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Ammonium is an important nutrient in primary production; however, high ammonium
loads can cause eutrophication of natural waterways, contributing to undesirable changes
in water quality and ecosystem structure. While ammonium pollution comes from diffuse
agricultural sources, making control difficult, industrial or municipal point sources such as
wastewater treatment plants also contribute significantly to overall ammonium pollution.
These latter sources can be targeted more readily to control ammonium release into water
systems. To assist policy makers and researchers in understanding the diversity of treatment
options and the best option for their circumstance, this paper produces a comprehensive
review of existing treatment options for ammonium removal with a particular focus on those
technologies which offer the highest rates of removal and cost-effectiveness. lon exchange
and adsorption material methods are simple to apply, cost-effective, environmentally friendly
technologies which are quite efficient at removing ammonium from treated water. The review
presents a list of adsorbents from the literature, their adsorption capacities and other
parameters needed for ammonium removal. Further, the preparation of adsorbents with high
ammonium removal capacities and new adsorbents is discussed in the context of their
relative cost, removal efficiencies, and limitations. Efficient, cost-effective, and environmental
friendly adsorbents for the removal of ammonium on a large scale for commercial or water
treatment plants are provided. In addition, future perspectives on removing ammonium using
adsorbents are presented.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.
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Introduction concerns regarding the ecological effects of ammonium

Ammonium concentrations in unspoiled waterways are usually
low (Maraiién et al., 2006); however, these days, agricultural,
domestic and industrial effluent and runoff contribute substan-
tially to ammonium pollution of surface water and groundwater
resources. This pollution finds its way into these vital resources
via various point sources such as: municipal and industrial
wastewater, leachate and runoff from waste disposal sites,
construction sites, animal feedlots and so on (Camargo and
Alonso, 2006; Carlson et al., 2013; Chen et al., 2002; La Cour Jansen
et al,, 2004), as well as non-point sources such as agricultural
runoff, atmospheric deposition and land developments nearby
waterways (Camargo and Alonso, 2006; Nolan and Hitt, 2006; Zhu
et al,, 2013). High nutrient loads can stimulate nuisance algal
growth in polluted waters, which can contribute to hypoxia or
anoxia zones, and highly undesirable changes in ecosystem
structure and function (Bhatnagar and Sillanpaa, 2011; Camargo
and Alonso, 2006; Smith et al., 1999). In addition, ammonium
needs to be removed from the grey water for reuse purposes due
to its potential risk to human health (Britto and Kronzucker,
2002). This is especially true in the case of laundry, bathroom,
and swimming pool wastewaters (Widiastuti et al., 2011).
Ammonium (NHi) and unionised ammonia (NHs) are readily
interchangeable depending upon the pH and temperature of
natural and urban waters (Nollet, 2013). Unionised ammonia is
much more toxic than ammonium (Batley and Simpson, 2009;
CCME, 2007; USEPA, 2006) because it is a neutral molecule that
freely diffuses across the epithelial membranes of aquatic
organisms. It can damage gill epithelia causing asphyxiation,
stimulate glycolysis, and suppress the Krebs cycle leading to
progressive acidosis which reduces the oxygen-carrying capac-
ity of blood, disrupts blood vessels, and affects liver and kidney
functions (Augspurger et al., 2003). However, in natural waters,
ammonium is present in much greater concentrations than
ammonia due to the predominance of circum-neutral pH. A
number of guidelines to protect against the impacts of
eutrophication have been developed to deal with global

(ANZECC, 2000; CCME, 2007; EU, 2006; USEPA, 1999).

Accordingly, many methods, such as biological, physical,
chemical, or a combination of these methods, have been
developed for the removal of ammonium from wastewaters
and other point sources. They mainly include ion exchange and
adsorption, biological technology, air stripping, breakpoint chlo-
rination, chemical precipitation, reverse osmosis, microwave
radiation, and supercritical water oxidation (Bermejo et al., 2008;
Bernet et al., 2000; Bodalo et al., 2005; Booker et al., 1996; Gustin
and Marinsek-Logar, 2011; Huang et al., 2015a; Lin et al., 2009;
Siegrist, 1996; Turan, 2016). The advantages and disadvantages of
these technologies are summarised in Table 1. There are several
limitations of the current technologies, including high cost, low
removal rate, high sensitivity to pH and temperature, and
introducing new pollutants (Bermejo et al., 2008; Bernet et al.,
2000; Bodalo et al., 2005; Booker et al., 1996; Gustin and Marinsek-
Logar, 2011; Huang et al., 2015a; Lin et al., 2009; Siegrist, 1996;
Turan, 2016). Compared to other techniques, ion exchange and
adsorption technique have many favourable characteristics. It
demonstrates a high affinity towards ammonium, high removal
efficiency, low-cost, simplicity of application and operation as
well as environmental friendliness (Turan, 2016; Ugurlu and
Karaoglu, 2011; Widiastuti et al., 2011). These advantages make it
competitive to apply on a large scale for commercial and water
treatment plants to remove ammonium. Therefore, the following
study focuses on this method. In this review, over 70 adsorbents
are presented, and their performance in removing ammonium is
compared based on several criteria, which examine the efficien-
cy, cost-effectiveness, ease of use, and environmental friendli-
ness of adsorbents in the removal of ammonium.

1. Removal of ammonium from water and wastewater
using the adsorption and ion exchange method

This review provides criteria based on source, process, and
waste to identify the most suitable adsorbents for removing
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Table 1 - Technologies to remove ammonium from water and wastewater.

Removal
efficiency

Removal
technologies

Advantages

Disadvantages Ref.

Ion exchange
and adsorption

80%—-95%

Easy operation

Effectively remove ammonium
Low cost

Relatively low TDS (Total
dissolved solids) effluent

Biological 70%-95%  Most commonly used method
method Effectively remove ammonium
Air stripping 50%-90%  Widely used process for
wastewater pre-treatment
Simple equipment
Not sensitive to toxic substances
Breakpoint 80%-95%  Low spatial requirement
chlorination Effectively remove ammonium
Not sensitive to toxic substances
and temperature
Adaptable to existing facilities
Chemical 20%-30% A valuable slow-release fertiliser
precipitation Medium cost
Reduce the amount of sludge and
maintenance costs
Reverse 60%-90%  Low energy requirement
osmosis Low field and space
Easy and continuous operation,
modular construction and design
simplicity
Microwave ~80% Medium cost
radiation Suitable for high ammonium
concentrations
Supercritical >95% Rapid destruction of organic

water oxidation

wastes
Produce water, carbon dioxide and
molecular nitrogen

Certain pH ranges

Different adsorbents have
different removal efficiencies
Require waste brine disposal

High cost

Require certain temperature and
climate conditions

High energy use

High risk during subsequent
processes

High ammonium concentration
after treatment

Require certain pH, temperature,
and flow rate

Require large stripping towers
Time consuming process

High energy consuming

Scaling and fouling on packings
Sensitive to pH

Disinfection by-products

High chlorine consumption under
high organic matter

Require highly skilled operators
Require certain pH and
temperature

Affect by chemical position and
other ions

Introduce new pollutants

High cost

Membrane elements can be fouled
by colloidal matter

Iron and manganese can provoke
decreased scaling potential
Clean the membrane regularly
Affect by pH and radiation time,
initial ammonia concentration
and aeration

Evaporation of NH3

Difficult for full scale application
High cost

High temperature and pressure
Affect by temperature and excess
oxygen

(Gupta et al., 2015; Maranén et al., 2006;
Mazloomi and Jalali, 2016; Millar et al.,
2016; Turan, 2016; Ugurlu and Karaoglu,
2011; Widiastuti et al., 2011)

(Bernet et al., 2000; Feng et al., 2012;
Siegrist, 1996; Thornton et al., 2007;
Turan, 2016)

(Gustin and Marinsek-Logar, 2011;
Halling-Sgrensen and Jorgensen, 1993;
Huang et al., 2015a; Liao et al., 1995)

(Brooks, 1999; Charrois and Hrudey,
2007; Halling-Sgrensen and Jorgensen,
1993; Pressley et al., 1972; Xue et al.,
2017)

(Huang et al., 2015a; Uludag-Demirer
et al., 2005; Yunnen et al., 2016; Zhang
et al., 2011c)

(Bodalo et al., 2005; Cancino-Madariaga
et al., 2011; Hayrynen et al., 2009;
Noworyta et al., 2003)

(Lin et al., 2009; Quan et al., 2004; Rabah
and Darwish, 2013)

(Bermejo et al., 2008; Du et al., 2013;
Kritzer and Dinjus, 2001; Marrone et al.,
2004)

Salt precipitation

ammonium from water and wastewater on a large scale
(Fig. 1). To achieve that, the adsorbents need to be abundant,
cost-effective, easy to process and environmentally friendly to
dispose of. The article presents existing and potential adsor-
bents based on published data. Important findings and recent
literature on this topic are provided along with an elaborate
discussion of the relevant published studies on adsorbents such
as adsorption capacities, contact times, sizes, pH, and temper-
ature ranges. These data are presented and summarised in
Tables 2-9. Due to a large number of adsorbents, the adsorbents
with high removal capacities which are highlighted in the italic
script in each section are selected and further compared based
on several criteria. This will allow us to find out a cost-effective
and environmental friendly adsorbent on a large scale for
commercial or wastewater treatment plants.

1.1. Natural zeolites and clays

Natural zeolites are available in abundance, approximately 3
to 4 million tonnes of natural zeolites are produced annually
the world over with the major producers being China (2 million
ton), South Korea (210,000 ton), Japan (150,000 ton), Jordan
(140,000 ton) and Turkey (100,000 ton). Although pricing of
natural zeolites varies with zeolite content and processing,
prices are low, ranging from $30 to $70 per ton for granular
products and $50 to $120 per ton for finer ground material (Clark
et al., 1993). Natural zeolites and clays are the most common
adsorbents. They consist of three-dimensional frameworks of
aluminosilicate tetrahedral where aluminium and silicon
structured atoms are bound by covalent bonds over common
oxygen atoms to form interconnected cages and channels
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Fig. 1 - Criteria for selecting a suitable adsorbent to remove ammonium from water and wastewater.

(Turan, 2016; Widiastuti et al., 2011) (Fig. 2). These adsorbents
can present with a high negative charge due to their level of
aluminium atom substitution. Adsorption occurs in the pores
where negative charges are balanced and exchanged with
positively charged cations, such as Na*, K*, Ca®* and Mg** in
solution. Fig. 2 shows a typical scheme for the adsorption of
ammonium onto zeolite. Presently at installations worldwide,
natural zeolites and clays, such as zeolite (Mazloomi and Jalali,
2016; Millar et al., 2016; Saltali et al., 2007; Widiastuti et al., 2011),
clinoptilolite (Wang et al., 2006; Weatherley and Miladinovic,
2004), mordenite (Weatherley and Miladinovic, 2004), sepiolite
(Balci and Dincel, 2002), mesolite (Thornton et al., 2007) are used
as ion exchangers in water and wastewater for ammonium
removal owing to their high selectivity for ammonium,
low-cost, relative simplicity of application and operation.
Their products are released as non-toxic exchangeable cations
into the environment (Wang et al., 2016; Widiastuti et al., 2011).

