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Abstract
Excessive nitrogen (N) and phosphorous (P) release into run-off waters from human activities is a major cause of eutrophi-
cation. Several techniques are available to remove N and P-containing pollutants, such as chemical precipitation, biological 
treatment, membrane processes, electrolytic treatment, ion-exchange and adsorption. In order to remove low concentration 
levels of nitrate and phosphate, adsorption is a cost-effective solution. In this review, we present a list of nanoscale adsor-
bents such as zero-valent metal, metal oxides/metal hydroxides, and carbon-based materials. We discuss their adsorption 
capacities, isotherms, kinetics and mechanisms.
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Abbreviations
RO  Reverse osmosis
WHO  World health organization
USEPA  US environmental protection agency
EPA  Environmental protection agency
nZVI  Zero-valent iron
EDTA  Ethylenediamine tetracetic acid
MZVI  Micro-ZVI
La-ZFA  Lanthanum hydroxide-zeolite
C-cloth  Carbon cloth
OMM  Ordered mesoporous materials’
SBA  Santa Barbara amorphous
G-nZVI  Graphene-supported nanoscale zero-valent iron
CNT  Carbon nanotube
HZO  Nano-hydrous zirconium oxide
ppm  Parts per million
IEP  Isoelectric point

Introduction

Water played a crucial part in the origin of life, and it 
still has an essential role in maintaining plant and animal 
life. Plants depend on water for the transfer of nutrients 
and photosynthesis. The starting point of water pollu-
tion occurs when rain drops fall through the atmosphere 
they dissolve small quantities of gases in the atmosphere. 
Where there is little air pollution, the gases are mainly 
nitrogen, oxygen and a little carbon dioxide does make 
the water very slightly acidic owing to the production of 
weak carbonic acid. Rain falling in a thunderstorm is more 
acidic than normal. The energy of the lightning is suf-
ficient to dissociate nitrogen molecules, which then com-
bine with oxygen to give oxides such as nitrogen dioxide 
(Schumann and Huntrieser 2007). Once rain water contact 
with land surface, water pollution begins slowly depend-
ing upon distance travelled by water, and there may be 
following types of impurities present in the water (APHA 
1985): dissolved impurities such as inorganic salt of the 
type MX, where M = Ca2+,  Mg2+,  Na+,  K+,  Fe2+,  Cu2+, 
 Al3+; X  =  Cl−,  SO4

2−,  HCO3
−,  NO3

−,  PO4
3−,  F− and 

 NO2
−; organic salts such as drugs and dyes; dissolved 

gases like  O2,  CO2,  NOx and  SOx and sometimes  NH3 and 
 H2S; toxic elements like  Hg2+,  As5+,  Cr6+,  Pb2+,  Cd2+; 
colloidal impurities like clay, silica, Al(OH)3, Fe(OH)3, 
humic acids; suspended impurities such as inorganic mat-
ters (clay and sand) while organic matters (oils globules, 
vegetables and animal matter); biological impurities such 
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as bacteria and microorganism (virus, algae, fungi and 
diatoms). The standards for drinking water quality are 
typically set by governments or by international standards. 
These standards usually include minimum and maximum 
concentrations of contaminants, depending on the intended 
purpose of water use. Visual inspection cannot determine 
if water is of appropriate quality. Simple procedures such 
as boiling or the use of a household activated carbon filter 
are not sufficient for treating all the possible contaminants 
that may be present in water from an unknown source. This 
article is an abridged version of the chapter 8 published 
by Prashantha Kumar et al. (2016) describing the perfor-
mance of various nanoscale materials for the removal of 
nitrate and phosphate ions.

Nitrate and phosphate pollution

The nitrate and phosphate substances are among the 
most problematic pollutants which significantly affecting 
the surface and groundwater all around the world. How-
ever, the nitrate and the phosphate pollution have been 
neglected by many countries. The rapid development of 
industrial and agricultural activities has taken over the 
human awareness on the effects of nutrients pollution to 
us and to the environment. Considering the bad effects of 
phosphate and nitrate pollution, WHO permits 5 ppm as 
the maximum level of phosphate, whereas for nitrate not 
more than 10 ppm is safe in drinking water (WHO 2011). 
A common cause of phosphate toxicity in humans includes 
impaired renal function, rhabdomyolysis and tumor lysis 
syndrome. In addition, exogenous phosphate toxicity is 
also documented in patients with Hirschsprung disease 
when exposed to hypertonic phosphate enemas (Raz-
zaque 2011). When human consumes high concentration 
of nitrate through contaminated drinking water, there are 
high risks of being infected by diseases like methemo-
globinemia, gastric cancer and non-Hodgkin’s lymphoma 
(APHA 1998). Besides, the long-term exposure to nitrates 
and nitrites at level above maximum contamination level 
will cause diseases like diuresis, increased starchy deposits 
and hemorrhaging of the spleen (EPA 1990). Hence, the 
removal of nitrate and phosphate from wastewater prior 
to discharge is now necessary. Traditional methods for 
nitrates removal from waste water are biological denitrifi-
cation processes, ion-exchange, reverse osmosis, electrodi-
alysis and chemical denitrification. Among these methods, 
the first four methods have been applied in industry.

Biological denitrification process

In this process, nitrate is converted to nitrogen gas 
by denitrifying bacteria in the absence of oxygen 
 (NO3 → NO2 → NO → N2O → N2). In order to satisfy the 
growth and energy requirements of the bacteria, methanol 
in excess of 25–35% must be added as a source of carbon. 
The removal efficiency ranges from 60 to 95%. The major 
advantage to anaerobic denitrification is that there are no 
waste products requiring disposal, produce a nontoxic by 
product  (N2), suitable for large applications, can handle 
high concentrations and destructive method. Some of the 
disadvantages of this method like electron donor and carbon 
source required, require downstream treatment (e.g., ozona-
tion), high-maintenance, long start-up times, pH temperature 
sensitive and membrane fouling. Besides, there is no report 
for biological method for phosphate removal.

