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GRAPHICAL ABSTRACT

ABSTRACT

The carbonaceous materials have gained significant interest for the phosphorus species remediation and recovery
in the last decade. Carbonaceous materials present many unique features, such as cost effective, availability,
environmentally friendly, and high removal efficiency that make them a promising adsorbent. In this review, the
recent application of carbonaceous materials including activated carbon (AC), graphene and graphene oxide
(GO), lignin, carbon nanotubes (CNTs), and gC3N4 for phosphate removal and recovery were comprehensively
summarized. The kinetics and isotherm models, removal mechanisms, and effects of operating parameters are
reported. The reusability, lifetime of carbonaceous materials, and impact of modification were also considered.
The modified carbonaceous materials have significantly high phosphate adsorption capacity compared to un-
modified adsorbents. Namely, MgO-functionalized lignin-based bio-charcoal exhibited a 906.8 mg g! of ca-
pacity as the highest one among other reviewed materials. The modification of carbonaceous materials with
various elements has been presented to improve the surface functional groups, surface area and charge, and pore
volume and size. Among these loaded elements, iron has been effectively used to provide a prospect for magnetic
recovery of the adsorbent as well as increase phosphate adsorption. Furthermore, the phosphate recovery
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methods, phosphate removal efficiency of carbonaceous materials, the limitations, important gaps in the liter-
ature, and future studies to enhance applicability of carbonaceous materials in real scale are also discussed.

1. Introduction

Sources of fresh water, such as rivers and lakes, are susceptible to
pollutants, and thus, 2.1 billion people suffered from access to safe
drinking water owing to a lack of sanitation facilities in different regions
of the globe, according to the report of the World Health Organization
(WHO) in 2018 (WHO, 2018). The ever-increasing levels of phosphorus
in water bodies pose most pollution problems that include harming
water quality, food resources and habitats, and decreasing oxygen level
for marine life (Nakarmi et al, 2020). Since phosphate is a
non-renewable inorganic salt that is used in fertilizers to meet the de-
mand for agricultural supplies by increasing the production yield of
crops, phosphorus pollution has become one of the significant envi-
ronmental concerns due to a dramatic increase in discharges from
agricultural runoff, urbanization, and industrial activities. Even though
phosphorus is a vital nutrient for plant growth and evolution, it can
accelerate algal blooms and cause eutrophication when the amounts of
phosphate exceed 25 pg L™} in surface water. Eutrophication resulted
from algae overgrowth can threaten human health, destroy the
self-purification capacity of water, cause detrimental effects to aquatic
systems, and lower water quality (Buates and Imai, 2020; Mohammadi
etal., 2021; Yin et al., 2018; Zhang et al., 2019b. In fact, water becomes
polluted and useless due to the simple oxidation of organisms and dead
algae in the water (Wang et al., 2020). Thus, effective control of phos-
phate application has been attracting a great deal of attention over the
last years. Moreover, the sustainable management of phosphate play an
important role in terms of environmental and economical perspective.
Phosphate is widely gained from naturally phosphate containing rocks,
but phosphate reserves are located in number of countries like China,
Morocco, and the US (Smol, 2019). Besides, the phosphate rock is
classified as a critical raw material for production of phosphate con-
taining fertilizers and feed considering increasing population (Mathieux
et al., 2017). Therefore, the phosphate recovery technologies have been
gained significant attention to recover phosphate and reuse it industrial
and agricultural purposes. The most significant sources of phosphate are
secondary sources such as industrial wastewater, municipal wastewater,
sewage sludge, and biomass ash (Sarvajayakesavalu et al., 2018). In this
perspective several technologies investigated for phosphate recovery
and removal.

Precipitation with chemicals such as aluminum, calcium, and iron
salts, is one of the techniques that is practically applied as a traditional
method for the removal and recovery of phosphate in an aqueous me-
dium. Calcium oxide/hydroxide is not often preferred despite being low-
cost and effective precipitant for phosphate in wastewater because the
pH level must be around 9.5-10 for precipitation to occur and then must
be lowered to a suitable level before being discharged into waterways.
On the other hand, if trivalent cations such as aluminum and iron are
used, a metal phosphate sludge is generated, often resulting in the re-
covery problem. Thereby, secondary waste disposal issues become
inevitable as long as removed phosphate is directly discarded with
generated sludge as waste without recovery (Diamadopoulos and Ben-
edek, 1984; Labgairi et al., 2020; Luedecke et al., 1988). Notable
drawbacks of the chemical precipitation method have restricted exten-
sive application and have forced the development of alternative pro-
cesses. One of such methods is microbial digestion, where
microorganisms are fed on phosphate, and other nutrients exist in the
wastewater. Although the resulting digestate can be used as inorganic
fertilizer, this method requires strictly controlled conditions to maintain
appropriate discharge limits. Otherwise, any disturbance in process in-
puts such as improper handling of the resulting sludge or low carbon
may release phosphorous into wastewater streams rather than capturing