The following phenomena have been observed regarding
natural zeolites’ and clays’ ability to remove ammonium from
laboratory experiments: (a) the ammonium removal capacity of
natural zeolites and clays increases while removal efficiency
decreases with high initial ammonium concentrations;
(b) removal efficiency increases with increased amounts of
zeolite; (c) most ammonium adsorptions are exothermic with a
few exceptions, and can be affected by increased temperature;
(d) the optimum pH is between 6.0 and 8.0 due to H" competition
at low pH and ammonium/ammonia equilibrium at high pH;
(e) ammonium removal efficiency by natural zeolites is initially
fast but gradually decreases with contact time. This is due
to adsorbent sites being initially empty and the ammonium
concentration gradient being high. As adsorption sites and the
concentration gradient decrease, the rate of ammonium
adsorption also decreases (Balci and Dincel, 2002; Booker et al.,
1996; Karadag et al., 2008; Mazloomi and Jalali, 2016; Saltali
et al, 2007; Wang et al,, 2006; Widiastuti et al., 2011). In
addition, Wang et al. (2006) and Erdogan and Ulki (2011) found
clinoptilolite particle size as a crucial factor governing ammo-
nium adsorption rates. This is to be expected since smaller
particle size increases the available surface area to facilitate

ammonium absorption. Erdogan and Ulki (2011) showed the
ammonium adsorption rate of clinoptilolite increased
with agitation speed from 70 to 170 r/min. This phenomenon
levelled off at higher agitation speeds, suggesting that adsorp-
tion was not equilibrated with ion transfer rates at external
boundary layers, but was dominated by surface reactions.
Furthermore, Wang et al. (2006), Weatherley and Miladinovic
(2004), Mazloomi and Jalali (2016) and Marafnén et al. (2006)
indicated that the presence of cations (K*, Na*, Ca®*, Mg>*, Zn**
and Cd*") in solution could reduce the ammonium removal
efficiency of natural zeolites. Anion concentrations (Cl-, NO3,
SO%~ and PO3") also negatively influenced the ammonium
removal efficiency of natural zeolites (Mazloomi and Jalali,
2016; Maranén et al., 2006). Moreover, the presence of low
molecular weight organic acids (oxalic acid, malic acid, and
citric acid) increased ammonium adsorption onto natural
zeolites (Mazloomi and Jalali, 2016), because the presence of
organic compounds possibly reduced surface tension in the
aqueous phase to the point of enhancing access of counter-ions
to fixed sites and the microporous and mesoporous structure of
zeolite.

Additionally, Karadag et al. (2008) applied NaCl solutions
with two concentrations (10 and 20 g/L) at 15 and 23 hr to
regenerate exhausted natural zeolite, indicating that higher
NaCl concentrations achieved more complete regeneration
than lower concentrations over the same regeneration time.
In addition, the results showed that regeneration improved
the adsorption capacity of clinoptilolite by more than 50% and
ammonium exchange capacity by 19%, possibly due to the
replacement of K*, Ca?* and Mg®* in the natural clinoptilolite
structure by Na* during regeneration and the expanded size of
micropores in regenerated clinoptilolite.

Some natural zeolites and clays have been used in real
situations, although many are only tested under laboratory
conditions. For instance, natural Gordes clinoptilolite was
applied to remove ammonium from sanitary landfill leachate
(Karadag et al.,, 2008). Natural zeolite was used to remove
ammonium from anaerobic digested wastewater (Guo et al,,
2013). Wang et al. (2016) investigated the dynamic adsorption



Table 2 - Adsorption capacities and other parameters for ammonium removal by natural zeolites and clays (the adsorbent with the highest removal capacity is highlighted in

the italic script).

Adsorbent Capacity Concentration range Optimised removal Contact Size (mm) pH  Temperature Ref.
(NH,4-N, mg/g) (NH4-N, mg/L) efficiency (%) time (°C)
Australian natural zeolite 6.30 5-120 97 8 hr - 4-6 25-45 Widiastuti et al. (2011)
Natural Iranian zeolite 8.51-10.39 40 90 30 min 0.25-2 ~7 25 Mazloomi and Jalali (2016)
Romanian volcanic tuff 19.00 20-300 83 3 hr 0.16-0.25 ~7 - Maranoén et al. (2006)
New Zealand mordenite 9.48 0-200 - 3 days 0.5-0.71 7.5 - Weatherley and Miladinovic (2004)
Chinese clinoptilolite 11.20 15-150 - 1.5-25hr  0.45-0.90 ~6 20 Wang et al. (2006)
Gordes clinoptilolite 9.47/16.32 10-300/100-1000 -/85 -/3 hr 0.60-2.8/- ~7/6-8 25, 40 Erdogan and Ulkd (2011)/
Karadag et al. (2008)

Natural Herschelite-sodium chabazite 26.6 1.4-280 = 6 hr = 4-8 21-23 Kuokkanen et al. (2016)
Natural Herschelite-calcium/sodium 16.4 1.4-280 = 6 hr = 4-8 21-23 Kuokkanen et al. (2016)
Chabazite
Mesolite 49 0-2000 55 4 hr 0.1-0.6 6-7 20 Thornton et al. (2007)
Zeolite Australia (ZA) 8.64 250-1000 - - 0.5-1 - 30 Millar et al. (2016)
Castle Mountain Zeolites (CMZ) 13.32 250-1000 - - 0.5-1 - 30 Millar et al. (2016)
Natural Western Azerbaijan zeolite 43.47 10-200 94.4 45 min - 7.5 20-40 Khosravi et al. (2014)
Turkish (Yildizeli) zeolite 30.12 20-400 - - - ~7 21-50 Saltali et al. (2007)
Turkish sepiolite (Tacir) 49 116-3111 60 1000 s 2.05 ~7 25 Balci and Dincel (2002)
Chinese zeolite 12.60 20-49 = 5-600 min  1-10 6.8 26 Wang et al. (2016)

Table 3 - Adsorption capacities and other parameters for ammonium removal by synthetic zeolites and clays (the adsorbent with the highest removal capacity is highlighted

in the italic script).

Adsorbent Capacity Concentration range Optimised removal Contact time Size (mm) pH Temperature (°C) Ref.
(NH4-N, mg/g) (NH4-N, mg/L) efficiency (%)

NaCl-modified Yemeni zeolite 11.18 10-250 99 120 min - 4-8 25-35 Alshameri et al. (2014)
NaCl modified zeolite 11.0-17.3 10-4000 - 12 hr - 3.4-8.6 25-45 Lin et al. (2013)
NaCl modified clinoptilolite 11.44 50 - - - - - Zhang et al. (2016)
NaOH modified mordenite 53.91 10 81 24 hr 0.85-1.70 6.5 3040 Soetardji et al. (2015)
NaOH-autoclave-treated in distilled water - 280, 560, 28,000 - - - - - Ruiz et al. (1997)
Ultrasound-modified zeolite 2.1 50 84.6 45 min 3 7 20 Zielinski et al. (2016)
Microwave-treated zeolite 23.83 0-200 — 4 hr — ~6 25 Lei et al. (2008)
Fused with NaOH and hydrothermal treated 19.29 50-250 - - - - - Wang et al. (2007)
MgO modified zeolite 24.9 1281.3 100 210 min - 8.3 25 Guo (2016)
Zeolite 13X 8.61 5-400 90 30 min 4-6 - 25 Zheng et al. (2008)
Geopolymer 21.07 10-1000 75 24 hr 0.063-8 4-8 22 Luukkonen et al. (2016)
Ceramic adsorbent 75.5 2500-10,000 19.4 480 min 2-3 - 25 Zhao et al. (2013)
Magnetic zeolite NaA 10.53 63.75 85 12-129 min 0.02 ~7.9 16-70 H.B. Liu et al. (2013)

Birnessite-type manganese oxides 22.61 2-50 - 30 min - 5-7 10-40 Cheng et al. (2017)

8/1
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ble 4 - Adsorption capacities and other parameters for ammonium removal by polymeric ion exchangers (the adsorbent

th the highest removal capacity is highlighted in the italic script).

Adsorbent Capacity Concentration  Optimised Contact Size pH Temperature Ref.
(NH,4-N, mg/g) range removal time  (mm) (°C)
(NH4-N, mg/L) efficiency (%)
Dowex 50w—x8 40 25-200 = 4 days ~0.185 - = Jorgemsen and
and Purolite MN500 Weatherley (2003)
Amberjet 1200 Na 27 0-40 96.4 4 hr 0.6-0.7 5-7 25 Chen et al. (2002)
KU-2-8 74.7 27-580 >94 - 0.6-1.2 - - Malovanyy et al. (2013)
Purolite C160H - - 70 10 min 0.3-1.2 49 - Imchuen et al. (2016)
Purolite C150H 28.23 25-150 >65 90 min - 6.5 - Sica et al. (2014)

efficiency of ammonium by natural Chinese zeolite from a
paddy rice field during rainfall runoff, showing that the
adsorption rate was highest when adsorption barriers had a
base angle of 45°. A high initial removal rate was observed at
low flow rates while high adsorption was achieved at high flow
rates over the entire runoff process.

1.1.1. Comparison of natural zeolites and clays

As natural zeolites are abundant, cheap and easy to handle,
those with the highest ammonium adsorption capacity are
preferred. Mesolite and Turkish sepiolite were presented in
papers by Thornton et al. (2007) and Balci and Dincel (2002),
respectively, and recognised for their adsorption capacity
(Table 2). Each can absorb 49 mg of ammonium per g, which is
the highest among studied zeolites. Next in order of absorption
capacities are Western Azerbaijan zeolite, Turkish (Yildizeli)
zeolite and Herschelite-sodium chabazite at 43 mg/g, 30 mg/g,
and 27 mg/g, respectively (Khosravi et al.,, 2014; Kuokkanen
et al,, 2016; Saltali et al., 2007). Other natural zeolites and clays
examined in the literature have relatively low adsorption
capacities of only about 10 mg/g or less. Another consideration
is removal time efficiency. Between mesolite and Turkish
sepiolite, the latter has a shorter removal time of just 1000 s.
Based on absorption capacity and an efficient removal time,
Turkish sepiolite presents as the best natural zeolite for
removing ammonium from wastewater in this section. Although
Balci and Dincel (2002) did not present the regeneration of
Turkish sepiolite, it can be regenerated potentially using NaCl
solutions based on Karadag et al. (2008).