Ion‑exchange process (IEP)

In the IEP, wastewater is passed through a media bed which 
removes both anionic phosphorus and anionic nitrogen ions 
and replaces them with another ion from the media. The 
exhausted resin will be regenerated using a concentrated 
solution of brine. Besides, this technique found to be stable, 
quick removal, easily automated, cost-effective, low main-
tenance and nondestructive. Difficulties in the process may 
be caused by fouling of the IE resin due to organic backbone 
and reduction in the exchange capacity due to sulfates and 
other ions.

Reverse osmosis (RO)

In this process, water begins to flow in the reverse direction 
with the application of pressure (750 psi) higher than the 
value of osmotic pressure. The pressure required to force 
the permeation through the membrane is dictated by the 
osmotic pressure of the feed stream. Membranes are gener-
ally made of materials such as cellulose acetate, polyam-
ides and composite materials. The disadvantages associate 
with this process are due to membrane fouling, expensive 
energy, large capital costs and require treatment or disposal 
of concentrate. In addition, some nitrate and phosphate ions 
escape through the membrane (efficiency about 65–95%). 
Advantages of this technique are good for waters with high 
TDS content, no by-products and nondestructive.

Electrodialysis (ED)

ED is a nonselective demineralization process which 
removes all ions including nitrate and phosphate ions. ED 
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is accomplished by making cation and anion from aqueous 
solutions pass through IE selective membranes using the 
driving force of an electric field. When electric current is 
applied, the cations pass through the cation-exchanging 
membranes in one direction and the anions pass through the 
anion-exchanging membranes in the other direction (Hell 
et al. 1998). Disadvantages in the operation of this process 
include membrane clogging and precipitation of low-solu-
bility salts of the membrane.

Chemical precipitation

Chemical precipitation is a flexible technology allowing 
for application of the metal salts at several stages during 
wastewater treatment (EPA 2000; Jiang and Graham 1998). 
Precipitation of phosphorus in wastewater may be accom-
plished by the addition of such coagulants as lime, alum, 
ferric salts and poly-electrolytes either in the primary or in 
the secondary state of treatment or as a separate operation 
in tertiary treatment. In general, large doses in the order 
of 200–400 ppm of coagulant are required. However, sub-
sequent coagulation and sedimentation may reduce total 
phosphates to as low as 0.5 ppm, as in the case of lime. The 
removal of nitrate contents by this method not yet reported.

Adsorption method

Adsorption was first observed by C. W. Scheele in 1773 
for gases, followed by Lowitz’s experiments in 1785 for 
solution (Kraemer 1930). Adsorption is the accumulation 
of a substance at a surface or the interface between two 

phases. The adsorption process occurring at liquid–solid is 
a special interest from the water and wastewater treatment 
point of view. Adsorption takes place by physical forces or 
sometimes, chemical bondings also participate in adsorp-
tion process. A molecule adhered to the solid surface is 
called an adsorbate, and the solid surface as an adsorbent. 
When adsorption is concerned, thermodynamic and kinetic 
aspects should be involved to know more details about its 
performance and mechanisms. From the kinetic analysis, 
the solute uptakes rate, which determines the residence time 
required for the completion of adsorption reaction. Further, 
the solid–liquid adsorption process is influenced by param-
eters such as pH, solubility of solute in the solvent, solution 
temperature and also the initial solute concentration.

Adsorption isotherms and kinetics

Adsorption equilibrium is the set of conditions at which the 
number of molecules arriving on the surface of the adsor-
bent equals the number of molecules that are leaving. The 
relation between the amount of substance adsorbed by an 
adsorbent and equilibrium concentration of the substance at 
constant temperature is called the adsorption isotherm (The-
odore and Ricci 2010). In order to determine the adsorption 
isotherm, several models have been suggested such as the 
Langmuir, Freundlich, Temkin, Elovich liquid film diffusion, 
intra-particle diffusion and Dubinin–Radushkevich isotherm 
models (Table 1). The applicability of the isotherm equation 
to the adsorption study done was compared by judging the 
correlation coefficients (R2) (Tan et al. 2008). The study of 
adsorption kinetics is important because it provides valuable 
information and insights into the reaction pathways and the 

Table 1  Isotherm constant parameters and correlation coefficients calculated for various adsorption onto various adsorbent

Phenomenon Formula Description of terms

Sorption studies
qt =

V(C0−Ct)
W

 qe =
V(C0−Ce)

W

Ct = adsorbate amount at time t
C0 = initial adsorbate amount
V = volume of the solution
W = weight of adsorbent

Langmuir isotherm Ce

qe
=

Ce

qmax
+

1

qmaxKL

Ce is the equilibrium concentration (mg/L)
qe is the amount of the phenol adsorbed at equilibrium (mg/g)
qmax is the maximum adsorption capacity
KL is the Langmuir constant related to energy of the adsorption (L/mg)
C0 is the initial concentration of adsorbate in the liquid phase (mg/L)
If RL > 1 unfavorable adsorption; RL = 1 linear adsorption; 0 ˂ RL ˂ 1 favorable 

adsorption and RL = 0 irreversible adsorption

Separation factor RL =
1

1+KLC0

Freundlich isotherm ln qe = lnKF +
1

n
lnCe

KF (L/mg) and 1/n are Freundlich constants giving an indicator of the adsorption 
capacity and the adsorption intensity