(Marshall et al., 2017). The other strategy to reduce phosphorus content
in wastewater effluent is retrofitting the being present plants for
improved removal of phosphorus with biologically (EBPR), which de-
pends on the potential of used microorganisms to remove phosphate
from the aqueous environment and convert it to the solid environment in
the form of intracellular poly-phosphate. Nevertheless, EBPR in
full-scale systems can generate effluent with as low as 0.1 mg L™! of
phosphorus concentrations, reliably meeting low effluent limits, and
troubleshooting treatment upsets can be difficult (R. Liu et al., 2019).
Another alternative method for phosphate removal is adsorption. A
variety of studies have been reported for phosphate removal using ma-
terials such as natural products, by-products, and synthetic products.
However, many of them have either insufficient phosphate adsorption
capacities or toxic leach compounds such as heavy metals into the
environment (Veni et al., 2017). The precursors for the prepared or used
adsorbents should be bio-compatible, bio-degradable, easily available,
eco-friendly, and possess high adsorption capacities such as carbona-
ceous materials (Hassani and Khataee, 2021; Kalderis et al., 2020;
Khataee and Hasanzadeh, 2017). As a result, studies have concentrated
on the use of carbonaceous materials for phosphate removal. Although
there are some novel applications of carbon-based materials like elec-
trochemical sensor (Sariogullar: et al., 2019), antifouling and improved
desalination performance in membranes (Safarpour et al, 2015, 2016),
various carbonaceous materials, like activated carbon (AC), biochar,
carbon nanotubes (CNTs), graphene, graphene oxide (GO), gC3Ny,
lignin, and other unclassified carbonaceous materials have been tradi-
tionally used for phosphate removal as well (Al-Zboon, 2018; Mekonnen
et al., 2020). The chemical and physical relations between phosphate
and carbonaceous materials control the removal of phosphate in water
sources. Electrostatic interaction, ion exchange, precipitation, Lewis’s
acid-base interactions, and hydrogen bonding are some of the dominant
mechanisms reported for the adsorption of phosphate ions onto these
adsorbents. The possible reactions between aluminum-magnesium
modified carbonaceous material and phosphate in water are given in
Fig. SM1. In this context, the current review collects a critical and
comprehensive literature survey that includes recent advances for the
removal and recovery of phosphate using carbonaceous materials. A
summary of the reported studies in terms of preparation and charac-
terization of the materials, optimum adsorption conditions, isotherms,
kinetics, and maximum adsorption capacity are presented in detail.
Furthermore, the limitations and the future aspects of phosphate
remediation by carbonaceous materials are also highlighted.

2. Activated carbon
2.1. Unmodified activated carbon without further modification

AC is a versatile adsorbent with high adsorption capacity depending
on its high surface area and porous nature with a standard application in
water purification to remove organic and inorganic pollutants (Hassani
and Khataee, 2017; Orooji et al., 2021). AC can be manufactured from
several biomass or fossil-based feedstock such as banana waste, coconut
shell, rice husk, and coal (Kalderis et al., 2008; Khataee, A.R., Aber, S.,
Zarei, M., Sheydaei, 2011). There are also many studies about the
preparation of AC from different waste materials, e.g., cherry stones and
peanut husk (Table SM1). The preparation of carbon adsorbents is
generally energy-intensive that leads to high prices in commercial AC.
Fundamentally, there are two different processes for the preparation of
AC, including physical and chemical activation. Physical activation can
be done, for example, with CO; or thermal treatment. In contrast, in
chemical activation, different chemical activating agents that are
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typically alkali and alkaline earth metals containing substances such as
KOH, NaOH, and ZnCl; or some acids such as H3POy4 is used (Kilpimaa
et al., 2014).

Namasivayam and Sangeetha (2004) developed AC from coir pith
using ZnCl, for chemical activation to remove phosphate from water.
Langmuir adsorption capacity was 5.1 mg g~ !, and the removal was
maximal in the pH range 3-10. Adsorption of phosphate followed
pseudo-second-order (PSO) kinetics (ko = 0.188 g (mg.min)’l).
Coir-pith AC (CAC) was also prepared by sulfuric acid as a chemical
activating agent and employed to remove phosphate ions from aqueous
solutions. Equilibrium was attained after 3 h, and 7.56 mg g~ ! of
maximum adsorption capacity was calculated from Langmuir isotherm
model at pH of 6, adsorbent dose of 4 g L’l, and 333 K (Kumar et al.,
2010). Xu et al. (2015) prepared Arundo donax Linn-based resin
(ADI-resin) and Arundo donax Linn-based activated carbon (ADI-AC)
and compared their phosphate elimination efficiency from water.
Although the BET surface area of ADI-AC was higher with 1034 m? g~!
than that of ADI-resin (8.4 m? g~1), the phosphate adsorption capacity
was 7.7 mg g~ and 65.3 mg g}, respectively. Kilpimaa et al. (2015)
prepared an adsorbent by physical activation of carbon residue obtained
as a by-product from wood gasification process with 590 m? g~! of BET
surface area. They found Langmuir adsorption capacity of 30.211 mg
g~ ! under optimal conditions that are pH of 6 and initial concentration
of 20 mg L~L Mor et al. (2017) compared commercially available
activated charcoal with nano-alumina for phosphate removal. The
highest removal efficiency of 90.2% was observed in reaction time of
120 min at pH of 4 and 30 °C with 3.2 g L™! of dosage by activated
charcoal, whereas 100% removal was obtained at pH of 2, temperature
of 40 °C with nano-alumina at 90 min using 1.6 g L™ of adsorbent dose.
As the best-fitted isotherm, the Langmuir model revealed 0.461 mg g~*
and 0.165 mg g~ of adsorption capacities for activated charcoal and
nano-alumina, respectively. AC was derived from Prosopis juliflora
(PJAC) to evaluate its phosphate reduction in single and
multi-component water medium. Among other components such as
metronidazole and nitrate in the solution, phosphate removal was the
highest as 15.2 mg g~ by PJAC. In contrast, it was 13.55 mg g~ in a
single-component system (only phosphate), attributing to improved
adsorption efficiency (Manjunath and Kumar, 2018). Astuti et al. (2019)
prepared a series of ACs from the teak leaf using both microwave irra-
diation and furnace heating with ZnCl, of 20% and 30% by mass for
chemical activation. The results showed that microwave heated AC with
30% ZnCl, had the highest BET surface area of 219.79 m? g ! leading to
the best phosphate adsorption efficiency at the optimum conditions, pH
of 4 and equilibrium time of 180 min with 85.47 mg g~ * of adsorption
capacity. Langmuir equilibrium model (K = 24.372 L mg™}) and PSO
kinetic model (k; = 0.0041 g (mg.min)‘l) described the adsorption of
phosphate by teak leaf activated carbon. ACs prepared from oily sludge
through physical and chemical activation were utilized to remove
phosphate from aqueous solutions. The optimum adsorbent was ob-
tained via ZnCl,, activation at 500 °C with a BET surface area of 1259 m?
¢! and a maximum phosphate adsorption capacity of 102 mg g~ !
adsorbent dose of 1 g L 'and pH of 6 (Mojoudi et al., 2019). Sreekumar
et al. (2019) prepared an AC from wasted sludge and compared its ef-
ficiency with thermally treated laterite soil (TAL) to abate phosphate
from synthetic wastewater. AC exhibited better adsorption performance
with 0.795 mg g~ ! of capacity than TAL with 0.690 mg g~ . Recently,
Glycyrrhiza glabra residue-based AC prepared by loading of ZnCl, with a
surface of 959.22 m? g1 was operated for phosphate removal via batch
studies. The highest capacity activated carbon was estimated to be 92.5
mg g~ ! by the Langmuir model fitted with experimental data satisfac-
torily. Batch studies revealed an optimum adsorbent dosage of 6 g L™}
(Najmi et al., 2020). Miyazato et al. (2020) tested nine commercial ACs
mainly derived from coconut shells and the rest from coal, sawdust, and
petroleum resin to recover phosphate. AC with the name of
AC-Naca-Coal having BET surface area of 859 m? g~! had the highest
adsorption capacity, 5.4 mg g~', among others at 303 K, but it also
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exhibited the largest one meaning that the amount of potentially
recoverable phosphate ion by the temperature swing between 303 and
373 K is low. Overall, the main kinetic and adsorption models was re-
ported to be PSO and Langmuir, respectively. The Langmuir model rate
constant was found to be in the range of 0.009-1428 L. mg ™}, while the
PSO kinetic constant was in the ranege of 0.0041-0.188 g (mg.min) .
The adsorption capacities were found to be in the range of 0.69-102 mg
g~! at optimum pH value of 6.