1.2. Synthetic zeolites and clays

Although natural zeolites are available in abundance, their
relatively small adsorption capacities for ammonium and lower
efficacy are still key problems for their wider application in
water-purification processes. Many synthetic zeolites have been
developed using physical and chemical methods to improve
adsorption capacities and removal efficiencies (Alshameri et al.,
2014; Lin et al., 2013; Soetardji et al., 2015). Most of the presented
synthetic zeolites below showed higher ammonium adsorption
capacity (>15 mg/g) compared to natural zeolites, due to a higher
proportion of sodium and other cation ions, higher specific
area, bigger total pore volume, and lower average pore size
after modification (Alshameri et al, 2014; Lin et al, 2013;
Soetardji et al., 2015). This sub-section focuses on presenting
and comparing different synthetic methods and their resultant
modified zeolites.

A common synthetic procedure is the crystallization of
silica-alumnia in the presence of salt and alkalis solutions.
Product properties depend on reaction mixture composition,
pH of the system, operating temperature, pre-reaction and
reaction times, and templates used (Alshameri et al., 2014; Lin
et al., 2013; Ruiz et al., 1997; Soetardji et al., 2015). Lin et al.
(2013) prepared modified zeolite by immersing 5 g natural
zeolite in 100 mL of 2 mol/L NaCl solution at 35°C and 100 r/min
in a thermostatic shaker for 24 hr. NaCl modification enhanced
ammonium adsorption capacity from 11.0 to 17.3 mg/g. The
X-ray diffraction (XRD) patterns showed that the crystal frame
structure of zeolite was intact after NaCl modification and
higher Na* contents were observed. Additionally, the surface of
modified zeolite became rougher and more irregular compared
with the natural zeolite. Alshameri et al. (2014) modified natural
zeolite at 1 mol/L NaCl solution at 80°C with a 1 hr stirring time.
The content of Na' increased from 0.42% to 2.32% after
modification and decreased to 0.87% after adsorbing ammoni-
um (Fig. 3), and ion exchange capacity of modified zeolite was
higher compared to natural zeolite of the same initial ammo-
nium concentration. Another modified natural clinoptilolite
was prepared in 15% NacCl solution at 40°C with a 48 hr stirring
time, with increasing BET surface area, average pore diameter
and cation exchange capacity (CEC) compared to natural
clinoptilolite (Zhang et al., 2016).

Additionally, Ruiz et al. (1997) modified 15 g bentonite in
3.75 mol/L NaOH solution in distilled water and (in a separate
experiment) in seawater using a reflux system, and an
autoclave. The modifications observed were greater in the
samples treated in the autoclave than by reflux, and also
greater in distilled water media than seawater. Modified
bentonite by alkaline treatment in distilled water had higher
CEC (increased from 25 to 36.8 mg/g) while the modified
bentonite by alkaline treatment in seawater was more selective
for ammonium removal. Moreover, natural mordenite was
modified in 6 mol/L NaOH at 75°C for 24 hr by Soetardji et al.
(2015). XRD patterns showed no change or degradation of the
mordenite after modification, suggesting that NaOH modifica-
tion had little or no influence on the crystallinity of mordenite.
The adsorption capacity increased from 7.94 to 53.91 mg/g after
modification. Cheng et al. (2017) synthesized birnessite-type
manganese oxides with interlayer K and Na* ions by redox
reactions between KMnO, and MnCl, under alkaline conditions
and the Na-rich bimessite had the ammonium adsorption
capacity of 22.61 mg/g.

Moreover, ultrasound (Zielinski et al., 2016), microwave
irradiation (Lei et al., 2008), fusion (Wang et al., 2007) and



Table 5 - Adsorption capacities and other parameters for ammonium removal by carbon-based adsorbents (the adsorbent with the highest removal capacity is highlighted in

the italic script).

Adsorbent Capacity Concentration range Optimised removal Contact time Size (mm) pH Temperature (°C) Ref.
(NH4-N, mg/g) (NH4-N, mg/L) efficiency (%)

Combination of PAC and PZ - 18 49.15 20 min 0.50-0.85 - 25 Liao et al. (2015)
Organic acid modified activated carbon 19.34 - 30 30 min - 8-9 25 Halim and Latif (2013)
Activated bulgarian lignite 29 35-280 90 2 hr 0.7-1.25 - - Vassileva et al. (2009)
Na* impregnation activated carbon 1.19 0.45-12 68.2 24 hr - 4.17-6.43 - Shi et al. (2013)
Multi-wall carbon nanotube 9.31 10-140 97 35 min - - 15-50 Moradi and Zare (2013)
Coconut shell-activated carbon 2.26 50-2000 — 120 min 0.3-0.6 9 10 Boopathy et al. (2013)
Barbecue bamboo charcoal 1.75 60 ~85 80 min 0.075-0.18 6-10 30 Zhou et al. (2015)
Peanut shells 313.9 10-500 - 5-10 hr 0.9-1.2 ~7 25-50 Liu et al. (2016)
Corncobs 373.1 10-500 = 5-10 hr 0.9-1.2 ~7 25-50 Liu et al. (2016)
Cotton stalks 518.9 10-500 = 5-10 hr 0.9-1.2 ~7 25-50 Liu et al. (2016)
Pyrolyzed wood biochar 44.64 250-1400 90.8 96 hr 0.25-0.5 5-8 25-45 Kizito et al. (2015)
Rice husk biochar 39.8 250-1400 84.1 96 hr 0.25-0.5 5-8 25-45 Kizito et al. (2015)
Cacao shell biochar 0.852 0.1-50 - 2-4 days - ~10 - Hale et al. (2013)
Oak sawdust biochar 10.1 25.7 - 24 hr - - 25 Z. Wang et al. (2015)
Maple wood 5.44 0-100 - - - - Room temperature B. Wang et al. (2015)
Giant reed straw 1.49 30-80 = 25 min 0.425-1 /=5 10-40 Hou et al. (2016)
Bentonite hydrochar 23.67 200 100 25 hr 0.15-0.18 6 30 Ismadji et al. (2016)

PAC: powdered activated carbon; PZ: powdered zeolite.
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Table 6 - Adsorption capacities and other parameters for ammonium removal by hydrogels (the adsorbent with the highest

removal capacity is highlighted in the italic script).

Adsorbent Capacity ~ Concentration Optimised Contact Size  pH Temperature Ref.
(NH4-N, mg/g) range removal  time (mm) (°C)
(NH4-N, mg/L) efficiency
(%)
Hydrogel 42.74 13-130 - 30 min  0.19-0.38 3-8 30-50 Zheng et al. (2011)
Hydrogel composite 123.8 10-1000 = 30 min  0.075 49 23-51 Zheng and Wang (2009)
chitosan and rectorite
Hydrogel composite 78.23 25-1000 - 30 min  0.19-0.38 4-8 30 Zheng et al. (2012)
chitosan and vermiculite
Hydrogel nanocomposite 7.43 10400 250 min 25-45 Shahrooie et al. (2015)
Palygorskite nanocomposite 237.6 100 60 15 min  0.16-0.425 4-8 20-30 Wang et al. (2014)
Superabsorbent resin 147.3 25-200 - - 0.165 5-8 20 J. Liu et al. (2013)

calcination (Guo, 2016) and other methods (Zhao et al., 2013;
Zheng et al., 2008) have also been employed to increase the
adsorption capacity of natural zeolites. Zielifski et al. (2016)
modified 50 gnatural zeolite in 1 L distilled water with 35 kHz
ultrasound and a power density of about 5 W cm?, 20°C for
different time periods (15, 30, 45, 60, 90 min); however, no
significant difference was found in the particle sizes of
natural zeolite and modified zeolite using statistical analysis
and modified zeolite exhibited very low adsorption capacity,
only 2.1 mg/g. The modified Chinese zeolite was prepared by
Lei et al. (2008) in 2.5 mol/L NaCl solution under microwave
irradiation at 119 W, 2450 MHz for 10 min. The adsorption
capacity of microwave-treated zeolite was increased up to
23.83 mg/g. The XRD patterns showed that the microwave-
treated zeolite (3.04%) and thermal-treated zeolite (2.85%) had
higher sodium contents than the original zeolite (2.19%).
Wang et al. (2007) fused the Chinese natural clinoptilolite
with NaOH powder at 550°C for 2 hr prior to hydrothermal
reaction (autoclave at 100°C for 8 hr) and salt treatment
(1 mol/L Nacl) to form zeolite Na-Y, for which the ammonium
uptake values increased from 10.49 to 19.29 mg/g. Another
modified zeolite was prepared by calcining the mixture of

natural zeolite and MgO with a weight ratio of 6:1 at 400°C for
4 hr in a muffle (Guo, 2016). The ammonium adsorption
capacity of modified zeolite increased from 12.6to 24.9 mg/g.
The study showed that particle diffusion was the rate-limiting
step for ammonium adsorption and ammonium adsorption
mainly occurred on the surface of zeolite with monolayer
molecular adsorption. Zeolite 13X was developed by mixing
potassium feldspar power and Na,CO; (molar ratio of 1.3:1),
and baking at 845°C for 150 min (Zheng et al., 2008). The
product was added M,0/SiO, (molar ratio of 1.5:1) and H,0/
M,0 (molar ratio of 40:1), then homogenized in a water bath at
95-100°C for 8 hr. Zhao et al. (2013) developed a novel ceramic
adsorbent with an ammonium adsorption capacity of
75.5 mg/g using mixed and sieved Kanuma mud, Akadama
mud, zeolite powder, soluble starch, and Na,SO, at the
optimum mass ratios of 2:2:3:2:1, and sintered at 600°C for
1.5 hr. The BET surface area increased from 33.59 to 36.80 m?%/
g, and the total pore volume enlarged from 0.08 to 0.10 mL/g.
The SEM results of the ceramic adsorbent before and after
ammonium adsorption indicated that ammonium adsorption
not only occurred on the surface of the particles inevitably but
also existed inside the surface area of the pores. In addition,

Table 7 — Adsorption capacities and other parameters for ammonium removal by industrial wastes (the adsorbent with the

highest removal capacity is highlighted in the italic script).

Adsorbent Capacity ~ Concentration Optimised Contact Size pH  Temperature Ref.
(NH4-N, mg/g) range removal time (mm) (°Q)
(NH4-N, mg/L) efficiency
%

Fly ash 0.297 - - 120 min  0.035-0.15 7-9 20-40 Ugurlu and Karaoglu

(2011)
Fly ash using 7.02 52.2 84 0.5 hr <0.8 7.7 25 Juan et al. (2009)
hydrothermal method
Fly ash with based and - 25 60 - 5.5-10.5 - Zhang et al. (2007)
acid treatment
Fly ash using fusion 24.3 43-348 70 0-360 min <0.15 ~8 25 T. Zhang et al. (2011)
method
Ferrosilicon alloy 78.74 - - 180 min - 6-9 - Darvishi Cheshmeh

Soltani et al. (2015)
Slag 3.1 10-300 = 2.5 hr ~0.149 7-11 25 Zhang et al. (2013)
Honeycomb-cinder 5.0 10-300 - 2.5 hr ~0.149 7-11 25 Zhang et al. (2013)
Coal gangue 6.0 10-300 - 2.5 hr ~0.149 7-11 25 Zhang et al. (2013)
Red mud 17.5 5-500 >50 - ~0.149 4-7 - Zhao et al. (2016)
Paper sludge ash using - - - - - - - Wajima and
hydrothermal Munakata (2011)

treatment
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Table 8 - Adsorption capacities and other parameters for ammonium removal by agricultural wastes and plant materials

(the adsorbent with the highest removal capacity is highlighted in the italic script).