Temkin isotherm qe =
2.303RT

bT
log aT +

2.303RT

bT
logCe

bT is the Temkin constant related to the heat of adsorption (J/mol)
aT is the Temkin isotherm constant (L/g),
R is the gas constant (8.314 J/mol K),
T is the absolute temperature (K)

Dubinin and Radu-
shkevich (D–R)

ln qe = lnQs − B�2 The slope of the plot of ln (qe) versus ε2 and the intercept yields the adsorption 
capacity, Qs (mg/g). ε is Polanyi potential (kJ/mol)



392 Environmental Chemistry Letters (2018) 16:389–400

1 3

mechanism of the reactions (Table 2). An adsorption process 
is normally controlled by: (1) transport of the solute from 
solution to the film surrounding the adsorbent, (2) from the 
film to the adsorbent surface and (3) from the surface to the 
internal sites followed by binding of analyte to the active 
sites. The slowest steps out of all the steps determine the 
overall rate of the adsorption process. If the kinetic model 
is correct, the appropriate plot of the concentration–time 
data should be linear (Do 1998). These include pseudo-
first-order, pseudo-second-order, parabolic diffusion and 
Elovich-Type.

The adsorption capability of adsorbent toward nitrate and 
phosphate can be studied using aqueous solutions of  KNO3 
and  KH2PO4. Adsorption can performed batch-wise in 
Erlenmeyer flasks on a temperature regulated platform stir-
rer under the following parameters: temperature 25–55 °C, 
adsorbent dosage (g/L), pH 2–8, an initial concentration 
mg/L analyte ions. The pH of the solutions was adjusted by 
adding either 0.1 M HCl or 0.1 M NaOH. In case, fixed-bed 
column studies will be performed using a laboratory-scale 
glass column with an internal diameter of 1 cm and a length 
of 12 cm. A stainless sieve was attached at the bottom of 
column with a layer of glass wool. A known quantity of 
anion solution was fed in upward through the column. The 
column was operated at three different flow rates ranging 
0.5–1.5 mL/min for a solution concentration of 100 mg/L, a 
bed height of 12 cm, pH = 2–8 and 25 °C. Effluent samples 
were collected at the outlet of the column at regular time 
intervals and analyzed for anion concentration. The break-
through curves were obtained by plotting the ratio (C/C0) of 
anion concentration (C) at time (t) to initial concentration 

(C0) versus time (t). The adsorption mechanism of the nitrate 
and phosphate ions onto adsorbents is significantly depend-
ent on the physicochemical properties of N and P ions and 
their interaction with the adsorbent surface. Properties of 
nitrate and phosphate such as the solubility, ionic radius, 
hydration energy and bulk diffusion coefficient are crucial 
for the selective adsorption of these ions. These are com-
piled from different sources (Marcus 1997; Nightingale 
1959; Richards et al. 2013; Custelcean and Moyer 2007; 
Kumar et al. 2014). Some of the important characteristics 
of inorganic anions are briefed in Table 3.

The immobilization of anions onto the adsorbent also 
relies on the size of the adsorbent pores, which in some 
cases is similar or smaller than the ionic and/or hydrated 
dimensions of the anions. This barrier results in selective 
anionic adsorption and further results in the formation of 
inner-sphere, outer-sphere complexes and electrostatic or 
hydrogen bonding of the anion with the adsorbent surface.

Nanoscale materials

Nanomaterials have a large surface area and high chemi-
cal reactivity compared to their corresponding bulk ana-
logues and they can be fabricated in a variety of shapes and 
various lattice planes are present for reactions (Taniguchi 
et al. 1974). This is the most important and unique aspect 
about the nanomaterials for their end use in environmen-
tal remediation (Pradeep 2012; Ali 2012). These materi-
als either transform contaminates to the harmless products 
chemically or adsorb/absorb onto the surfaces/cavities and 

Table 2  Key kinetic and thermodynamics parameters for the adsorption onto various adsorbent

Pseudo-first-order kinetic log
(

qe − qt
)

= log qe −
k1

2.303
t qt is the amount of phenolic compounds adsorbed at 

time t (mg/g), k1 is the first-order rate constant  (min−1) 
and t is a time in min log (qe − qt) versus t to give 
a linear relationship from which k1 and qe can be deter-
mined from the slope and intercept

Pseudo-second-order kinetic t

qt
=

1

k2q
2
e

+
t

qe

k2 is the pseudo-second-order rate constant (L/mg min). 
(t/qt) versus t to give a linear relationship from which 
k1 and qe can be determined from the slope and 
intercept

Intra-particle diffusion model
qt = kidt

1

2 + Ci

kid is the intra-particle diffusion rate constant (mg/g/
min1/2), C gives an idea about the thickness of the 
boundary layer, values of Kdif and C were calculated 
from the slopes of qt versus t1/2

Elovich
Describing the kinetics of 

heterogeneous chemisorp-
tion

qt =
1

�
ln(��) +

1

�
ln(t)

α and β are constants of Elovich-type equation α rep-
resents the rate of chemisorptions. β is related to the 
extent of surface coverage and the activation energy 
of chemisorptions

Plot the values of qt Vs ln (t) to give a linear relation-
ship from which α and β can be determined from the 
slope and intercept, respectively, qt is concentration of 
adsorbate in solid phase at time (t)

Thermodynamic studies K0 =
C0

Ce
ΔG0 = −RT lnK0

K0 is equilibrium constant, ΔG° is change in Gibb’s free 
energy, R is gas constant, T is absolute temperature, 
ΔS° is change in entropy, ΔH° is change enthalpy
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hence removing/scavenging them (Bhattacharya et al. 2013; 
Pradeep 2009). To emphasize recent advances in the devel-
opment of nanoscale materials for removing nitrate and 
phosphate ions from water system. We have selected three 
classes of nanoscale materials that are being evaluated as 
functional materials for removing these contaminates such 
as (1) zero-valent metal-containing nanoparticles (ZVMNP), 
(2) nanoscale metal oxide and metal hydroxides materials 
(3) functionalized and carbon-based nanomaterials.