2.2. Modified activated carbon

Modified AC samples are carbonaceous materials with some specific
intercalating groups immobilized at their surface to further improve the
recyclability and adsorption efficiency. Several modification techniques
were used to enhance adsorption, adsorption capacity and improve
carbon selectivity (Monser and Adhoum, 2002). Many studies on the
evaluation of phosphate adsorbents have successfully brought about
various modification agents such as aluminum hydroxide and oxides,
iron oxides, lanthanum (hydr)oxides, and layered double hydroxides
(LDHs). The combination of AC and modification agent loading could
proceed advantage of the strength of these developed materials. While
the AC serves as a perfect support media for modifiers, the preloaded
modifier offers a higher affinity for phosphate in the solution. The
literature on phosphate removal from aqueous solutions using modified
AC adsorbent is summarized in Table 1. Several elements, including Zr,
Fe, La, and Ca, were used in modification of adsorbents to optimize the
phosphate removal performance. The kinetics and isotherms models
were also considered, and the results presented that PSO and Langmuir,
respectively, commonly followed the kinetic and isotherm models.

Yao et al. (2018) prepared ACs from sewage sludge by chemical
activation with pyrolusite (PAC) to develop a promising adsorbent for
phosphate removal from an aqueous solution. Despite its relatively
lower maximum adsorption capacity (10.78 mg g~ 1), good performance
with a high phosphate removal rate (ca. 90%) in a wide pH range (4-8)
within 30 min was reported. Cork powder-based AC stabilized
nano-zero-valent iron (AC/NZVI) composite was developed and tested
for efficient phosphate removal. Process parameters were optimized
using response surface methodology with Box-Behnken resulting in a pH
of 3.5, a temperature of 60 °C, and an AC/NZVI dosage of 0.4 g L.
Under the optimum conditions, 151.10 mg g~! of adsorption capacity
was obtained for an initial phosphate concentration of 211 mg L~}
(Singh and Singh, 2018). Makita et al. (2019) prepared a composite from
commercially available granular AC by loading metal-oxides such as
lanthanum, cerium, or iron oxide onto it and compared their phosphate
removal performances. The phosphate adsorption was obtained as in the
order of iron oxide- < cerium oxide- < lanthanum oxide-loaded carbo-
naceous materials corresponding to 17, 44, and 72 mg per gram of the
loaded metal oxide. Polyacrylonitrile-based carbon fiber (PAN-CF) was
activated with KoCO3 and heat treatment at 950 °C for phosphate
removal from an aqueous solution. A maximum adsorption capacity of
64.58 mg g~ was determined from the Langmuir model (K, = 0.321 L
mmol 1), and a relatively high adsorption rate to reach equilibrium (<1
h) was observed for this adsorbent as well (Sakamoto et al., 2020). Han
et al. (2020) developed magnetic bio-ACs (MBACs) from mixing lignin
with ferrous salt via carbonization followed by steam activation to
remove phosphate from aqueous solutions. Surface modification of AC
derived from lignin with iron enhanced the maximum adsorption ca-
pacity and was estimated to be 21.18 mg g~!. Magnetization of AC
derived from banana bract and further crosslinking of amine groups was
performed to prepare an efficient adsorbent called ACM@BBAC to
recover phosphate and nitrate ions from water (Fig. 1(a)). The effects of
operating parameters including reaction time (0-90 min), adsorbent
dose (0.5-4 g L™1), and pH (2-12) on phosphate removal performance of
advanced material were investigated. Furthermore, the synthesized
material’s magnetic property was investigated with VSM analysis, and
the magnetization curve of the material was S-shape representing super
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Table 1
Summary of the literature studies on recovery of phosphate with different modified activated carbon.