Adsorbent Capacity Concentration Optimised Contact Size pH Temperature Ref.
(NH4-N, mg/g) range removal time (mm) (°Q)
(NH4-N, mg/L) efficiency (%)

Synthesised zeolite from rice 42.37 50 70 1.5 hr - 46  Room Yusof et al. (2010a)
husk ash temperature

P. oceanica fibers 1.80 10-50 = 30 min = 6-10 20-60 Wahab et al. (2010)
Boston ivy leaves 6.71 25, 50 100 18 hr - - 30 Liu et al. (2010a)
Phoenix tree leaves 4.62 25, 50 18 hr - - 30 Liu et al. (2010a)
Acid activated avocado seeds 5.4 50-450 - - - 5 25 Zhu et al. (2016)

different amounts of Fe;O, was added into zeolite to easily using Kanuma clay and Akadama clay had the highest
separate adsorbed zeolite from ammonium solutions (Liu et adsorption capacity for ammonium, which was 75.5 mg/g at
al.,, 2013a). Magnetic zeolite NaA with different Fe;0,4 loadings an initial ammonium concentration of 10,000 mg/L, a dosage of
was prepared by hydrothermal synthesis based on 20 g/L, and contact time of 480 min. NaOH modified mordenite
metakaolin and Fe;O,. The SEM results showed that the (53.91 mg/g) came second, followed by MgO modified zeolite
added Fe;04 did not affect the morphology of zeolite NaA. (24.9 mg/g), microwave-treated zeolite (23.83 mg/g) and

However, the ammonium removal efficiency decreased from geopolymer (21.07 mg/g). The ammonium adsorption capacity
83% to 75% with the increase of Fe;O,4 loading because the of other synthetic zeolites is over 10 mg/g, except zeolite 13X
magnetic zeolite was covered by some nano-particles which and ultrasound-modified zeolite.
could block some pores and cavities. In this section, the ceramic adsorbent can be more compet-
For regeneration purposes, a mixture of NaCl and NaOH in itive than other synthetic zeolites and clays, due to its high
solution was selected as the regenerant (Zhang et al., 2016). removal capacity and reasonable cost. Although it needs to be
The results showed ammonium desorption efficiency increas- modified at relatively high temperature (600°C), it only takes
ing with increased NacCl (by percentage mass) from 0 to 10%. 1.5 hr which cannot be costly for industrial manufacturing,
After 10%, there was no significant change. Further, the compared to other modified zeolites that need to be heated at
desorption rate of ammonium increased significantly with 75°C for 24 hr. The cost for ceramic adsorbent is at least $800 per
increasing NaOH concentration from 0 to 0.6% under the same ton, which includes Kanuma mud and Akadama mud (both are
NaCl concentration. quite cheap), zeolite powder ($300-400 per ton), soluble starch
Many studies have indicated that various parameters such ($400 per ton), and Na,SO, ($100 per ton). Although other
as contact time, initial ammonium concentration, adsorbent adsorbents are also promising, they have some limitations. For
dosage, temperature, competing cations and anions, and instance, NaOH modified mordenite needs to be modified in
dissolved organic matter could influence ammonium adsorp- 6 mol/L NaOH, which is not only costly but also a safety issue
tion by synthesised zeolites and clays (Cheng et al., 2017; Lei when using such high concentration of NaOH solution. In
etal., 2008; Lin et al., 2013; Wang et al., 2007; Zhang et al., 2016; addition, microwave radiation can reduce the reaction to a few
Zhao et al., 2013). These results were similar to those given in minutes, but it is hard to produce microwave-treated zeolite in
Section 1.1. Under real conditions, only a few synthetic zeolites large amounts at one time.

have ever been used. For examples, Luukkonen et al. (2016)
synthesised geopolymer from metakaolin and applied it to 1.3. Polymeric ion exchangers
remove ammonium from landfill leachate. Zhang et al. (2016)

applied the mixture of Na-modified zeolite and an anion Polymeric ion exchangers are in the form of resin beads. These
exchange resin in the advanced treatment municipal effluent beads are widely used in decontamination processes (Sica et al.,
with a high ammonia-nitrogen content. The results showed 2014). The most common polymers used for ion exchange resins
that the average ammonium removal efficiency was greater are polystyrene cross-linked with divinylbenzene. Polymeric ion
than 95%. exchangers have high absorption capacity, high kinetics, and
good chemical and mechanical stability, giving them favourable
1.2.1. Comparison of synthetic zeolites and clays stability at different temperatures (Malovanyy et al., 2013, 2014).
The sources of synthetic zeolites and clays are natural zeolites The performance of several polymeric ion exchangers with
and clays, which are abundant and low cost. Those with the sulfonic acid functional groups but different forms (Na* or H)
highest ammonium adsorption capacity, short removal time have been compared to natural and synthetic zeolites.
and easy to handle are preferred. Compared to many other Jorgemsen and Weatherley (2003) compared the performance
synthetic zeolites in Table 3, the novel ceramic adsorbent of Dowex 50w-x8 resin, Purolite MN500 resin, and clinoptilolite
Adsorbent Capacity Concentration range Optimised removal Contact Size pH Temperature Ref.
(NH4-N, mg/g) (NH4-N, mg/L) efficiency (%) time  (mm)
Fes04 133.21 80-140 - 40 min - 10 298 K Zare et al. (2016)

nanoparticles
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Fig. 2 - The microporous molecular structure of ZSM-5 (Zeolite Socony Mobil-5) zeolite (Splettstoesser, 2016) and model scheme

for the adsorption of NH; onto zeolite (Huang et al., 2015b).

to remove ammonium in the presence of organic contaminants.
The results showed that Dowex 50w—x8 (~40 mg/g) had the
highest adsorption capacity for ammonium, followed by
Pruolite MN500 (~25mg/g) and clinoptilolite (~20 mg/g).
Purolite MN500 had a higher selectivity for ammonium than
clinoptilolite. The ammonium uptake of clinoptilolite and
Purolite MN500 increased under the presence of citric acid
possibly due to the micro and macroporous structure of
clinoptilolite and Purolite MN500, and a reduction in surface
tension facilitated by citric acid. However, no increase was
observed for Dowex 50w-x, probably because Dowex 50w-x did
not contain macropores. Additionally, Malovanyy et al. (2014)
compared the performance of KU-2-8 and Purolite C104 resin,
natural and synthetic zeolites in the removal of ammonium
from mainstream municipal wastewater. Results indicated that
KU-2-8 resin (74.7 mg/g) had the highest ammonium adsorp-
tion capacity among the studied materials. Natural and
synthetic zeolites had similar capacities, but they were about
40% lower than KU-2-8. Purolite C104 did not show a high
exchange capacity for ammonium. The study observed that
natural zeolite was more selective for ammonium, while
synthetic zeolite, KU-2-8, and Purolite C104 resin were more
selective for water hardness ions than for ammonium.

Studies in this section also presented the effects of adsor-
bent dosage, pH, competing cations and anions, and dissolved
organic matters on ammonium adsorption by polymeric ion
exchangers (Chen et al., 2002; Imchuen et al., 2016; Sica et al.,
2014). For instance, the ammonium removal efficiency in-
creased with increasing amounts of resin (Purolite C150H and
Amberjet 1200 Na) (Sica et al., 2014; Chen et al., 2002). Sica et al.
(2014) presented there was a maximal amount of resin in
solution after which adding additional resin did not increase
ammonium removal. Chen et al. (2002) showed that Na* and K*
could significantly reduce ammonium removal efficiency of
Amberjet 1200 Na. They also demonstrated that Mg”>* and Ca**
could have negative influences. The effects of pH and compet-
ing ions on Purolite C160H resin for ammonium removal were
reported by Imchuen et al. (2016). As mentioned above,
Jorgemsen and Weatherley (2003) presented the positive effect
of citric acid on Purolite MN500 but no effect on Dowex 50w—x
due to their different structures. Furthermore, the diffusion of
ammonia and ammonium ions in gel Purolite SGC 100 x 10
MBH and macroporous Purolite C 160 MBH from solutions were
investigated (KauSpédiené and Snukiskis, 2006). Results showed
that effective intraparticle diffusivity largely depended on

solution pH because of the shrinkage in alkaline and swelling
in acidic media. Since ion exchange contributed to a decrease in
PH, swelling occurred accompanied by an increase in effective
intraparticle diffusivity from 0.1 to 0.34 x 107'° m%/sec for gel
Purolite SGC 100 x 10 MBH; only a small variation of 0.18-
0.11 x 107* m?/sec occurred for macroporous Purolite C 160
MBH due to its resistance to shrinkage and swelling.

Other resins have been used under real conditions. For
instance, Amberjet 1200 Na resin was applied in the removal of
ammonium from the synthetic industrial effluent (Chen et al,
2002). The results indicated that breakthrough in ammonium
removal occurred at 57, 63 and 88 BV when influent flow rates
were 0.6, 0.4 and 0.2 I/hr, respectively. The treated BV by Amberjet
1200 Na is comparable to that of natural zeolite (Green et al,,
1996). Purolite C160H resin was used to remove ammonium from
the effluent of a nZVI-induced nitrate reduction process as
ammonium was the major undesired product (Imchuen et al.,
2016).

