 infl uent nitrate 
level and in earlier work it was passed 20 ml of 50 mg 
NO3

− l−1 laden water from a bed of 10 g wet precipi-
tate.

• Fritsche [48] said that OH− ions were responsible for 
nitrate removal without continuous measurement 
of pH of effl uent. The pH of effl uents were mea-
sured continuously and found in the range of 7.0–8.9 
indicates that OH− is not released in any signifi cant 
proportion due to nitrate uptake by the media. The 
precipitates are found to hold appreciable amounts 
of chloride which may play important role in nitrate 
removal process.

• Fritsche [48] showed elution of sorbed nitrate from 
the yellow bismuth hydroxide precipitate bed by 0.1 
N NaOH solution. In present study the regeneration 
of precipitates by 0.1 N NaOH solution in free down 
fl ow mode was achieved.

During this study the regenerated column was used 
for the second cycle of nitrate solution. The fl ow rates 
and all other conditions were maintained similar to the 
fi rst cycle. Interestingly, while for HBO2 and HBO3 the 
nitrate uptake potentials appeared to have decreased in 
the second cycle, it got increased for HBO1, on dry mass 
basis HBO1, HBO2 and HBO3 showed a nitrate removal of 
1.1, 0.7, and 1.0 mg N g−1 respectively in the second cycle. 

Fig. 6. Removal of nitrate, alkalinity (bicarbonate) and sulfate 
by HBOs when mixed 1 meq l−1 each.

Fig. 7. X-ray diffraction pattern of HBO2.

Fig. 8. X-ray diffraction pattern of HBO3.
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The pH of effl uents ranged 7.0–8.2, 8.1–8.3 and 8.1–8.9 
for the three respective columns. But Fritsche [48] did not 
mention the second cycle of column study.

4. Conclusions

Inorganic sorptive media are the preferred alterna-
tive for contaminants removal from ground and surface 
waters for drinking purpose, particularly in small scale 
applications. Hydrous bismuth oxides have shown high 
potential for the removal of nitrate from water. However, 
the conditions of preparation of the material affect the 
nitrate removal characteristics. Even though the theoret-
ical considerations suggest the need of only 1:1 volumet-
ric ratio of 2 N HCl solution of Bi2O3 and 2 N NaOH for 
formation of both known forms of bismuth hydroxides, 
Bi(OH)3 as well as BiOOH, and the product should be 
white in color, presence of extra hydroxide are found to 
have signifi cant affect on the physico–chemical proper-
ties of the product formed. In presence of excess hydrox-
ide, polymerization of units appears to take place, which 
gives yellow colour to the materials formed. The sorbed 
nitrate can be eluted from the precipitates by passing 
sodium hydroxide solution and the precipitates may be 
reused for further nitrate removal. The pH of effl uent 
remains fairly in the range from 7.0 to 8.9, indicating that 
OH− ions are not being released in signifi cant quantity 
due to nitrate sorption. The precipitates are found to 
hold appreciable amounts of chloride which may play 
important role in nitrate removal process. In presence of 
bicarbonate and sulfate both HBO2 and HBO3 were very 
good in the removal of nitrate from water.

Acknowledgements

The authors thank Department of Science and 
Technology for furthering the work on nitrate removal 
through fi nancial assistance as Scheme No. P07/416.

References

[1] H.H. Comly, Cyanosis in infants caused by nitrates in well-
water, JAMA 129 (1945) 112–116. Reprint, JAMA 257(20) (1987) 
2788–2792.

[2] M.J. Hill, G. Hawksworth and G. Tattersall, The in vivo forma-
tion of N-Nitrosamines in the rat bladder and their subsequent 
absorption, Brit. J. Cancer., 28 (1973) 562.

[3] J.W. Malberg and E.P. Savage, Nitrates in drinking water and 
the early onset of hypertension, J. Osteryoung. Environ. Pol-
lut., 18 (1978) 155.

[4] M. Super, H. Heese, D. MacKenzie, W.S. Dempster, J. DuPless 
and J.J. Ferreira, An epidemiologic study of well water nitrates 
in a group of south west African Namibian infants, Water Res., 
15 (1981) 1265–1270.