Nanoscale zero‑valent materials

In comparison with larger-sized zero-valent particles 
(ZVPs), nZVPs have a greater reactivity due to a greater 
surface area to volume ratio (Wang and Zhang 1997). The 
most widely studied ZVNPs for environmental remediation 
are nanoscale zero-valent iron (nZVI). Synthesis of nZVI 
particles is quite easy, involving the reduction of ferric ion 
by sodium borohydride (Wang and Zhang 1997). Typical 
groundwater contains many dissolved electron acceptors 
(nitrate or sulfate) that can react with nZVI surface and pro-
duce iron surface passivation (Fig. 1).

The nitrate removal can be enhanced by lowering the 
pH by using either adding acidic solutions or buffer sys-
tem. However, addition of acidic solution like sulfuric 
acid (Huang et al. 1998), hydrochloric acid and acetic acid 
(Cheng et al. 1997) may be effective in lowering the pH, 
but it also introduces species that has adverse impact on 

the quality of the drinking water. An alternative procedure 

to lower the pH is through the use of carbon dioxide bub-
bling (Ruangchainikom et al. 2006) since it can create an 
acidic environment by supplying the system with hydrogen 
ion (Hsu et al. 2011). Effect of both contaminant and solute 
concentrations on nZVI performance has been investigated 
in several studies shown in Table 4. Phosphate removal by 
nZVI and iron oxide nanoparticles is known to be a sorptive 
process, and the sorbed phosphate remains in the nanoparti-
cles or sometimes get precipitated with iron species (Fig. 1).

Almeelbi and Bezbaruah 2012 have reported up to 100% 
removal of phosphate using nZVI particles and found 
these particles to be more efficient than larger-sized parti-
cles (micro-ZVI). Effectiveness of the NZVI in phosphate 
removal was found to 13.9 times higher than micro-ZVI 
(µZVI) particles with same nZVI and µZVI surface area con-
centrations used in batch reactors. A phosphate recovery bet-
ter at higher pH and it decreased with lowering of the pH of 
the aqueous solution and 20% G-nZVI would remove phos-
phorus most efficiently. The specific reaction mechanism for 
the removal of phosphorus with nZVI or G-nZVI was mainly 
due to chemical reaction between nZVI and phosphorus (Liu 
et al. 2014). In an another report, ZVI (Wen et al. 2014) 
was used to remove phosphate from aqueous solution, and 
the influence of pH, ionic strength and coexisting anions on 
phosphate removal, results agree well with both Langmuir 
model and Freundlich model.

Alessio (2015) have reported an efficiency of nitrate 
removal up to 98% was reached in 60 min during the treat-

ment of solutions with initial nitrate nitrogen concentrations 

Table 3  Properties of nitrate 
and phosphate ions

Parameter Nitrate Phosphate

Molecular formula NO3
− PO4

3−

Charge Monovalent Trivalent
Molar mass (g/mol) 62.0049 94.97
Solubility in water (Na salts) (g/L) 912.0 (25 °C) 88.0 (25 °C)
Ionic radius (Rion) (× 10−10 m) 3.0 –
Hydrated radius (Rhyd) (× 10−10 m) 5.1 3.39
Hydration-free energy (ΔGhyd) (kJ/mol) − 305.85 –
Bulk diffusion coefficient, 25 °C (Dw) (× 10−9 m2/s) 1.9 –

Fig. 1  Possible mechanism of 
nitrate and phosphate removal 
using nano zero-valent iron 
(nZVI) nanoparticles
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of 50 mg/L and interaction was verified found to be a first-
order kinetic-type. nZVI prepared by chemical reduction 
without a stabilizing agent and possible mechanism between 
nitrate ion would be absorbed on the nZVI shell structure, 
and then the reduction reaction occurred on the shell struc-
ture by electron transfer from the core structure (Hwang 
et al. 2011). Moreover, the reduced ammonium ion would 
be isolated to the aqueous phase, and it was stripped to the 
gas phase under an alkaline condition. The nitrate reduction 
by nZVI is a heterogeneous catalytic reaction and it governs 
the pseudo-first-order and pseudo-second-order adsorption 
kinetic equations provided a good fit for the nitrate removal, 
whereas the Langmuir–Hinshelwood kinetic equation pro-
vided a good fit for the ammonia generation (Kim et al. 
2016). nZVI particles supported on micro-scale exfoliated 
graphite were prepared by using  KBH4 as reducing agent in 
the  H2O/ethanol system (Zang et al. 2006). The supported 
ZVI materials generally have higher activity and greater 
flexibility for nitrate removal to the extent of 80% in the near 
neutral pH range. Bimetallic of nano-Fe/Cu particles was 
synthesized and used in packed sand column experiments 
to reduce  NO3