1.3.1. Comparison of polymeric ion exchangers

Among all the tested polymeric ion exchangers, KU-2-8 resin
showed the highest removal capacity for ammonium at 74.7 mg/
g, followed by Purolite C150H (28.2 mg/g) and Amberjet 1200 Na
(27 mg/g) (Table 4). However, polymeric ion exchangers are more
expensive than natural and synthetic zeolites and clays, ranging
from several hundred dollars to thousands of dollars per ton. The
cost of KU-2-8 resin is about $800-$1200 per ton. Despite the high
cost of KU-2-8 resin, the regeneration and application of KU-2-8
resin in a real situation are provided. In general, it is more
competitive than other polymeric ion exchangers in this section.
Malovanyy et al. (2013 and 2014) presented the use of NaCl (10, 20
and 30 g/L) and HCl (6.24 g/L) solutions to regenerate ion
exchangers and natural and synthetic zeolites. Ammonium
concentration in spent regenerants decreased more than 50%
with decreased NaCl concentrations. Results show that the
regeneration of KU-2-8 using 30 g/L NaCl is faster than the
regeneration of synthetic and especially natural zeolites. Regen-
eration with HCl did not prove to be more beneficiary than
regeneration with NaCl as the low pH of spent regenerants had
implications in consequent treatments. Furthermore, KU-2-8
resin was applied in a packed bed column to remove ammonium
from mainstream municipal wastewater of pH about 7
(Malovanyy et al., 2013 and 2014). The breakthrough (defined as
the phenomenon when the effluent concentration of the solution
from the column is about 3%-5% of the influent concentration)
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Fig. 3 - Scanning electron microscope (SEM) and energy-
dispersive spectrometry (EDS) analyses of zeolite grain of
natural zeolite (NZ) (a), Na-modified zeolite (SNZ) (b), and used
zeolite (Used-Z) after ion exchange (c) (Alshameri et al., 2014).

was reached after pumping 143-202 bed volumes (BV = volume
of treated solution/volume of resin) of wastewater; breakthrough
capacities of KU-2-8 resin were from 10.4-15.8 mg/g.

1.4. Carbon-based adsorbents

Activated carbon (AC) is characterized by having many small,
low volume pores that increase the surface area available for
absorption. Just one gram of activated carbon can have a
surface area of 3000 m? It is known as an alternative

adsorbent for the removal of different organic and inorganic
pollutants from aqueous media (Bhatnagar et al., 2013; Gupta
et al, 2013a; Li et al., 2002; Lian et al., 2012). AC has high
adsorption capacity, a high degree of surface reactivity, and
good mechanical strength and resistance to heat and radia-
tion (Bhatnagar et al., 2013; Gupta et al., 2013a; Li et al., 2002).
Besides AC, biochar which is a precursor of activated carbon,
is a high-carbon, fine-grained residue that is produced
through modern pyrolysis processes and suitable for ammo-
nium adsorption. In addition, carbon nanotubes (CNTs) have
also been proposed as potential adsorbents and received
attention from many researchers. CNTs have been shown to
be superior adsorbents especially in the removal of many
types of organic and inorganic contaminants, such as dyes
(Gupta et al.,, 2013b), heavy metals (Mubarak et al., 2016),
organic contaminants (Kang et al., 2017). This section focuses
on presenting and comparing the performance of various
carbon-based adsorbents in removing ammonium.

1.4.1. Activated carbon

Previous studies have reported general AC as having poor
adsorption of substances with polar molecular structure
(Halim et al., 2010; Park and Kim, 2005). This issue is dealt
with by modifying AC with a combination of zeolite and
chemical methods to increase its adsorption capability under
various applications (Halim and Latif, 2013; Liao et al., 2015;
Vassileva et al., 2009). The combined powdered activated
carbon (PAC) and powdered zeolite (PZ) of different amounts
was developed to enhance ammonium removal in micro-
polluted raw water (Liao et al., 2015). A combination of 40 mg/
LPAC and 2 g/L PZ exhibited slightly higher removal efficiency
(6.53% higher) compared to any other combination. The
results indicated that a synergistic effect existed between
PAC and PZ, which promoted removal efficiency of ammoni-
um. In addition, organic acid modified activated carbon
(AC-RCOON@a) via chemical modification methods (Yin et al.,
2007) was also applied to the removal of ammonium (Halim
and Latif, 2013). Compared to pristine AC (4.5 mg/g),
AC-RCOONa (19.34 mg/g) removed ammonium more effi-
ciently in aqueous solution, and the removal efficiency ranged
from 20% to 94.3% over the first 40 min and reached a
constant removal rate of 56.7% after 100 min. Furthermore,
Vassileva et al. (2009) modified two coal-based activated
carbons (ACN: commercial product and ACCh: the Bulgarian
lignite) by oxidization under three conditions: concentrated
HNO; for 14 days (ACN_N and ACCh_N), 30% H,0, (ACN_P and
ACCh_P) for 3 hr and moist air for 18 hr (ACN_MA and
ACCh_MA), respectively. Among initial and activated carbons,
oxidized carbons with HNO; had the highest adsorption
capacities (ACN_N: 29 mg/g and ACCh_N: 28 mg/g), followed
by ACCh_P (26.3 mg/g) and ACCh_MA (21.3 mg/g). The modi-
fied activated carbons were of the same mixed micro-
mesoporous type but had different surface area values and
porous texture parameters. The results showed that HNO;
treatment had the greatest impact on carbon surface area and
porosity; however, effects on the two initial carbons were
opposite to each other. HNO; treatment of ACCh resulted in
approximately a 1.1-fold increase in the specific surface area
(Ager) and total micropore volume (W) but a 2-fold decrease in
mesopore volume (V). By contrast, HNOj treatment of ACN
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led to a 1.1-fold decrease in Aggr and 1.2-fold increase in V.
The effects of oxidation with H,0O, and moist air on the texture
parameters of ACCh and ACN are similar. Moreover, Shi et al.
(2013) modified two kinds of activated carbon by Na* impreg-
nation after pre-treatment involving oxidation by HNO; (AC/
N-Na) or acidification by HCl (AC/HCl-Na) to remove ammoni-
um. 2 g clean AC was oxidized by 100 mL 5 mol/L HNO; and in
the other experiment 2 g AC was acidified by HCI, then 2 g of
each oxidized AC was stirred in 0.5 mol/L NaCl solution for 6 hr.
Compared to the initial AC, AC/N-Na showed a slight decrease
in BET surface area and porosity due to the destruction of the
pore walls resulting from the harsh action of HNO;. For AC/
HCI-Na, it also showed a slight decline in surface area but a
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Fig. 4 - Scanning electron microscope (SEM) images of
activated carbon (AC) (a), AC/N-Na (b) and AC/HCI-Na (c) (Shi
et al., 2013).

small increase in porosity because of an increase in surface
functional groups resulting from HCI. The SEM results indicated
that the external surfaces of AC/N-Na and AC/HCl-Na were
flatter and more homogeneous than AC without modification
(Fig. 4). Ammonium adsorption capability was in accordance
with: AC/N-Na (1.19 mg/g) > AC/HCI-Na (0.66 mg/g) > AC
(0.46 mg/g). This hierarchy was due to a higher number of
surface functional groups and better intra-particle diffusion
after treatment. However, ammonium adsorption capacity was
still very low.

1.4.2. Biochar

Many types of biochar, modified from pyrolyzed wood and
rice husks (Kizito et al., 2015), giant reed straw (Hou et al,,
2016), maple wood (Z. Wang et al., 2015) and others, have been
used to remove ammonium from aqueous systems. Biochar
surfaces are often negatively charged (Yao et al,, 2013), and
can adsorb ammonium through electrostatic interactions
(Kizito et al., 2015). Several kinds of biochar having higher
ammonium adsorption capacities are presented. Liu et al.
(2016) examined three alkali-modified biochars produced
from peanut shells (mPS), corncobs (mCC) and cotton stalks
(mCS) for ammonium removal. The three agricultural
residuals were pre-treated with 1 mol/L NaOH solution at a
solid-liquid ratio of 1.0 g to 2.5 mL for 2 hr, then the mixed
materials were converted into modified biochars through
slow pyrolysis at 300°C based on Gao et al. (2015). The Fourier
Transform Infrared Spectroscopy (FT-IR) analysis indicated
that new functional groups of C-O stretching vibration and
C-H bending vibration appeared in mCS with maximum
adsorption capacity increasing rapidly from 202.5 to
518.9 mg/g. Little change in surface functional groups was
shown for mPS. Maximum adsorption capacity increased,
however, but slowly from 243.3 to 313.9 mg/g. This was
mainly due to an increase in the surface area and total pore
volume after modification. For mCC, increased surface func-
tional groups (C-H stretching vibration) also enhanced max-
imum adsorption capacity from 2174 to 373.1 mg/g. In
addition to the above experiments, a study has also been
conducted on other biochars such as mixed wood cuttings
and rice husks. These were subject to slow pyrolysis at 600°C
before being used to remove ammonium (Kizito et al., 2015).
SEM data showed that wood biochar had a high-crystalline
structure with multiple voids and micropores while the rice
husk biochar had a more amorphous but less porous structure
(Fig. 5). FT-IR analysis indicated various functional groups for
these two biochars that can enhance adsorption of ammoni-
um. Maximum ammonium adsorption was about 44.64 and
39.8 mg/g for wood and rice husk biochar, respectively.
Furthermore, a bentonite hydrochar composite was devel-
oped using bentonite and cassava peel by Ismadji et al. (2016).
Both bentonite and cassava needed to be pre-treated before
preparing a bentonite-biochar composite. The mixture of
bentonite and cassava was carbonised at 500°C at a heating
rate of 10°C/min. Nitrogen was pumped into the tube furnace
at a flow rate of 3 L/min for the first 45 min, and then the gas
was switched to carbon dioxide with the same flow rate for
another 15 min. The structure of the resultant bentonite
hydrochar composite was a combination of micropores and
mesopores with 402 m?%g BET surface area and 0.34 cm®/g
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Fig. 5 - SEM images of rice husk biochar at magnification x500 (top left) and x2000 (top right), and wood biochar at
magnification x500 (bottom left) and x2000 (bottom right) (Kizito et al., 2015).

pore volume. Several functional groups were found on the
surface of the biochar via FT-IR analysis. The maximum am-
monium adsorption capacity of this composite was 23.67 mg/g,
which was higher than bentonite alone (12.37 mg/g) or biochar
alone (9.49 mg/g).

1.4.3. Carbon nanotubes

Multi-walled carbon nanotubes were used to remove ammoni-
um giving an adsorption capacity of 9.31 mg/g (Moradi, 2016;
Moradi and Zare, 2013). Results showed that ammonium
removal efficiency did not increase after 35 min and adsorption
capacity decreased with increased temperature, suggesting the
process is exothermic.

Past studies have also presented the effects of initial
ammonium concentrations, adsorbent dosage, particle size,
pH, competing cations and anions, and temperature on
ammonium adsorption by the carbon-based adsorbents (Hou
et al., 2016; Moradi, 2016; Vassileva et al., 2009; Zhou et al.,
2015). The results of these studies were similar to those
observed for the previous ion exchangers. Additionally, a few
carbon-based adsorbents have been used under field condi-
tions. For examples, pyrolyzed wood and rice husks biochar
were used to remove ammonium from piggery manure
anaerobic digestate slurry with a removal efficiency of 60%
and 53%, respectively (Kizito et al., 2015). Ismadji et al. (2016)
showed that bentonite hydrochar composite could effectively
remove ammonium from a fish tank system which contained

500 L of water and 30 Japanese Koi within 60 min. All AC and
CNTs studies have only been conducted under laboratory
conditions.