[5] M.M. Dorsch, R.K.R. Scragg, A.J. McMichael, P.A. Baghurst and 
K.F. Dyer, Congenital malfunctions and maternal drinking 

water supply in rural South Australia: A case-control study, 
Am. J. Epidem., 1119 (1984) 473.

 [6] D.O. Weisenburger, Nitrate contamination exposure, conse-
quence and control, in: I. Bogardi and R.R. Kuzelka (Eds.), 
Springer-Verlag, Berlin, Germany, 1991, p. 309.

 [7] R. Schultz-Hock, G. Plum, R. Schindler, P. Obermann, 
F. Selenka, E. Stengal and C.J. Soeder, in: Proceedings of Semi-
nar on Biological Methods of Water Treatment. Centre for 
Environmental Studies, Anna University, Madras, 1995, p. 138.

 [8] E.V.S.P. Rao and K. Puttana, Strategies for combating nitrate 
pollution, Curr. Sci., 91 (2006) 1335–1339.

 [9] J.A. Cotruvo and C.D. Vogt, Rationale for water quality stan-
dards and goals, in: F.W. Pontius (Ed.), Water Quality and 
Treatment, McGraw Hill Inc., New York, USA, 1990.

[10] F. Akkurt, A. Alicilar and O. Sendil, Removal of nitrate in 
water by means of adsorption, J. Fac. Eng. Arch. Gazi Univ., 17 
(4) (2002) 83.

[11] N. Lohumi, S. Goasin, A. Jain, V.K. Gupta and K.K. Verma, 
Determination of nitrate in environmental water samples 
by conversion into nitrophenols and solid phase extrac-
tion−spectrophotometry, liquid chromatography or gas 
chromatography–mass spectrometry, Anal. Chim. Acta., 
505 (2004) 231.

[12] W.H.O., Guidelines for Drinking Water Quality, Vol I. Recom-
mendations, World Health Organization, Geneva, Switzer-
land, 1993.

[13] Health and Welfare Canada, Guidelines for Canadian Drink-
ing Water Quality, 5th ed., Ottawa, Canada, 1993.

[14] M. Green and G. Shelef, Treatment of nitrate contaminated 
ground water for drinking purposes, in: U. Zoller (Ed.), 
Ground Water Contamination and Control, Marcel Deckker 
Inc., New York, 1994.

[15] A. Kapoor and T. Viraghvan, Nitrate removal from drinking 
water, J. Environ. Eng. ASCE., 123 (1997) 371–380.

[16] M. Shrimali and K. P. Singh, New methods of nitrate removal 
from water, Int. J. Environ. Pollut., 112 (2001) 351–359.

[17] K. Ludtke, K. Peinermann, V. Kasche and R. Behling, Nitrate 
removal of drinking water by means of catalytically active 
membranes, J. Membr. Sci., 151 (1998) 3.

[18] R. Gavagnin, L. Biasetto, F. Pinna and G. Strukul, Nitrate 
removal in drinking waters: the effect of tin oxides in the 
catalytic hydrogenation of nitrate by Pd/SnO2 catalysts, Appl. 
Catal. B., 38 (2002) 91–99.

[19] E. Wasik, J. Bohdziewicz and M. Blasszezyk, Removal of 
nitrates from ground water by a hybrid process of biological 
denitrifi cation and microfi ltration membrane, Process Bio-
chem., 37 (2001) 57.

[20] S. Aslan and H. Cakici, Biological denitrifi cation of drinking 
water in a slow sand fi lter, J. Hazard. Mater., 148(1,2) (2007) 
1–498.

[21] K.D. Shin and K. Cha, Microbial reduction of nitrate in pres-
ence of nano scale zero valent iron, Chemosphere (72-2) (2008) 
257–262.

[22] D.A. Clifford and X. Liu, Ion exchange for nitrate removal, 
J. Am. Water Works Assoc., 85(4) (1993) 135.