Adsorbent Activated Modification Surface Adsorption Isotherm Kinetic (mg Optimum Reference
carbon source agent area (m2 capacity (mg constant (L (g.min)’l) conditions
e gD mg )
Zirconium loaded activated Rice straws ZrNO4 623 11.1 5.08" N.A.PSO Adsorbent dose: Shindo et al. (2011)
carbons Cedar bar 743 3.83 0.393" 10gL™, T=25
Waste 394 5.97 1.43" °C,pH <9
cardboard
sludge
Lanthanum-doped activated Commercial LaNO3 N.A. 9.41 3.52¢ 0.0178° Adsorbent dose: 2 Liu et al. (2011)
carbon fiber g L%, T=50"°C,
pH=4
Iron-doped activated carbon Commercial FeSO4-7H,0 880.65 14.12 1.85% 0.011P8° Adsorbent dose: 2 Wang et al. (2012)
FeCl3-6H,0 302.61 8.13 g L, T=25°C,
pH = 3.78-6.84
Lanthanum hydroxide-doped Commercial LaNOj3 and N.A. 15.3 1.43" 0.002°5° Adsorbent dose: Zhang et al. (2012b)
activated carbon fiber NaOH 25gL L T=25
°C,pH < 10.0,
Equilibrium time:
6h
Lanthanum-doped activated Commercial LaNO3 1047.86 7.46 3.45" 0.017°%° Adsorbent dose: 2 Zhang et al. (2012a)
carbon fiber gL L, T=30°C
Hydroxyl-iron-lanthanum doped Commercial N.A. N.A. 29.44 8.60" 0.03775° Adsorbent dose: 1 Liu et al. (2013)
activated carbon fiber g L%, T=25°C,
pH=14
Iron containing non-oxidizedand ~ Commercial HNO3 and 1059.67 7.46 0.25" 0.016"5° Adsorbent dose: 2~ Wang et al. (2014)
oxidized activated carbons FeSO4 gL, T=30°C
FeSO, 880.65 13.12 0.62" 0.017°%¢
Zirconium-loaded activated Commercial ZrNO3 N.A. 60.78 1.32" N.A. Adsorbent dose: 5 Wajima (2016)
carbon g L%, T=25°C,
pH<6
Nano-scale zero-valent iron Activated FeCl3-6H,0 740 1.75 1.509"% N.A. N.A. Khalil et al. (2017)
supported on treated activated ~ carbon norit
carbon
Iron nano-magnetic particle Commercial N.A. N.A. 3.48 0.571F N.A.PSO Adsorbent dose: 1 Khodadadi et al.
coated with powder activated gL 1, T=25°C, (2017)
carbon pH=2,
Equilibrium time:
90 min
Calcium alginate beads doped Achyranthes Ca alginate N.A. 133.3 1.466" 0.41975° Adsorbent dose: Sujitha and
with active carbon derived aspera plant beads 1.5gL LT =30 Ravindhranath
from A. aspera plant °C,pH = 10, (2017)
Equilibrium time:
20 min
Iron-zirconium modified Commercial ZrOCl, and N.A. 26.3 1.206" 0.00575° Adsorbent dose: 3 Xiong et al. (2017)
activated carbon nanofiber FeNO3 g L%, T=25°C,
mixture pH=4
Iron oxide coated granular Commerical FeCl;.6H,0 920 10.4 0.05" 0.000475° Adsorbent dose: 2 Kumar et al. (2017)
activated carbon (supplier: gL, T=22°C,
Norit) pH = 6.5
Commerical 441 10.8 0.13" 0.00028"°
(supplier:
Desotech)
Commerical 794 10.8 0.25" 0.00088"°
(supplier: Mast
Carbons)
Chitosan and activated carbon Palm kernel Chitosan gel N.A. 6.14 N.A. N.A. Adsorbent dose: Rezaei et al. (2019)
nanocomposite 3.33gL, T=25
°C,pH = 7,
Equilibrium time:
60 min
Lanthanum-modified activated Pine cone LaCl3 380.4 68.2 0.02" N.A.PSO Adsorbent dose: 1 Huong et al. (2019)
carbon g L%, T=20°C,
PH =6-7,
Equilibrium time:
90 min
Zirconium chloride octahydrate/  Vetiver grass ZrCly and 222.95 4.27 0.00234F 0.1387° Adsorbent dose: 6 (J. Li et al., 2020)
cetyltrimethylammonium C19H4oBrN gL}, T=25°C,
bromide/vetiver grass- pH = 2-10,
activated carbon Equilibrium time:
120 min
Coconut shell activated carbon Coconut shell FeCl3-6H,0 604.88 14.78 0.00407" 0.00175° Adsorbent dose: 2 Delgadillo-Velasco
oxidized with HNO3 and A? g L’l, T =30 °C, et al. (2021)

modified with iron

pH=2

*N.A: Not available, L: Langmuir isotherm, F: Freundlich istotherm, PSO: Pseuodo second-order.
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Fig. 1. (a) Preparation of amine crosslinked magnetic banana bract activated carbon (ACM@BBAC) adsorbent, (b) VSM analysis of ACM@BBAC adsorbent, (¢) SEM
of AC, (d) SEM of phosphate loaded ACM@BBAC, and (e) Phosphate and nitrate adsorption capacity of ACM@BBAC (initial phosphate: 100 mg L’l, adsorbent dose:
2 g L%, pH:7). Adapted from [Karthikeyan and Meenakshi, 2020] with permission from Elsevier (License number: 5070320223209).