For the regeneration, Halim and Latif (2013) presented the
use of 1 mol/L NaCl to regenerate the composite adsorbent,
and the performance of regenerated AC-RCOONa was compa-
rable to fresh AC-COONa but better than pristine AC over the
first 40 min. No studies, however, have been presented for the
regeneration of biochars and CNTs.

1.4.4. Comparison of carbon-based adsorbents

Among all the studied materials, modified biochar made from
cotton stalks had the highest adsorption capacity for ammo-
nium at 518.9 mg/g (Table 5). Another two biochars (corncobs
and peanut shells) studied in Liu et al. (2016) also had very
high adsorption capacities at 373.1 and 313.9 mg/g, respec-
tively. Pyrolyzed wood biochar (44.6 mg/g), rice husk biochar
(39.8 mg/g) and HNO; activated commercial product (29 mg/g)
were next. The extremely high adsorption capacity of cotton
stalk biochar makes it very competitive compared to other
carbon-based adsorbents. The preparation of modified cotton
stalk biochar is not very difficult which requires 1 mol/L
NaOH, compared to modifying AC under strong acid. Addi-
tionally, cotton stalks are abundant, and the use of cotton
stalks can reduce agricultural waste. Compared to the costs of
AC (several hundred dollars to thousand dollars per ton) and
carbon nanotubes (several hundred dollars per gram), the
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price of cotton stalks is cheap, about $100 per ton. The cost for
preparing cotton stalk biochar is at least $450 per ton, which
includes the cost of NaOH.

1.5. Hydrogels

Hydrogels are three-dimensional crosslinked polymeric net-
works that enable the adsorption of many cationic pollutants
such as heavy metals (Irani et al., 2015), dyes (Panic et al.,
2013), and ammonium (Zheng et al., 2011; Zheng and Wang,
2009). Recently, this material has attracted more attention due
to its high-capacity and promising applications in sensors,
separation membranes, and adsorbents (Zhang et al., 2014;
Zhao et al., 2015). The porous three-dimensional structured
network with high water content can reduce mass transfer
resistance, thus allowing solutes to easily diffuse through the
hydrogel structure (Zheng et al., 2011; Zheng and Wang, 2009).
Fig. 6 dives a schematic model of the adsorption of ammonium
onto hydrogel.

1.5.1. Hydrogels with inorganic clays

Considering the limitations of pure polymeric hydrogels, such
as poor gel strength and stability, inorganic clay minerals have
been incorporated into hydrogel matrixes to improve their
performance in removing ammonium (Zheng et al., 2011). A
hydrogel was developed based on different amounts of acrylic
acid (AA), polyvinyl alcohol (PVA), and tourmaline (Tm) (Zheng
et al.,, 2011). Optimized preparation conditions pertained to the
degree of neutralization (ND) of AA of 70%, PVA:AA 0f 0.0833 and
Tm:AA of 0.50. The mixtures of chemicals were polymerized at
65°C for 3 hr in an oil bath. The resulting granular product was
cooled to room temperature and neutralized with 6.0 mol/L
NaOH solution to pH 7.0. After that, it was dehydrated with
methanol and dried at 60°C. The study indicated that hydrogel
had an entangled three-dimensional network with the advan-
tages of a fast adsorption rate (30 min) and high adsorption
capacity forammonium (42.74 mg/g at 30°C) in a pH range from
3.0 to 8.0. Additionally, Zheng and Wang (2009) developed a
hydrogel composite chitosan (CTS) grafted poly (acrylic acid)/
rectorite (CTS-g-PAA/REC (10 wt%)) to remove ammonium. The
introduction of REC into the polymer matrix not only improved
the thermal stability of the corresponding polymer but also
reduced product cost. However, results indicated that increased
amounts of REC in the polymer mix reduced the hydrogel’s
adsorption capacity due to REC’s poor adsorption ability for
ammonium. Testing showed the optimum amount of REC in
the hydrogel was approximately 10%. Adsorption equilibrium
could be achieved within 3 to 5 min. A hydrogel composite with
REC had a higher adsorption capacity (123.8 mg/g) for

+ represents ammonium ion

ammonium than pure polymeric hydrogel, and it could work
in a wide range of initial pH levels from 4.0 to 9.0. No significant
changes in adsorption capacity were found over the tempera-
ture range studied. Additionally, the same authors developed
another granular composite hydrogel-chitosan grafted poly(-
acrylic acid)/unexpanded vermiculite (CTS-g-PAA/UVMT) with
an adsorption capacity of 78.23 mg/g (Zheng et al., 2012).

1.5.2. Wheat straw cellulose based semi-interpenetrating polymer
network (IPNs) hydrogel

J. Liu et al. (2013) developed a wheat straw cellulose-g-poly
(potassium acrylate)/polyvinyl alcohol (WSC-g-PKA/PVA) semi-
IPN superabsorbent resin (SAR) from graft copolymerization. A
superabsorbent resin was a loosely cross-linked hydrophilic
polymer with a network structure, which could adsorb and
retain large amounts of aqueous fluids. Semi-IPN was a polymer
network where one or more linear or branched polymers were
characterized by the penetration on a molecular scale of at least
one of the networks by at least some of the linear or branched
macromolecules (Sperling, 1984). The semi-IPN system exhibit-
ed high adsorption capacity with WSC-g-PKA/PVA semi-IPN
SAR reaching 147.3 mg/g.

1.5.3. Hydrogel nanocomposites

Other than conventional hydrogels, hydrogel nanocomposites
have been developed to remove ammonium. A palygorskite
nanocomposite  was developed using biodegradable
carboxymethyl chitosan (CMCS) and N-maley chitosan (N-MCS)
as graft copolymerization material and crosslinker, respectively
(Wang et al., 2014). Palygorskite (PGS) was incorporated into
polymer matrices as nanofiller to form the composite hydrogel.
The SEM results demonstrated that CMCS-g-PAA/PGS compos-
ite hydrogel had relatively uniform and smaller pore size due to
the introduction of PGS into the polymeric networks, and
CMCS-g-PAA/PGS composite hydrogel showed open channels
and entangled three-dimensional networks with thin pore
walls. The results demonstrated that CMCS-g-PAA with 30 wt%
PGS had a high adsorption capacity at 237.6 mg/g due to its high
surface area and porosity. Also, Shahrooie et al. (2015) investi-
gated a new starch-based hydrogel nanocomposite made from
starch and polyvinyl alcohol (PVA) blended as the polymeric
matrix and fumarate-alumoxane (Fum-A) and maleic anhydride
(MA) as cross-linking agents for ammonium removal from
aqueous solutions. However, the capacity of this hydrogel
nanocomposite was low, only 7.43 mg/g.

Studies of various hydrogels showed that (a) ammonium
adsorption efficiency increased with increased initial ammoni-
um concentrations and adsorbent weight; (b) hydrogels worked
in a wider pH range from about 3.0-8.0 compared to previously

T ———

Fig. 6 - Model scheme for the adsorption of NH,;-N onto hydrogel (Zheng et al., 2012).
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Fig. 7 - SEM images of fly ash and its synthesized zeolite (Zhang et al., 2011a).

discussed adsorbents (this is because at pH lower than 3.0,
—COO™ groups are converted into -COOH groups, leading to
electrostatic attraction between ammonium and hydrogels.
When pH is higher than 8.0, NH; changes into NH; gas); (c) the
adsorption of ammonium was a very fast process, the removal
time of most hydrogels was less than 30 mins; (d) adsorption
capacity was affected by other cations (cation concentrations
>0.05 mmol/L result in the decreased adsorption capacity of
CTS-g-PAA/REC and effects of multivalent cations are more
serve). The temperature indicated different impacts on
hydrogels. Zheng and Wang (2009) reported that temperature
had little effect on the adsorption capacity of ammonium onto
chitosan-g-poly (acrylic acid)/rectorite hydrogel composites
while a decrease in ammonium adsorption capacity with
increased temperature was reported previously for natural
zeolites (Alshameri et al.,, 2014; Saltali et al., 2007). Shahrooie
etal. (2015) also reported that ammonium adsorption efficiency
of nanocomposites increased with an increase in temperature.

Different eluents (0.1 mol/L HCl, NaCl, and NaOH) were
applied to regenerate exhausted hydrogels (Zheng and Wang,
2009). The results suggested that 0.1 mol/L NaOH solution
obtained the highest recovery (approximately 100%) for
ammonium. Additionally, 0.1 mol/L NaOH was also found to
effectively desorb ammonium from the adsorbent and the
regenerated SAR still had high adsorption capacity for
ammonium (Liu et al., 2013b).

1.5.4. Comparison of hydrogel adsorbents

Among all tested hydrogels, palygorskite nanocomposite had
the highest ammonium adsorption capacity at 237.6 mg/g,
followed by superabsorbent resin (147.3 mg/g), hydrogel

composite chitosan and rectorite (123.8 mg/g), and hydrogel
composite chitosan and vermiculite (78.23 mg/g) (Table 6).
The high removal capacity and short removal time (15 min)
make palygorskite nanocomposite stand out compared to other
hydrogels. Additionally, Wang et al. (2014) applied ammonium
adsorbed nanocomposite as a multifunctional slow-release
fertilizer which exhibited good slow-release properties with
ammonium being 60% released in the soil for 10 days. The
addition of ammonium adsorbed nanocomposite to soil could
improve the water-holding and water-retention capacity of the
soil. Although the regeneration of nanocomposite was not
presented (Wang et al., 2014), it can be regenerated potentially
using NaOH solutions based on Zheng and Wang (2009). At the
same time, the preparation of this hydrogel is quite complicat-
ed, difficult and costly, which includes acrylic acid (AA, non-AR
grade, $1000 per ton), chitosan (CTS, non-AR grade, $1000 per
ton), natural palygorskite ($400-900 per ton), ferrous ammoni-
um sulfate (non-AR grade, $100-500 per ton) and hydrogen
peroxide solution (non-AR grade, $500 per ton).

1.6. Industrial wastes

Fly ash is a waste material generated from burning coal at
electric power plants with a generation rate of more than 500
million ton per year worldwide (Zhang et al., 2011a); however, a
great deal of fly ash is disposed of in the landfill or stored in
great mounds at power stations. Fly ash can be modified to
reduce its aluminium and silicon content, making it a good
adsorbent of metals from acid mine drainage (Zhang et al,,
2011a). Raw and modified fly ash have been utilised to remove
ammonium from aqueous media (Ugurlu and Karaoglu, 2011)
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and it is priced at $15 to $40 per ton. Other industrial wastes
have been used as adsorbents, including ferrosilicon alloy
(Darvishi Cheshmeh Soltani et al., 2015), slag (Zhang et al,,
2013), red mud (Zhao et al., 2016) and paper sludge ash (Wajima
and Munakata, 2011). This section presents various industrial
wastes to remove ammonium from aqueous media.