−–N through packed sand column (Hosseini 
et al. 2011). The rate of reduction by bimetallic particles is 
significantly faster than those observed for  Fe0 alone (Wang 
and Chen 1999). The mechanism responsible for this reactiv-
ity is related to catalytic hydrogenation and electrochemical 
effect (Tratnyek et al. 2003). In addition, a higher stabil-
ity for the degradation and the prevention of the formation 
and accumulation of toxic by-products are the advantages 
of bimetallic nanoparticles. Nitrate removal using nZVI 

supported Cu–Pd bimetallic catalyst (Hamid et al. 2015) 
in a continuous reactor system. Advantages of their study 
were found to be higher removal efficiency, relatively mild 
conditions and easier operation compared to other physico-
chemical and biological technologies. A small pilot-scale 
study was explored for nitrate removal by nZVI particles in 
a re-circulated flow reactor of 4.3 L liquid volume (Hsu et al. 
2011). Nitrate removal of 70% was observed with the initial 
pH of 6.4 with the solution being pre-purged by  N2 gas at a 
rate of 50 mL/min. The solution pH needs to be controlled 
within the neutral range to improve the nitrate removal by 
the nZVI process. In another report, nitrate-contaminated 
water passing through reactive porous media comprising of 
125 cm3 of sand containing 0.5, 1.0 or 1.5 g of steel wool and 
seeded with hydrogenotrophic denitrifying microorganism 
was sufficient to reduce nitrate concentrations from 40 mg/L 
as  NO3

−–N to less than 2 mg/L as  NO3
−–N with a retention 

time of 13 days (Biswas and Bose 2005). A mathematical 
model was developed to evaluate the performance of nZVI 
materials role in nitrate reduction, ammonium accumulation 
and hydrogen turnover (Peng et al. 2015). The simulation 
results further suggest a nZVI dosing strategy (3–6 mmol/L 
in temperature range of 30–40 °C, 6–10 mmol/L in tempera-
ture range of 15–30 °C and 10–14 mmol/L in temperature 
range of 5–15 °C) during groundwater remediation to make 
sure a low ammonium yield and a high nitrogen removal 
efficiency. EDTA/Fe-Ag nanohybrid material (Kunwar et al. 
2012) used for nitrate removal and this interaction verify 
pseudo-first-order and pseudo-second-order adsorption 
kinetic equations. In addition, a Langmuir–Hinshelwood 

Table 4  Performance of nano zerovalent particles (nZVP) for the removal of nitrate and phosphate pollutants. ZVI: zero-valent iron

Adsorbent Amount 
taken 
(mg/L)

pH/time (min) Surface 
area 
 (m2/g)

Model and reaction rate Adsorption capacity (%) References

nZVI-graphite 100 6.7/30 6.2 – 80/NO3
− Zang et al. (2006)

nano-Fe/Cu 100 4/200 33.0 – 60/NO3
− Hosseini et al. (2011)

nZVI 100 6–8/5 h 7.7 – 80/NO3
− Hsu et al. (2011)

nZVI 100 7/90 93.8 Pseudo-first-order kinetics 97/NO3
− Hwang et al. (2011)

nZVI/Fe-Ag/EDTA 1000 4/240 48.1 – 340/NO3
− Kunwar et al. (2012)

nZVI 1–10 4/30 – – 96–100/PO4
3− Almeelbi and Bezba-

ruah (2012)
G-nZVI 1–20 –

80
– Freundlich 15/PO4

3− Liu et al. (2014)

nZVI 50–90 3–5/60 39.4 First-order 63–98/NO3
− Alessio (2015)

Cu–Pd/NZVI 30 7/9 h – First-order – Hamid et al. (2015)
Nanoscopic  Fe0 50 3/60 39.4 First-order kinetic 98/NO3

− Biswas and Bose 
(2005)

nZVI—graphene 20 –
30

– Freundlich 16/NO3
− Peng et al. (2015)

nZVI 50 11/180 17.6 Langmuir–Hinshelwood 
pseudo-first-order

50/NO3
− Kim et al. (2016)
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kinetic equation was able to successfully describe ammonia 
generation, apart from nZVI dose, the ionic strength and 
effect of pH.

Nanoscale metal oxide and metal hydroxide 
materials

Metal oxides, metal hydroxides and natural mineral com-
pounds containing these materials are attractive candidates 
as sorbents for phosphate removal and recovery (Rittmann 
et al. 2011). These materials exhibit advantages like non-
toxic, inexpensive, and chemically stable (Chu et al. 2009; 
Wong and Lo 2005). The removal efficiency depends on 
the chemical and physical characteristics (i.e., particle sizes, 
surface functional groups, specific surface area, metal con-
tent and stability) of the sorbents and environmental condi-
tions, such as pH, ion strength, competitive ions, dosage, 
initial phosphate concentrations and temperature present 
in solution widely. When low concentrations of phosphate 
ions occur, bio-treatment and precipitation, methods are not 
effective. Instead, adsorption methods are recommended as 
the most effective removal processes for phosphate ions at 
low concentration. At pH 2–7,  H2PO4 was dominant species 
while  HPO4

2− became the prime species at pH 8–12. The 
adsorption-free energy of  H2PO4 was lower than  HPO4

2− so 
 H2PO4 was more easily adsorbed onto the surfaces of adsor-
bents than  HPO4

2−. The mechanism of nitrate adsorption by 
various nanomaterials is based on the electrostatic attraction 
or ligand-exchange reaction between nitrate and hydroxyl 
ions depending on the pH of the medium (Golestanifar et al. 
2015; Demiral and Gunduzoglu 2010) (Fig. 2).