magnetic feature (Fig. 1(b)). The material’s surface morphology was
also presented with SEM images before and after phosphate adsorption
experiments (Fig. 1(c)-(d)). The phosphate and nitrate adsorption ca-
pacity increased with increasing reaction time from 0 to 30 min with
superfast adsorption performance (Fig. 1(e)). ACM@BBAC exhibited
superior properties and 91.78 mg g~ ! of adsorption capacity that can be
considered promising for field applications (Karthikeyan et al., 2020b).
Moreover, banana bract-based AC was employed to synthesize a com-
posite material containing LDHs of the binary composite ZnAl LDHs
co-precipitation technique in another study. As the temperature
increased from 303 K to 323 K, the adsorbent’s phosphate adsorption
capacity increased from 87.004 to 88.121 mg g~!, which perfectly
agreed with the endothermic nature of the process (Karthikeyan and
Meenakshi, 2019). Karthikeyan and Meenakshi (2020) also synthesized
ZnFe LDHs impregnated orange peels AC (OPAC) composite by
ultrasound-assisted method for the removal of phosphate from aqueous
solutions. Eco-friendly and cost-effective adsorbent showed 84.51 mg
g’1 of adsorption capacity and followed PSO (kg = 0.412 g (mg.min)’l)
and intra-particle diffusion kinetics. Another modified AC was synthe-
sized from a combination of Muskmelon Peel-based AC and zinc ferrite
(AC@ZnFey04) by co-precipitation method for removing phosphate
from water. With 91.80 mg g~! of adsorption capacity at 30 °C, it
possessed a remarkable efficiency among its counterparts (Karthikeyan
et al., 2020a). Silver nanoparticles loaded AC produced from tea residue
(AgNPs-TAC) material was used for phosphate removal from the
aqueous solution with an initial phosphate concentration of 30 mg L.
Optimal conditions were determined as pH of 3, contact time of 150 min,
and impregnation ratio (AgNPs/TAC) of 3% w/w that resulted in 13.62
mg g*1 of maximum adsorption capacity. Both pseudo-first-order and
PSO kinetic models described adsorption models attributing to chemi-
sorption for the rate control step (Nguyen et al., 2020).

The phosphate adsorption capacities and dosages of zirconium
loaded AC from cedar bar (Zr-CB-AC) and rice straw (Zr-RS-AC),

zirconium chloride octahydrate-cetyltrimethylammonium bromide-
vetiver grass-AC (ZR-CTB-VG-AC), iron containing AC (Fe-AQC),
lanthanum-doped AC fiber (La-ACF), iron oxide coated granular AC (Fe-
GACQ), iron loaded AC from coconut shell (Fe-CS-AC), lanthanum
hyrdoxide-doped AC fiber (LaOH-ACF), iron-zirconium modified AC
nanofiber (Fe-Zr-ACNF), iron-lanthanum doped AC fiber (Fe-La-ACF),
zirconium-loaded AC (Zr-AC), lanthanum-modified AC (La-AC), and
calcium alginate beads doped with AC derived from A. aspera plant
(CAB-AP-AC) were reported in Table 1 and presented in Fig. SM2. The
operating conditions are varying from 1.0 to 10 g L ™! for the adsorbent
dose, from 20 °C to 50 °C for the temperature, from 2 to 10 for the pH
and from 20 min to 6 h for equilibrium time. The calcium alginate beads
doped with AC derived from A. aspera plant (CABAA) showed the
highest phosphate adsorption capacity of 133.3 mg g~' with low
adsorbent dosage of 1.5 g L™! compared with other AC based materials.
Furthermore, lanthanum-modified AC-based materials achieved rela-
tively higher phosphate adsorption capacity than iron-modified mate-
rials due to its higher phosphate adsorption afinity.

3. Graphene and graphene oxide (GO)

Graphene has an entire structure and unique electronic features,
which have gained significant attention from scientists (Wang et al.,
2011). GO, a precursor for graphene preparation, is a promising and
valuable material for applications in electronics, optics, chemistry, en-
ergy storage, and biology (Cha-Umpong et al., 2019; Heidarizadeh et al.,
2017; Razmjou et al., 2020; Rostamnia et al., 2015). Furthermore,
graphene and GO were operated as adsorbents to remove arsenic,
fluoride, methyl orange, naphthalene, heavy metals in waters and pre-
sented good adsorption efficiency and superfast adsorption rates
(Fakhri, 2017; Hassandoost et al., 2019; Safarpour and Khataee, 2019).
The literature on removing phosphate in aqueous environments using
modified graphene and GO adsorbent is summarized in Table 2. Several
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pH=6.2,
Cphosphate: 14-292
mgL~!

Table 2
Summary of the literature studies on recovery of phosphate with different modified graphene-graphene oxide.
Adsorbent Modification Surface Adsorption Isotherm Kinetic (mg Optimum Removal mechanism Reference
agent area (rn2 capacity (mg constant (L (g.min)’l) conditions
g g mgH
Ferrihydrite loaded on the 5Fe»03.9H,0 N.A. 5.81 2.14" N.A. Adsorbent dose: N.A. (X. Li et al.,
graphene oxide composite 1.33gL, T=25 2020)
°C, pH = 2,
Equilibrium time:
500 min,
Cphosphate: 5 g L!
Zirconium-loaded reduced C12Hp047Zr 251.1 27.71 17.19% 0.1178° Adsorbent dose: Ton exchange and Luo et al.
graphene oxide 0.2gL7Y, ligand exchange (2016)
T=25°C,pH=5 (outer or inner sphere
complexes) and
physical adsorption
Graphene Oxide FeCl3-6H;0 N.A. 93.28 0.5129" 0.05555° Adsorbent dose: Electrostatic Bai et al.
Decorated with a-Fe,O3 0.65 g L’l, T =25 attraction and ion (2018)
°C,pH =6, exchange reaction
Equilibrium time:
5 min, Cphosphate:
50 mg L7}

Graphene-nanoparticle aerogel ~ FeSO,4 130 350 9.96" 0.005"5° Adsorbent dose: Mononuclear and Tran et al.
composite decorated with 02gL 1, T=25 polynuclear (2015)
magnetit °C,pH =6, adsorption