Ugurlu and Karaoglu (2011) used raw fly ash to remove
ammonium from aqueous solutions. The adsorption capacity
of raw fly ash was very low, only 0.297 mg/g. The physical and
chemical modification is required to enhance its adsorption
capacity and removal efficiency. Modifications include alkali,
salt, and fusion treatments. Three zeolite materials (NaP1, K-F
and K-Phillipsite/K-Chabazite) were prepared from coal fly ash
and treated under different alkali hydrothermal conditions (NaP1
at 0.5 mol/L NaOH 150°C for 72 hr, K-F at 3 mol/L NaOH 150°C for
24 hr, K-Phillipsite/K-Chabazite at 1 mol/L KOH 200°C for 72 hr)
(Juan et al., 2009). No significant differences were found for the
performance of different modified fly ash, which removed
approximately 80% of ammonium from treated wastewater.
Wu et al. (2006) improved ammonium removal capacity by
modifying fly ash in various salt solutions (1.0 mol/L of NaCl
solution or 0.5 mol/L of CaCl,, MgCl,, AlCl;, and FeCls). The
results indicated that different fly-ash cation types shown had
very different ammonium removal efficiencies at low initial
ammonium concentrations (<60 mg/L NH,-N). Al-ZFA (alumin-
ium-zeolite fly ash) had the highest removal efficiency (80% —
98%) for ammonium, followed by Mg- (43%-58%), Ca- (40%-54%),
Na- (<20%), and Fe- (<1%). Fly ash was pre-treated by Zhang et
al. (2007) in 2 mol/L NaOH for 48 hr, then boiled with reflux in
H,S0, with various concentrations. The results indicated the
modified fly ash with treatment by 0.01 mol/L H,SO, signifi-
cantly improved the ammonium removal efficiency at low
initial concentrations. However, the increased H,SO, concen-
tration led to the deterioration of the modified fly ash structure
and a decrease in CEC.

Shigemoto et al. (1993) suggested that fly ash modified
using conventional hydrothermal methods contained a con-
siderable amount of fly ash residue, which can limit its
adsorption capacity. A fusion method was recommended by
which an alkaline fusion stage was introduced before the
conventional hydrothermal process turning fly ash into high
purity zeolite. Zhang et al. (2011a) applied the fusion method
to synthetic zeolite from fly ash based on Shigemoto et al.
(1993). A mixture of fly ash and NaOH powder at a ratio of 1:1.3
was heated at 600°C for 90 min (Zhang et al., 2011a, 2011b).
The fusion products were ground and distilled water added to
form a mixture containing 17.25% of the fusion product (W/
W). The mixture was stirred intensely at 80°C for 1 hr, then
kept in an autoclave at 100°C for 9 hr. XRD results indicated
that fly ash was converted into high-crystalline zeolite after
fusion (Fig. 7). CEC increased significantly from 0.033 meg/g of
raw fly ash to approximately 1 meq/g of synthesised zeolite
after application of the alkali hydrothermal method, then to
2.79 meg/g of synthesised zeolite after fusion. The results
showed that removing ammonium by synthetic zeolite was a
very rapid process and final ammonium uptake was almost
complete within the first 10 min.

Additionally, many other industrial wastes have been
utilised to remove ammonium from aqueous media. Darvishi
Cheshmeh Soltani et al. (2015) applied ferrosilicon compound,

which contained silica and was produced during ferroalloy
manufacturing, to adsorb ammonium from the aqueous
medium with adsorption capacity of 78.74 mg/g. The XRD
results demonstrated a crystalline nature of the adsorbent and
XRF (X-ray fluorescence) analysis found that the major compo-
nents of this compound were SiO, and Fe,O;. SEM image
indicated a rugged and porous structure for the absorbent and
FT-IR analysis determined various functional groups on the
surface of the absorbent, including Si-O-Si (bending),
Si—0O-Si (asymmetric stretching), S— H, C=0 and O-H groups.
In addition, The adsorption behaviours of ammonium from
three solid coal wastes, slag (SL), honeycomb-cinder (HC) and
coal gangue (CG) were investigated by Zhang et al. (2013). Slag
and honeycomb-cinder were the solid wastes produced from
cooking and heating in most towns in China, and coal gangue
was a complex of sandy shale and clay, which was produced
during coal mining and washing. The XRF analysis showed that
CG (12.63 m?/g) had significantly higher surface areas than SL
(4.02 m?%/g) and HC (2.13m?g). FT-IR analysis determined
various functional groups on the surface of the absorbent,
including Si-O-Si and Si-O7, O-Si-O and O-Si-O,
Al-0-Si and Al-OH groups and so on. However, none of the
coal wastes showed high adsorption capacity for ammonium,
only about 3 to 6 mg/g. Furthermore, zeolite synthesised from
red mud was applied to remove ammonium (Zhao et al., 2016).
Red mud, a by-product generated during the alumina produc-
tion, can be a suitable source for the synthesis of zeolite due to
its high silicon and aluminium contents. The hydrothermal
method was applied for the synthesis of zeolite. Extra silicon
(NaySi03-9H,0) and NaOH solution were added to make the total
mole ratio Si/Al of 4.5 and ratio Na/Si of 1.3. The mixture was
heated in a homogeneous reactor for 8 hr aging time and 16 hr
crystallization time at 120°C. The results showed that the CEC
and SSA increased from 81.9 to 111 mmol/100 g and 17.8 to
28.1 m?%g, respectively, during the synthesis process. The
maximum ammonium adsorption capacity was 17.5 mg/g.
Moreover, Wajima and Munakata (2011) synthesised zeolite
from modifying paper sludge ash in 3 mol/L NaOH in an
autoclave, which showed increasing CEC and removal ability
for removing ammonium, comparing to raw ash due to the
formation of zeolite structure, and higher specific surface
areas.

The factors, including pH, initial ammonium concentration,
adsorbent dosage, the particle size, temperature and competi-
tive cations and anions could affect the removal efficiency of
ammonium (Ugurlu and Karaoglu, 2011; Zhang et al., 2011a,
2011c; Zhao et al., 2016), which is similar to previous studies in
Sections 1.1 to 1.4. For instance, ammonium adsorption was
largely affected by the particle size due to the specific surface
area that promoted external surface adsorption, and the
adsorption capacities decreased with increasing temperature
(Ugurlu and Karaoglu, 2011). In addition, the presence of
individual cations and anions reduced the removal efficiency,
following the orders of cations K*> Ca®* > Na* > Mg’* and
anions CO3™ > Cl” > SO;~ (Zhang et al., 2011a, 2011c). For the
application of industrial wastes in real conditions, Juan et al.
(2009) presented the application of modified fly ash in waste-
water from sewage treatment plant after conventional treat-
ment, and 80% removal efficiency was obtained, even in the
presence of Ca®*.
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Among all the tested industrial wastes, ferrosilicon alloy
has the highest ammonium adsorption capacity, which is
about 78.74 mg/g (Table 7). Fly ash using fusion method came
the second and had the adsorption capacity of 24.3 mg/g,
followed by red mud (17.5 mg/g) and the adsorption capacities
of rest industrial wastes are from 0.297 to 6 mg/g. Ferrosilicon
alloy has more advantages compared to other tested indus-
trial wastes due to high adsorption capacity, easy to handle
and no requirement for further process, but also reduce the
waste, bringing numerous benefits to the environment. Fly
ash prices range from $15 to $40 per ton which could be
similar to the cost of ferrosilicon waste.

1.7. Agricultural wastes and plant materials

Agricultural residues and plant materials are another types of
low-cost materials that have been studied extensively as
adsorbents to remove a variety of pollutants from aqueous
solution, such as heavy metal (Bulut and Tez, 2007), dyes
(Yagub et al.,, 2014) and nutrients (Bhatnagar and Sillanpaa,
2011). Using agricultural wastes and plant materials to
remove ammonium is economical and eco-friendly due to
their unique chemical composition.

P. oceanica fibers, which were collected from Borj Cédria
beach, were used to remove ammonium (Wahab et al., 2010).
SEM data suggested that the fibers had a cylindrical shape and
their external surfaces were irregular and characterized by the
presence of furrows, which was important for ammonium
adsorption and precipitation. Additionally, Ca®*, Mg®*, Na*
and K* were found in the fibers, suggesting the ion exchange
process between alkaline earth metals and ammonium. FT-IR
analysis indicated that fibers had abundant carboxyl and
hydroxyl groups, which may function as proton donors; hence
deprotonated groups could be involved in coordination with
ammonium. The results showed that the equilibrium states
were reached at approximately 30 min. The adsorption
capacity of P. oceanica fibers increased from 1.97 to 2.68 mg/g
with the increase in temperature from 293 to 333 K, and P.
oceanica fibers worked well from pH 6.0 to 10.0. The reason
why P. oceanica fibers could work at a high pH is that the
biopolymers, mainly lignin and cellulose chains, became
negatively charged under alkaline conditions, which en-
hanced binding of positively charged ammonium cations.
Moreover, Liu et al. (2010a) investigated the performance of 80
agricultural residues to remove ammonium from aqueous
solutions. However, only 11 samples showed more than 60%
of removal efficiency, and Boston ivy leaves and phoenix tree
leaves showed 100% removal efficiency at an initial NH4-N
concentration of 25 mg/L. The negative results of zeta
potential for these two samples at natural pH suggested that
the electrostatic attraction between the adsorbent surface and
ammonium ions might relate to adsorption. The adsorption
capacities of Boston ivy leaves and phoenix tree leaves were
6.71 mg/g and 4.62 mg/g, respectively (Liu et al., 2010b).

However, the adsorption capacities of raw agricultural
residues and plant materials are low, therefore physical and
chemical modification is applied to enhance the adsorption
capacity and removal efficiency. Yusof et al. (2010a) synthe-
sised zeolite NaY from rice hush ash, a local agricultural
waste, as an efficient alternative adsorbent for ammonium
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Fig. 8 - The X-ray diffraction (XRD) data of NaY from rice husk
ash and was matched with sodium aluminum silicate
hydrate zeolite Y (Yusof et al., 2010a).

removal and the performance of NaY was compared with
natural mordenite in powdered (P-M) and granulated (G-M)
forms. The dried rice husk was combusted at a temperature of
600°C for an hour in open air to produce amorphous silica in
the ash, then was mixed with NaOH solution and heated at
100°C with autogenous pressure. The XRD data of NaY was
matched with sodium aluminum silicate hydrate zeolite Y
(Fig. 8). NaY had the highest CEC value with the lowest Si to Al
(Si/Al) ratio according to EDX analysis. The adsorption
capacity for NaY (42.37 mg/g) was found to be higher than
that P-M (15.13 mg/g) and G-M (14.56 mg/g).