Hydrated metal oxides like Fe(III), Zr(IV) and Cu(II) 
have been more extensively explored for phosphate removal 
(Table 5) because they exhibit a strong ligand sorption 
(of  HPO4

2− and  H2PO4
−) through the formation of inner-

sphere complexes or through outer-sphere complexes (Chen 
et al. 2015). Batch, equilibrium and column experiments 

were conducted by using Bayoxide E33 and its derivatives 
to determine various adsorption parameters (Jacob et al. 
2016). Equilibrium data were fitted to different adsorption 
isotherms, and the Langmuir isotherm provided the best 
fit. Based on the Langmuir model, it was found that E33/
Ag II has a slightly higher maximum monolayer adsorption 
capacity (38.8 mg/g) when compared to unmodified E33 
(37.7 mg/g). The uptake of phosphate by zeolite and lan-
thanum hydroxide (La-ZFA) was explained on the basis of 
the adsorption mechanism of the ligand-exchange process 
(Xie et al. 2014). The sorbed phosphate could be recovered 
by hydrothermal treatment in 3 M NaOH at 250 °C, with 
a simultaneous regeneration of La-ZFA. The sorbent has 
a high phosphate removal capacity, with a sorption maxi-
mum of 71.94 mg/g, according to the Langmuir model. The 
removal of phosphate by La-ZFA performs well at a wide pH 
range, reaching > 95% from pH 2.5 to pH 10.5 when initial 
P concentration < 100 mg/L. The sorbent Fe–Mg–La with 
Fe/Mg/La molar ratio of 2:1:1 Fe(NO3)39H2O,  MgSO4H2O 
and La(NO3)36H2O was prepared through co-precipitation 
approach for phosphate removal in contaminated water 
(Yang and Chen 2015). The hydroxyl groups play a key 
role in the phosphate removal by the sorbent and the pres-
ence of sulfate groups also play a certain role in the uptake. 
The spent sorbent can be successfully regenerated by 0.5 M 
NaOH solution. Yu and Paul Chen (2015) have reported 
three different magnetic core–shell  Fe3O4@LDHs com-
posites,  Fe3O4@Zn–Al–,  Fe3O4@Mg–Al–, and  Fe3O4@
Ni–Al–LDH were prepared via co-precipitation method for 
phosphate adsorptive removal. The surface hydroxyl groups 
(M–OH) may well be exchanged by the adsorbed phosphate, 
forming outer-sphere surface complex (M–O–P). Therefore, 
the removal efficiency of phosphate was more than 80% at 
pH 3–7. A nanostructured Fe–Al–Mn trimetal oxide syn-
thesized by oxidation and co-precipitation method was 
reported (Lu et al. 2013). The phosphate removal gradually 
decreased with the increasing of pH (4–10.5). The phosphate 

Fig. 2  Possible mechanism of 
phosphate and nitrate removal 
using a metal oxide and b metal 
hydroxide nanoparticles
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adsorption on the adsorbent was fitted by Freundlich > Tem-
kin > Langmuir at pH 6.8. The maximum adsorption capac-
ity for Fe–Al–Mn trimetal oxide was about 48.3 mg/g at 
25 °C. Spectroscopic analyses indicated that electrostatic 
attraction and replacement of surface hydroxyl groups 
(M-OH) by phosphate via the formation of inner‐sphere 
complex were the main adsorption mechanism. The kinetics 
tests indicated that the phosphate sorption on Fe–Ti bimetal 
oxide at pH 6.8 obeyed the pseudo-second-order kinetics (Lu 
et al. 2015). The Langmuir sorption capacity for phosphate 
was 35.4 mg/g at pH 6.8. Spectroscopic analyses indicated 
that phosphate sorption on the Fe–Ti bimetal oxide occurred 
via replacement of surface hydroxyl groups (M-OH) by 
phosphate. The Fe–Ti bimetal oxide effectively regenerated 
by NaOH solutions. Nanosized hydrous zirconium oxide 
(HZO) supported by a macroporous anion exchanger D-201 
exhibited highly preferable removal of phosphate from water 
even in the presence of other commonly occurring anions 
at greater levels (Chen et al. 2015). Nano-Mg(OH)2 onto 
macroporous polystyrene beads modified with fixed qua-
ternary ammonium groups  [CH2N+(CH2)3Cl] (Zhang et al. 
2015). The  N+-tailored groups can accelerate the diffusion 

of target phosphate through electrostatic attractions. Kinetic 
equilibrium of phosphate adsorption can be achieved within 
100 min, and the calculated maximum adsorption capacity 
is 45.6 mg/g. The  Fe3O4/ZrO2/chitosan composite used to 
adsorb both nitrate and phosphate (Jiang et al. 2013). Fur-
ther, this was the first report of a modified chitosan with 
the ability to adsorb both of these two nutrient anions. The 
maximum adsorption amount of nitrate and phosphate is 
89.3 mg/g and 26.5 mg P/g, respectively. The adsorption 
process fits well to the pseudo-first-order kinetic rate model, 
and the mechanism involves simultaneous adsorption and 
intra-particle diffusion. Zhang et al. (2012) have developed 
porous MgO-biochar nanocomposites by crystallizing nano-
MgO flakes in biochar matrix through slow pyrolysis of 
 MgCl2-pretreated biomass. The Langmuir maximum capac-
ity of phosphate on the MgO-biochar was around 835 mg/g, 
which is much higher than that of other adsorbents for the 
removal of phosphate from aqueous solutions. The Lang-
muir maximum nitrate capacity of MgO-biochar sample was 
around 94 mg/g. Performance of Fe–Zr binary oxide toward 
phosphate removal was established by Ren et al. (2012). The 
adsorption data fitted well to the Langmuir model with the 

Table 5  Performance of nanoscale metal oxide materials for the removal of nitrate and phosphate pollutants

Adsorbent Amount taken 
(mg/L)

pH and time (min) Surface area 
 (m2/g)