[23] J. Kim and M.M. Benjamin, Modeling a novel ion exchange 
process for arsenic and nitrate removal, Water Res., 38(8) 
(2004) 2053–2062.

[24] Y. Berbar, M. Amara and H. Kerdjoudj, Anion exchange resin 
applied to a separation between nitrate and chloride ions in 
the presence of aqueous soluble polyelectrolyte, Desalination, 
223 (2008) 238.

[25] C.T. Matos, R. Fortunato, S. Velizarov, M.A.M. Reis and 
J.G. Crespo, Removal of mono-valent oxyanions from water in 
an ion exchange membrane bioreactor: Infl uence of membrane 
permselectivity, Water Res., 42 (2008) 1785–1795.

[26] S. Samatya, N. Kabay, U. Yuksel, M. Arda and M. Yuksel, 
Removal of nitrate from aqueous solution by nitrate selective 
ion exchange resins, J. React. Funct. Polym., 66 (2006) 1206–1214.

[27] A. Elmidaoui, M.A. Menkouchi Sahli, M. Tahaiki, L. Chay, 
M. Taky, M. Elmghari and M. Hafsi, Selective nitrate removal 
by coupling electrodialysis and a bioreactor, Desalination, 153 
(2002) 389.



P.K. Singh et al. / Desalination and Water Treatment 40 (2012) 144–152152

 [28] J.W. Peel, K.J. Reddy, B.P. Sullivan and J.M. Bowen, Electro 
catalytic reduction of nitrate in water, Water Res., 37 (2003) 
2512–2519.

[29] M.A.M. Sahli, M. Tahaikt, I. Achary, M. Taky, F. Elhanouni, 
M. Hafasi, M. Elmghari and A. Elmidaoui, Electro-dialysis pro-
cess for nitrate removal using pilot plant study, development 
and optimization of techniques, Desalination, 189 (2006) 200.

[30] S. Ghafari, H. Masitah and K.A. Mohamed, Bio electrical 
removal of nitrate from water and waste water: A review, 
Biores. Tech., 99(2008)3965–3974.

[31] Y. Xi, M. Mallavarapu and R. Naidu, Preparation, characteriza-
tion of surfactants modifi ed clay minerals and nitrate adsorp-
tion, Appl. Clay Sci., 48 (2010) 92–96.

[32] M. Islam and R. Patel, Nitrate sorption by thermally activated 
Mg/Al chloride hydrotalcite-like compound, J. Hazard. Mater., 
169 (2009) 524–531.

[33] M. Islam, P.C. Mishra and R. Patel, Physicochemical character-
ization of hydroxyapatite and its application towards removal 
of nitrate from water, J. Environ. Manage., 91 (2010) 1883–1891.

[34] B.Z. Gonder, Y. Kaya, I. Vergili and H.H. Barlas, Regeneration 
of industrial district wastewater using a combination of Fen-
ton process and ion exchange—a case study, J. Res. Conserv. 
Recycl., (52-2) (2006) 425–440.

[35] V. Vesely and V. Pekarek, Synthetic inorganic ion exchangers: 
Hydrous oxides and acidic salts of multivalent metals, Talanta 
19 (1972) 219.

[36] M. Pirila, M. Martikainen, K. Ainassaari, K. Kuokkanen and 
R.L. Keiski, Removal of aqueous As(III) and As(V) by hydrous 
titanium dioxide, J. Colloid Interface Sci., 353 (2011) 257–262.

[37] Z. Ren, G. Zhang and J.P. Chen, Adsorptive removal of arse-
nic by an iron–zirconium binary oxide adsorbent from water, 
J. Colloid Interface Sci., (2011) doi: 10.1016/j.jcis.2011.01.013.

[38] C. Jing, X. Meng, E. Calvache and G. Jiang, Remediation of 
organic and inorganic arsenic contaminated groundwater 
using a nanocrystalline TiO2-based adsorbent, Environ. Pol-
lut., 157 (2009) 2514–2519.