Additionally, Zhu et al. (2016) developed a novel acidic
adsorbent, which was prepared from avocado seeds via
methanesulfonic acid activation (AAC-MA). The washed
and dried avocado seeds were impregnated with 70 wt.%
methanesulfonic acid for 17 hr with an impregnation ratio of
0.8. Then the methanesulfonic acid treated sample was dried
at 95°C overnight and placed in a horizontal stainless steel
reactor and carbonized at 700°C for 1.5 hr in a kiln and cooled
down to room temperature in a flowing stream of nitrogen.
SEM results showed that AAC-MA presented a high degree of
cracks together with assorted size pores while the raw
avocado seed exhibited an irregular non-porous surface, the
pores of the adsorbent were covered uniformly after adsorbing
ammonium (Fig. 9). Additionally, macrospores and large num-
bers of mesopores and micropores were found in AAC-MA.
However, the ammonium adsorption capacity of AAC-MA was
still low, only 5.4 mg/g.

The factors, including initial ammonium concentration,
contact time, adsorbent dosage, pH, and temperature could
affect the removal efficiency of ammonium using agricultural
residues and plant materials (Wahab et al., 2010; Yusof et al,,
2010a; Zhu et al., 2016), and those effects were similar to the
previous Sections 1.1 to 1.4. For instance, ammonium adsorp-
tion capacity of AAC-MA reached a peak at initial pH of 5, then
decreased with increased pH. Fast ammonium uptake rate
was observed at the initial removal stage. However, the
regeneration of agricultural residues and plant materials was
not presented.

In this section, synthesised zeolite from rice husk ash has
the highest adsorption capacity of 42.37 mg/g, and the rest of
tested materials showed very low adsorption capacities,
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Fig. 9 - SEM images of (a) raw material of avocado kernel seeds, (b) methanesulfonic acid activation (AAC-MA) before adsorption
and (c) AAC-MA after adsorption. Scale bars: 20 pm (left images) and 10 pm (right images) (Zhu et al., 2016).

ranging from 1.8 to 6.7 mg/g. Additionally, the price of rice
husk is quite cheap, only about $100 per ton. Although the
preparation requires the use of NaOH which costs about $350
per ton, the cost for the sources is still low. However, the
preparation of synthesised zeolite from rice husk ash is
time-consuming as it needs to be synthesised via seeding
and aging techniques (Yusof et al., 2010b). Despite that,
synthesised zeolite from rice husk ash will be best the option
in this section due to its high adsorption capacity.

1.8. Nanoparticles

Recently, the development of nanoscience and nanotechnology
has shown remarkable potential for the remediation of

environmental problems (Rickerby and Morrison, 2007). Com-
pared to traditional materials, nanostructure adsorbents exhib-
ited much higher efficiency and faster rates in water treatment
(Qu et al, 2013). A variety of efficient and eco-friendly
nanomaterials have been developed and applied to remove
ammonium and phosphate (Yang et al., 2013; Zare et al., 2016),
heavy metals (Badruddoza et al., 2013) and organic compounds
(Yang et al., 2012) from the water.

Zare et al. (2016) developed Fe;04 nanoparticles as efficient
adsorbents for the quick removal of ammonium ion from the
solvent phase. The Fe;0, nanoparticles were synthesized
using a chemical co-precipitation method (Sadegh et al., 2014)
and the structure of Fe;0, nanoparticles was shown in Fig. 10.
The removal rate of ammonium increased from 21.25% to
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Fig. 10 — Representative TEM (Transmission electron microscopy) and XRD images of Fe;0, nanoparticles (Zare et al., 2016).

93.12% with the increase of pH from 1.0 to 10.0. The
adsorption capacity of ammonium increased with increased
initial ammonium concentrations but decreased with in-
creased temperature. The optimised values are contact time
40 min, initial pH 10.0, temperature 298 K and initial ammo-
nium concentration for adsorption 140 mg/L. The adsorption
capacity of Fe;O4 nanoparticles was 133.21 mg/g (Table 9). In
addition, the preparation of Fe;0, nanoparticles is complicat-
ed where needs to use nitrogen gas and ammonia solution to
adjust pH. The cost for preparing this material is not cheap,
which includes FeCl,-4H,0 and FeCl3-6H,0O (both are the
non-AR grade, $1000-2000 per ton).

2. Comparison of different adsorbents

The best adsorbents from among the adsorbents described in
Sections 1.1 to 1.8 are further compared based on previously
mentioned selection criteria to find a suitable adsorbent for
large-scale removal of ammonium from water and wastewa-
ter (Fig. 11 and Table 10). The selected adsorbents are Turkish
sepiolite, ceramic adsorbent, KU-2-8 resin, cotton stalks bio-
char, palygorskite nanocomposite, ferrosilicon alloy, synthetic

Abundant
5

Regeneration

Removal
apacity per
cost

zeolite NaY from rice hush ash and Fe;O, nanoparticles. To
achieve large-scale removal of ammonium, adsorbents need to
be abundant, cost-effective, easy to process and dispose of in an
environmentally friendly manner. Among the adsorbents,
Turkish sepiolite and rice husk ash are the most readily sourced
and abundant, ferrosilicon alloy is the most cost-efficient
adsorbent based on aluminium removal capacity per dollar
spent, while Turkish sepiolite and palygorskite nanocomposite
have the shortest removal times. These results show that
Turkish sepiolite ranks higher than the other adsorbents due to
its ready availability through abundant sources, ease of
handling, fast removal time and relatively low cost. Although
the removal capacity per g of sepiolite is low, the removal
capacity per dollar is competitive when compared to many
other adsorbents and its removal capacity can be improved by
using physical and chemical treatments at relatively low cost.
Although regeneration information has not been provided, past
research shows it can be regenerated using NaCl solutions
(Karadag et al., 2008. Additionally, the resultant ammonium
adsorbed sepiolite has the potential for use as a slow-release
fertilizer like ammonium adsorbed hydrogel (Wang et al., 2014).
The next best option is KU-2-8 resin due to its good removal
capacity and regeneration ability, relative cost-effectiveness,

==¢==Turkish sepiolite

=== Ceramic adsorbent

e KU-2-8 resin

«=é= Cotton stalks biochar

=== Palygorskite nanocomposite
«=@-=Ferrosilicon alloy

=== Synthetic zeolite NaY from rice

hush ash
e====TFe304 nanoparticles

Fig. 11 - Comparison of different adsorbents.
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Table 10 - Comparison of the selected adsorbents from and the most competitive adsorbent is highlighted
in italic script (detail information see Appendix A Tables S1-S3).
Adsorbents Abundant Handle Removal Removal Regeneration Application in real Total
(preparation and capacity  time conditions or other score
application) per cost application (extra points)
(mg/$)
Turkish sepiolite (Tacir) 5 5 3 5 3 - 21
Ceramic adsorbent 4 4 2 1 3 = 14
KU-2-8 3 5 2 - 5 1 16
Cotton stalks 5 3 4 1 - 13
Palygorskite nanocomposite 1 1 1 5 12
Ferrosilicon alloy 4 5 5 2 = = 16
Synthesised zeolite from 5 2 2 3 - - 12
rice husk ash
Fe;04 nanoparticles 1 1 1 4 - - 7
ease of use and application under real conditions. Ferrosilicon complex and needs improvement. The study also presents the
alloy has the same ranking as KU-2-8 because of its abundance, most suitable adsorbent for the removal of ammonium from
ease of application and relatively low cost. Although informa- water and wastewater, which is Turkish sepiolite due to its
tion on regeneration is not provided, it can be investigated by abundance, simplicity of use, fast removal times, and low
proxy due to its similar components to zeolite. The next options cost. Applying Turkish sepiolite is recommended as an
are ceramic adsorbent and cotton stalks, followed by efficient, cost competitive, and environmental friendly ad-
palygorskite nanocomposite and synthesised zeolite from rice sorbent for large scale commercial and wastewater treatment
husk ash. Fe3O4 nanoparticles are the least favoured because of plants. Additionally, other adsorbents like KU-2-8 resin and
its limited sources, high cost, and complicated preparation. ferrosilicon alloy are excellent alternatives for removing
Given the above analysis, Turkish sepiolite shows to be the ammonium.
most efficient, cost competitive, environmentally-friendly ad- Among the many studies examined which used the adsorp-
sorbent for large scale commercial and wastewater treatment tion and ion exchange technique, the following was found:
plants. Other suitable options are KU-2-8 resin and ceramic (a) ammonium removal capacities of different adsorbents
adsorbent. increased with increased initial ammonium concentrations
and increased amounts of adsorbents; (b) the removal rate of
ammonium was initially fast, then gradually declined with
3. Conclusion and future perspectives increased contact time; (c) particle size, pH, competing ions and
their concentrations can affect ammonium removal efficiency;
Excessive ammonium in water streams and effluent can (d) ammonium adsorption was spontaneous and exothermic
cause eutrophication in freshwater and coastal areas, leading (it is temperature dependent); and (e) the presence of organic
to highly undesirable changes in ecosystem structure and acids can affect ammonium removal efficiency (Alshameri
function, as well as contributing to various health problems in et al., 2014; Chen et al., 2002; Imchuen et al., 2016; Khosravi
animals and humans. Among the technologies for removing et al., 2014; Lin et al., 2013; Millar et al., 2016; Shahrooie et al.,
ammonium from water and wastewater, adsorption and ion 2015; Shi et al., 2013; Widiastuti et al., 2011; Yusof et al., 2010a;
exchange technique shows more advantages than other Zare et al, 2016; Zhang et al, 2011c). Therefore, selecting
techniques because of its low-cost, ease of operation and a suitable adsorbent for effectively removing ammonium is
high ammonium removal efficiency. not easy. Many experiments can provide good results under
This review presented numerous materials that have been laboratory conditions but may not give very satisfactory results
developed and used in ammonium removal. The study shows in the field. Some studies presented in this paper tested
that various adsorbents had quite different adsorption capac- adsorbents in the removal of ammonium from wastewater
ities for ammonium from cotton stalks biochar (518.9 mg/g) to under field conditions.
fly ash (0.297 mg/g). Studies have shown that most zeolites and In the future, continuous testing of adsorbents in the
clays have their respective adsorption capacity increased after removal of ammonium from industrial effluent under field
physical and chemical treatments. However, further optimiza- conditions needs to be conducted. Additionally, field condition
tion is required to reduce overall operating costs. Polymeric ion testing should be used in combination with mechanistic
exchangers have high absorption capacity and good chemical modelling. This would add to our understanding of adsorption
and mechanical stability compared to natural and synthetic mechanisms. Finally, itis important to investigate the reusabil-

zeolites. However, they are not as cost competitive as natural ity and regeneration of adsorbents. This process not only
zeolites. Carbon-based adsorbents are also very effective at increases the number of times materials can be reused but
ammonium removal but their regeneration needs further also makes them more environmentally safe post disposal.
testing. Hydrogels have a high adsorption capacity, high Other applications of ammonium adsorbed materials are also
kinetics, and good regeneration. However, their preparation is encouraged, like using them as slow-release fertilizers.
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