Model and reac-
tion rate

Adsorption capac-
ity (mg/g)

References

Bayoxide-E33 140 7.0
45

120–200 Langmuir model 
intra-particle dif-
fusion studies

38.8  PO4
3− Jacob et al. (2016)

Z-La(OH)3 500 2.5–10.524 h 55.69 Langmuir model 
pseudo-second-
order reaction

71.94  PO4
3− Xie et al. (2014)

Fe–Mg–La 100 6.4
10 h

– Langmuir model 
intra-particle dif-
fusion studies

48.3  PO4
3− Yu and Paul Chen 

(2015)

Fe–Al–Mn tri-
metal oxide

4.7−8.7 6.8
200 min

303 Freundlich model 
pseudo-second-
order

48.3  PO4
3− Lu et al. (2013)

Fe–Ti bimetal 
oxide

50 6.8
32 h

39.9 Langmuir model 
pseudo-second-
order reaction

35.4 at pH 6.8. 
 PO4

3−
Lu et al. (2015)

n-HZO 10 6.8
6 h

2.34 Langmuir pseudo-
first-order

21.1  PO4
3− Chen et al. (2015)

n-Mg(OH)2 10 6.0–12
80–100

– Freundlich pseudo-
first-order

45.6  PO4
3− Zhang et al. (2015)

Fe3O4/ZrO2/chi-
tosan

NO3
− (100)

PO4
3− (50)

3
1440

212.9 Langmuir isotherm 
model

NO3
− (89)  PO4

3− 
(26.5)

Jiang et al. (2013)

MgO-biochar – – – – NO3
− (94)  PO4

3− 
(835)

Zhang et al. (2012)

Fe–Zr binary oxide 0–35 5.5
6 h

339 Langmuir model 
pseudo-second-
order

PO4
3− (33.4) Ren et al. (2012)

CuO 200 5.5
180 min

200 Langmuir model 
pseudo-second-
order

PO4
3− (23.9) Mahdavi and 

Akhzari (2015)



397Environmental Chemistry Letters (2018) 16:389–400 

1 3

maximum P adsorption capacity estimated of 24.9 mg P/g 
at pH 8.5 and 33.4 mg P/g at pH 5.5. The phosphate adsorp-
tion was pH dependent, decreasing with an increase in pH 
value. The presence of chloride, sulfate and carbonate does 
not interfere on phosphate removal. Mahdavi and Akhzari 
(2015) reported nanoscale CuO material for the removal of 
phosphate by adsorption method. Equilibrium adsorption 
data for phosphate were in good agreement with Langmuir 
isotherms and pseudo-second-order equation indicating 
its chemisorption nature adsorption capacity was found to 
be 23.9 mg/g of CuO. The feasibility of nano-alumina for 
nitrate ion removal from aqueous solutions was explored by 
Bhatnagar et al. (2010). The maximum sorption capacity of 
nano-alumina for  NO3

− removal was found to be 4.0 mg/g. 
The ligand-exchange reactions between the nitrate ions and 
surface charge of the adsorbent material took a major role 
in the  NO3

− adsorption process. Zhang et al. (2012) have 
reported synthesis of highly porous nanocomposite mate-
rial consisting of MgO nano-cakes within a biochar matrix 
for the removal of nitrate from water. The nitrate adsorp-
tion capacity for this material was found to be 95 mg/g. The 
nano-cake structures were regular morphology and dispersed 
uniformly on the surface of the biochar matrix, making it 
a potential candidate for nitrate removal from aqueous 
solution. 

Functionalized and carbon‑based material

Carbon-based materials like graphite, graphite oxide 
(GO), graphene, carbon nanotube (CNT), multiwall carbon 

nanotube (MWCNT) and functionalized carbon-based mate-
rials have been made potential applications in sorption. A 
few studies were reported for the removal of phosphate 
and nitrate from aqueous phase (Table 6). Kilpimaa et al. 
(2015) have reported the use of carbon residue obtained 
from wood gasification for the removal of nitrate and phos-
phate ions. The kinetics showed that the adsorption data 
followed pseudo-second-order kinetics and Langmuir model. 
This may be due to the homogeneous distribution of active 
sites on physically activated carbon residue. Mahdavi and 
Akhzari (2015) have used CNT material for the removal of 
phosphate by adsorption method. Equilibrium adsorption 
data for phosphate were in good agreement with Freundlich 
isotherm and pseudo-second-order indicating its chem-
isorption nature and adsorption capacity was found to be 
15.4 mg/g of CNT.  ZrO2 functionalized graphite oxide by 
post-grafting method and employed it as a sorbent material 
for the removal of phosphate (Zong et al. 2013). In another 
report, adsorption capacity of phosphate on  ZrO2 function-
alized graphite oxide was found to be highly dependent on 
the pH values and decreases on increasing the pH value 
from 2 to 12 and attained its maximum at a pH value of 
2. This reduction in the adsorption capacity on increasing 
pH was explained on the basis of variation in the extent 
of various types of interaction between phosphate ions and 
 ZrO2/graphene composite including electrostatic interaction, 
ion-exchange and acid base interaction. Phosphate removal 
based on graphene aerogel decorated with goethite (FeOOH) 
and magnetite  (Fe3O4) nanoparticles (Diana et al. 2015). 
The aerogel showed a superior capacity to remove up to 

Table 6  Performance of nanoscale carbon-based materials for the removal of nitrate and phosphate pollutants

Adsorbent Amount taken 
(mg/L)

pH and time (min) Surface 
area 
 (m2/g)

Model and reaction 
rate

Adsorption capacity 
(mg/g)