Equilibrium time:
120 min, Cphosphate:
20 mg L7}

Reduced graphene oxide -coated ~ FeNO3 and 103.7 N.A. N.A. N.A. Adsorbent dose: N.A. Lee et al.
ZnO and Fe hybrid ZnNO3 0.1gL L, T=160 (2020)
nanocomposite °C, Equilibrium

time: 48 h

Triethylene Tetramine FeCls-6H,0 131.5 353.36 0.027" 0.0018P5° Adsorbent dose: Electrostatic (H. Wang
Functionalized Magnetic GO and 04gL 1, T=25 interaction et al., 2017)
Chitosan Composite FeCl,-4H,0 °C,pH =3,

Equilibrium time:
50 min

La(1II) coagulated graphene N.A. N.A. 141.38 3.39% N.A.PSO pH= >7, Surface binding Chen et al.
oxide Equilibrium time: (2017)

<20 min

Zirconium functionalized ZrCly 118.45 172.41 21.02° 0.0008°S° Adsorbent dose: Coordination and Salehi and
nanochitosan- graphene oxide 0.5mgL™,, T=25 electrostatic Hosseinifard
composite °C,pH=3, interaction (2020)

Cphosphate: 30 mg
-t

Surface-imprinted polymer by N.A. N.A. 104.3 0.1304" 0.11897° Adsorbent dose: Ligand exchange and  Liu et al.
developing a La(IIl)- 0.4¢g L’l, T=25 electrostatic (2018)
coordinated 3-methacrylox- °C,pH =3, repuslsion
yethyl-propyl bi- Equilibrium time:
functionalized graphene oxide 40 min

Strontium magnetic graphene SrNO3 N.A. 238.09 0.33" 0.00005"5° Adsorbent dose: 30 Electrostatic Sereshti et al.
oxide nanocomposite mg, T = 25 °C, pH interactions (2020)

= 6, Equilibrium
time: 90 min

Graphene nanosheets supported ~ N.A. N.A. 41.96 2.16" 0.0002°5° Adsorbent dose: Chemisorption Zhang et al.
Lanthanum hydroxide 0.5gL LT=25 process (2014)
nanoparticles °C, pH =4,

Equilibrium time:
10h

Graphene—Lanthanum LaNO3 N.A. 82.6 NAL 0.184775° Adsorbent dose: 2 N.A. Chen et al.
Composite gL}, T=25°C, (2016)

*N.A.: Not available, L: Langmuir isotherm, F: Freundlich istotherm, PSO: Pseuodo second-order.

elements, including Zr, Fe, and La, were used in modification to optimize
the phosphate removal performance. The results presented that PSO and
Langmuir, respectively, commonly followed the kinetic and isotherm
models. The adsorption process using GO is essential because the initial
pH (2-6.2), adsorbent dose (0.2-2.0 g L’l), initial phosphate concen-
tration (5-292 mg L’l), temperature (25 °C), and equilibrium time (5
min-48 h) affect the material’s performance. Moreover, the surface area
of the modified adsorbents and possible phosphate adsorption mecha-
nism was also considered. The primary phosphate adsorption

mechanisms were found to be electrostatic interaction and ligand ex-
change. The phosphate adsorption capacity of modified graphene and
GO adsorbent was found in the range of 5.81-353.36 mg g .

3.1. Unmodified graphene and GO

Vasudevan and Lakshmi (2012) developed graphene with
liquid-phase exfoliation for the adsorption of phosphate. The experi-
mental runs were conducted under different phosphate concentrations
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(25-125 mg L’l), temperature (303-333 K), and initial pH (2-12). Re-
sults revealed that graphene was an effective material with an adsorp-
tion capacity of 89.4 mg g’1 at a concentration of 100 mg L} a
temperature of 303 K, and initial pH of 7. In a separate study, GO was
developed chemically to treat phosphate in aqueous solution by Jun
et al. (2013). The removal efficiency was enhanced from 70 to 80% with
the presence of an iron particle in chemically synthesized GO. The
highest phosphate adsorption capacity was found to be 89.37 mg g™ ! at
a temperature of 30 °C, initial pH of 7, and phosphate concentration of
100 mg L. Results showed that there was no significant difference
between liquid-phase exfoliation and chemically prepared GO for
phosphate removal. The GO developed by Vasudevan and Lakshmi
(2012) presented similar performance compared with the Jun et al.
(2013). The performance of graphene and GO in tricresyl phosphate
removal at batch operation mode was also studied. The Langmuir
isotherm model presented that the phosphate adsorption performance of
both graphene and GO adsorbents were enhanced with increment in
temperature at initial pH of 5 with the highest adsorption capacity of
30.7 mg g~ ! for GO and 87.7 mg g~* for graphene (Liu et al., 2017).
Wang et al. (2019) studied reduced GO (rGO) for the potential use as an
adsorbent in phosphorous removal from natural surface water and a
secondary wastewater effluent containing 0.026 and 0.073 mg L%,
respectively. The adsorbent with BET specific surface area of 724 m? g !
had promising results by >90% removal efficiency from both water
sources.