[39] S.M. Maliyekkal, L. Philip and T. Pradeep, As(III) removal 
from drinking water using manganese oxide-coated-alumina: 
Performance evaluation and mechanistic details of surface 
binding, Chem. Eng. J., 153 (2009) 101–107.

[40] K. Zhang, V. Dwivedi, C. Chi and J. Wu, Graphene oxide/
ferric hydroxide composites for effi cient arsenate removal 
from drinking water, J. Hazard. Mater., 182 (2010) 162–168.

[41] Y. Zhang, X. Douc, B. Zhao, M. Yang, T. Takayama and S. Kato, 
Removal of arsenic by a granular Fe–Ce oxide adsorbent: Fab-
rication conditions and performance, Chem. Eng. J., 162 (2010) 
164–170.

[42] S.X. Teng, S. Wang, W. Gong, X. Liu and B. Gao, Removal of 
fl uoride by hydrous manganese oxide-coated alumina: Perfor-
mance and mechanism, J. Hazard. Mater., 168 (2009) 1004–1011.

[43] E. Kumar, A. Bhatnagar, M. Ji, W. Jung, S. Lee, S. Kim, G. Lee, 
H. Song, J. Choi, J. Yang and B. Jeon, Defl uoridation from aque-
ous solutions by granular ferric hydroxide (GFH), Water Res., 
43 (2009) 490–498.

[44] T. Wajima, Y. Umeta, S. Narita and K. Sugawara, Adsorption 
behavior of fl uoride ions using a titanium hydroxide-derived 
adsorbent, Desalination, 249 (2009) 323–330.

[45] M.G. Sujana, G. Soma, N. Vasumathi and S. Anand, Studies 
on fl uoride adsorption capacities of amorphous Fe/Al mixed 
hydroxides from aqueous solutions, J. Fluorine Chem., 130 
(2009) 749–754.

[46] A. Bhatnagar and M. Sillanpää, A review of emerging adsor-
bents for nitrate removal from water, Chem. Eng. J., 168 (2011) 
493–504.

[47] A. Bhatnagar, E. Kumar and M. Sillanpa, Nitrate removal from 
water by nano-alumina: Characterization and sorption stud-
ies, Chem. Engg. J., 163 (2010) 317–323.

[48] U. Fritsche, Removal of nitrate and other anions from water 
by yellow bismuth hydroxide, J. Environ. Sci. Health. Part A., 
28(9) (1993) 1903–1913.

[49] K.S. Bhatki, Radiochemistry of Bismuth. Nuclear Science 
Series. Academy Sciences–National Research Council, USA, 
1977.

[50] J.V. Muylder and M. Pourbaix, Bismuth, in: M. Pourbaix (Ed.), 
Atlas of Electrochemical Equilibria in Aquous Solutions, Per-
gamon Press, New York, USA, 1966.

[51] P.K. Singh and D.K. Ghosh, Nitrate removal from water by bis-
muth based media, in: B.B. Jana, R.D. Banerjee, B. Guterstam 
and J. Heeb (Eds.), Waste Recycling and Resource Manage-
ment in the Developing World, University of Kalyani, India 
and International Ecological Engineering Society, Switzer-
land, 2000.

[52] American Public Health Association, American Water Works 
Association and Water Environment Federation, Standard 
methods for examination of water and wastewater, 19th ed.  
Washington D.C., USA., 1995.

[53] N.V. Sidwick, The Chemical Elements and Their Compounds. 
Vol(I), Oxford at the Clarenden Press, U.K., 1950.

[54] A.F. Hollemann and E. Wiberg, Lehrbuch der Anorganischen 
Chmie, Berlin ed (47–56 ed.) Germany, 1960.

[55] W. Stumm and J.J. Morgan, Aquatic chemistry, Wiley-inter-
science, NewYork, USA, 1962.

[56] E. Matijevic, S. Sappieszko and J.B. Melville, Ferric hydroxide 
sols–I, J. Colloid Interface Sci., 50 (1975) 567.

[57] L. Pauling, The nature of the chemical bond and the structure 
of molecules and crystals, (3rd edn, Cornell University Press, 
New York, USA, 1960.