References

Carbon residue 10 4  (NO3
−) 6  (PO4

3−) 
5 h

590 Langmuir model 
and pseudo-sec-
ond-order

30.2  NO3
− 11.2 

 PO4
3−

Kilpimaa et al. (2015)

CNT 200 5.6
180 min

12.1 Freundlich iso-
therms pseudo-
second-order 
kinetic

15.4  PO4
3− Mahdavi and Akhzari 

(2015)

GO/ZrO2 20 6.0
48 h

160 Langmuir adsorp-
tion isotherms

16.45  PO4
3− Zong et al. (2013)

Graphene-FeOOH–
Fe2O3

200 6
3 h

– Freundlich model 
second-order 
equation

350  PO4
3− Diana et al. (2015)

Graphene 100 7 – Langmuir second-
order adsorption

89.37  PO4
3− Vasudevan and Lak-

shmi (2012)
MCM-48 silica 300 < 8  NO3

−

4–6  PO4
3−

10

750 Freundlich model NO3
− (71%)  PO4

3− 
(88%)

Saad et al. (2007)

Zr(IV)-chitosan NO3
− (10)

PO4
3− (1000)

3–10 60 9.04 Langmuir and 
Freundlich

NO3
−(128)  PO4

3− 
(149)

Sowmya and Meenak-
shi (2014)
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350 mg/g at an initial phosphate concentration of 200 mg/L 
from aqueous system.

Graphene is an excellent phosphate adsorbent with an 
adsorption capacity of up to 89.37 mg/g at an initial phos-
phate concentration of 100 mg/L and temperature of 303 K 
(Vasudevan and Lakshmi 2012). The adsorption process 
follows second-order kinetics, suggesting that the adsorp-
tion was a chemical controlling process. The adsorption of 
phosphate preferably fitting the Langmuir adsorption iso-
therm suggests monolayer coverage of adsorbed molecules. 
Afkhami et  al. (2007) described an effect of functional 
groups on the adsorption of  NO3

−and  NO2
− by carbon cloth. 

The carbon cloths were chemically etched in 4 M  H2SO4 
solution after deionization cleaning procedure and used for 
the adsorption of  NO3

− and  NO2
− from water samples at 

nearly neutral (pH 7) solution. The treatment of carbon cloth 
with acid produced positive sites on the carbon cloth, by 
protonation of surface—OH groups caused an increase in 
electrostatic adsorption of anions, due to this force attrac-
tion will be more. The adsorption capacity of acid-treated 
carbon cloth for  NO3

− and  NO2
− was 2.03 and 1.01 mmol/g, 

respectively. Powdered activated carbon (PAC) and carbon 
nanotubes (CNTs) were used for the removal of  NO3

− from 
aqueous solution (Namasivayam and Sangeetha 2005). The 
 NO3

− adsorption capacity of CNTs was found to be higher 
than PAC and decreased above pH 5. The equilibration time 
for maximum  NO3

− uptake was 60 min. Adsorption capac-
ity of the PAC and CNTs was found to be 10 and 25 mmol 
 NO3

− per gram adsorbent, respectively.
The ordered mesoporous materials’ (OMM) with pore 

size between 2 and 50 nm were discovered in 1992 by 
researchers working for the Mobil corporation. In 1998, 
researchers at the University of California in Santa Barbara 
announced that they had produced silica with much larger 
46–300 angstrom pores (Zhao et al. 1998) and latter the 
material was named Santa Barbara Amorphous type mate-
rial (SBA-15). Surface-modified mesoporous silica materi-
als produced by surface functionalization via the tethering 
of organic functional groups are potential adsorbents used 
for removal of water pollutants. Saad et al. (2007) have 
reported 46 and 43 mg/g adsorption capacity when using 
ammonium functionalized MCM-48 for phosphate and 
nitrate ions removal, respectively. In another report (Saad 
et al. 2008), synthesized and protonated several amino-
functionalized mesoporous silica materials and successfully 
applied them to remove nitrate from water. The aminated 
and protonated mesoporous silica showed high adsorption 
capacities of 0.6–2.4 mg/g for the unmodified mesoporous 
silica, despite the latter having a high surface area total pore 
volume. Phosphate was found to reduce nitrate adsorption; 
therefore, special types of functionalized mesoporous sili-
cas (SBA-15) were produced where the nitrate adsorption 
was less affected by phosphate due to pore size of adsorbent 

matching with nitrate ion. Unmodified cross-linked chi-
tosan beads do not have the ability to remove nitrate and 
phosphate due to the absence of positive sites. Zr(IV) was 
loaded onto cross-linked chitosan beads to make the polymer 
selective toward the nitrate and phosphate anions (Sowmya 
and Meenakshi 2014). Zirconium-based adsorbents have 
excellent anion adsorption capacities. Zr(IV)-loaded sugar 
beet pulp was used for the removal of nitrate (Hassan et al. 
2010), mesoporous  ZrO2 (Liu et al. 2014), amorphous zirco-
nium hydroxide (Chitrakar et al. 2006) and  Zr4+ introduced 
Mg–Al LDH (Chitrakar et al. 2007) were the various zirco-
nium-based materials reported for the removal of phosphate.

Conclusions

A critical evaluation of nanoscale materials as sorbents for 
the removal of nitrate and phosphate from aqueous phase has 
been made in this manuscript. These materials are capable 
to remove pollutants even at low concentration, under var-
ied conditions of pH and temperature. The dose required 
of nanoparticles is quite low, making their application very 
economical. Moreover, it has been observed that the removal 
time is quite fast. These properties of nanoparticles made 
them ideal candidates for fast and inexpensive water treat-
ment technology.
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