3.2. Modified graphene and GO

Many types of metal ions (e.g. zirconium, titanium, iron, lanthanum,
and silver) have been used for the modification of GO. Zong et al. (2013)
investigated the treatment of phosphate using an adsorption process
with specifically synthesized zirconia-functionalized GO (Zr-GO). The
prepared Zr-GO adsorbent significantly enhanced phosphate adsorption
than the GO due to the strong phosphate sorption on ZrOs; and the
efficient dispersion of nano-ZrO, particles on the GO surface. The
highest phosphate adsorption of Zr-GO adsorbent was found to be 131.6
mg g~ ! ata temperature of 25 °C with the normalization of ZrO, content.
Furthermore, porous zirconium-crosslinked GO/alginate aerogel beads
was prepared to enhance phosphate removal and performance of
adsorbent (Shan et al., 2019). The effects of initial pH (2-7), adsorbent
dosage (50-500 mg L’l), temperature (20-40 °C), and co-existing an-
ions (F~, Cl~, NO3~, HCO5~, and SO42") were investigated. The opti-
mum phosphate adsorption was achieved at low pHs in the range of
2.1-4. Consequently, the highest adsorption capacity was found to be
189.06 mg g~! at an adsorbent dosage of 0.2 g L™! and phosphate
concentration in the range of 2-150 mg L™, This Zr-GO/Alg aerogel
beads exhibited high phosphate adsorption capacity compared with
Zr-GO adsorbent owing to its highly porous structure resulted with high
surface area.

Moreover, the titania-functionalized GO (T-F GO) adsorbent has
been studied for the removal of phosphate from synthetically prepared
wastewater (Sakulpaisan et al., 2016). The adsorption capacity of
titania, GO, and T-F GO adsorbents were also investigated under
different contact times (30-1440 min) and initial pH (2-10) values. The
adsorption performance of the specifically prepared T-F GO decreased
with the increasing initial pH due to rising the repulsion between the
surface charge of the T-F GO and phosphate ions. The highest phosphate
adsorption capacity of 33.11 mg g~ ! was achieved at initial pH of 6 in
the presence of sodium ions compared with the titania and GO. Arago-
nite nanorods decorated GO (B-FeOOH/GO) is another GO-based ma-
terial for recovery and removal of phosphate (Harijan and Chandra,
2017). The effects of operating variables, such as initial pH (2-12),
adsorbent dose (0-0.6 g L), and phosphate concentration (5-30 mg
L™1) on phosphate adsorption performance of f-FeOOH/GO adsorbent
were investigated. Furthermore, different isotherm models (Langmuir
and Freundlich) and kinetic models (pseudo-first-order, second-order,
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and solid diffusion) were determined, and the Langmuir isotherm and
PSO models were well fitted better compared with Freundlich model and
pseudo-first order and soil diffusion kinetics. Overall, the 3-FeOOH/GO
adsorbent presented the highest sorption capacity of 45.2 mg g~ ' at
initial pH of 7 and temperature of 30 °C. The adsorbent was recycled
using different pH solutions (2-10), and the highest phosphate recovery
of 78% was obtained at a solution pH of 10.

Among the modification agents, lanthanum is a well-known metal
for the enhancement of removal performance of adsorbents. For
instance, the lanthanum-modified hydroxide doped reduced magnetic
GO (MG@La) composite with a high phosphate adsorption capacity was
produced with lanthanum metal (Rashidi Nodeh et al., 2017). The ma-
terial presented a considerably high phosphate adsorption capacity of
116. 28 mg g_l at initial pH value in the range of 6-8 and equilibrium
time of 30 min. Moreover, phosphate and nitrate from actual sewage and
river water samples using MG@La adsorbent were carried out. The
maximum removal efficiency was found to be almost 74% for phosphate
and 90% for nitrate. The 3D self-assembled cellulose/graphene hybrids
(3D cell/GO hybrids) is another GO-based material with the loading of
lanthanum and zirconium for the phosphate adsorption from water
(Polyakov et al., 2020a; Zhang et al., 2019a). The adsorption capacity
was improved from 36.5 to 47.7 mg g~ with the increment in pH from
2.0 to 3.0 due to the advantage in the phosphate adsorption’s acidic
surroundings. It was also remarkable that the adsorption of phosphate
by 3D cell/GO hybrid adsorbent was temperature insensitive, and the
highest removal obtained at 25, 35, and 45 °C were almost 42.5, 41.9,
and 40.7 mg g™}, respectively. After six cycles of adsorption/desorption,
phosphate recovery was about 22.3 mg L™, accounting for about 85.8%
of the initial result that indicated their stability and reusability for
phosphate abatement in water.

Iron is another low-cost metal for the synthesis of GO-metal com-
posite. The performance of nitrogen-doped reduced GO (NGO) and NGO
decorated with Fe304 nanoparticles as a magnetically separable adsor-
bent in phosphate removal was also studied (Akram et al., 2019). The
kinetic studies showed that the PSO was well fitted with the phosphate
sorption by chemisorption and physisorption. Furthermore, the
Freundlich isotherm model well fitted the phosphate sorption with a
maximum adsorption capacity of 169.7 mg g’l. Moreover, Chinna-
thambi and Alahmadi (2021) synthesized Fe304 anchored polyaniline
intercalated GO (Fe304x%-PANI@GO) using co-precipitation and
modified Hummer’s method for the removal of phosphate ions and Cr
(VI) (Fig. 2(a)). The magnetic properties and morphological properties
of synthesized Fe304x%-PANI@GO material were determined using
VSM and SEM analysis, respectively (Fig. 2(b)-(e)). The effects of
operating parameters, including initial pH (3-12), co-existing anions (Cr
(VI) and phosphate), and contact time (0-300 min) were investigated on
the removal performance of adsorbent. The maximum phosphate
adsorption capacity of 94.345 mg g~! was achieved using the PSO ki-
netic model (ky: 1.0184 g (mg.min)’l). The primary removal mecha-
nism was found as electrostatic interaction and followed by surface
complexation (Fig. 2(f)).

GO modification with silver and Alz, polyoxocations have been less
investigated compared with above-mentioned metals. For instance,
Vicente-Martinez et al. (2020) conducted a comparative study on GO
and GO functionalized with silver nanoparticles (GO@AgNPs) for
phosphate removal from an aqueous solution with an adsorption pro-
cess. The experimental conditions, including initial pH (1-14), initial
phosphate concentration (10-30 mg L_l), reaction time (0-20 min),
adsorbent dose (GO: 10-50 mg, GO@AgNPs: 100-500 pL), and tem-
perature (293-333 K) were studied to achieve the highest adsorption
capacity. The maximum phosphate removal efficiency of 100% was
achieved using a relatively high amount of GO compared with
GO@AgNPs adsorbent. The maximum phosphate adsorption efficiency
was found to be 75% using GO at a reaction time of 9 min, adsorbent
dose of 20 mg, initial pH 10, temperature of 293 K, and initial phosphate
concentration of 30 mg L™! achieving the highest adsorption capacity of
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Fig. 2. (a) Preparation of Fe304x%-PANI@GO adsorbent, (b) VSM analysis of Fe304, Fe30410%-PANI@GO, Fe30420%-PANI@GO, and Fe30450%-PANI@GO, (c)
SEM of GO, (d SEM of Fe304, (e) SEM of Fe30450%-PANI@GO, and (f) Phosphate adsorption capacity of the synthesized adsorbents (initial phosphate concentration:
100 mg L™, adsorbent dose: 100 mg, operating time: 300 min, and mixing speed: 200 rpm). Adapted from [Chinnathambi and Alahmadi, 2021] with permission

from Elsevier (License number: 5070320778125).

11.25 mg g~ '. On the other hand, the highest phosphate removal effi-
ciency of 100% was achieved using GO@AgNPs at similar operating
conditions except for an adsorbent dose of 500 pL and initial pH of 7,
achieving a maximum adsorption capacity of 1666.7 mg g~ !. Further-
more, the regeneration of adsorbents was determined using the acid
medium. The regeneration percentages were 80% for GO@AgNPs and
98% for GO, which indicated that the adsorbents’ satisfactory regener-
ation performance allows them to be reused and recycled. The oxyanion
(phosphate, chromate, and selenate) adsorption performance of Alsg
polyoxocations-modified GO nanosheets was also studied (Tahmasebi,
2020). Furthermore, the FTIR and TGA analysis showed that phosphate
anion’s primary adsorption mechanism was inner-sphere surface com-
plex formation with Alsg surfaces. The Langmuir monolayer isotherm
model achieved the maximum phosphate adsorption capacity of 185.2
mg g~ L. The phosphate adsorption capacities and adsorbent dosages of
ferrihydrite loaded on the GO (FeOOH-GO), zirconium-loaded reduced
GO (Zr-rGO), graphene-lanthanum composite (La-Graphene), GO
decorated with a-Fe;O3 (a-Fez03-GO), lanthanum functuonlized GO
(La-GO), zirconium functionalized nanochitosan-GO (Zr-NCH-GO),
graphene aerogel, and triethylene tetramine functionalized magnetic
GO chitosan composite (TT-Fe-CH-GO) materials were presented in
Fig. SM3. The highest phosphate adsorption capacities of 353.4 and 350
mg g~ ! were achived using TT-Fe-CH-GO and graphene aerogel mate-
rials owing to high surface area and phosphate adsorption affinity,
respectively. On the other hand, the minimum adsorption capacity of
5.81 mg g~ was observed using FeOOH-GO composite at adsorbent
dosage of 1.33 g L1,

There are also some other interesting applications of GO as hybrid
material recently published in the literature. A facile and cost-effective
strategy was followed to prepare a cobalt and nitrogen codoped three-
dimensional (3D) graphene catalyst by inserting carbon nanospheres
into the interlayers of graphene sheets for both the oxygen reduction and
oxygen evolution reactions (ORR/OER) in rechargeable metal-air

batteries and unitized regenerative fuel cells (Qiao et al., 2016). A
composite material that consists of graphene oxide (GO) sheets were
crosslinked with N-hydroxysuccinimide (NHS) and functionalized with
gold nanoflowers (AuNFs) for sensitive detection of chloramphenicol
antibiotic (Ali et al., 2021).

4. Lignin

Lignin, one of the most abundant renewable materials, is signifi-
cantly composed of polymer (B. Wang et al., 2017). A significant amount
of lignin waste is commonly used for energy production, while relatively
low amount of it used as a value-added material and chemical (Liu et al.,
2016a, 2016b, 2016b). However, the lignin has promising potential as
an adsorbent owing to its ease of biodegradability and high functional
groups. Up to date, several studies conducted on removal of heavy
metals and dyes from aqueous solutions using lignin based adsorbents
(Thakur et al., 2017). The use of raw lignin to remove phosphate was
found to be inefficient due to electrostatic repulsion between negatively
charged phosphate and negatively charged functional groups, such as
COOH™, and OH™ on lignin surface. Therefore, lignin has been modified
to increase the phosphate removal performance. Nevertheless, there are
limited studies on phosphate removal from aqueous solutions using
modified lignin-based materials.

Zong et al. (2016) prepared zirconia-loaded lignocellulosic butanol
residue (LBR-Zr) as a biosorbent for the adsorption of phosphate an
aqueous solution. The highest phosphate adsorption capacity of LBR-Zr
was found to be 8.75 mg g '. The thermodynamic experiments pre-
sented that the phosphate adsorption performance of adsorbent
improved with the increase in temperature from 298 to 338 K. More-
over, Zhao et al. (2020) prepared interfacial
diethylenetriamine-modified aminated lignin integrated with zirconium
hydroxide (AL-DETA@Zr) adsorbent for phosphate recovery. Maximum
phosphate adsorption capacity was found to be 167.7 mg g .



Y.K. Recepoglu et al.

Furthermore, the kinetic data was well fitted with PSO kinetic model
(Rz: 0.992 and rate constant: 0.005 g (mg.min)_l) and showed that the
adsorption process was chemisorption.

Magnetic lignin-based materials have been studied for phosphate
removal due to the easy separation of adsorbents after the removal
process with application of magnet. In this regard, the iron-complexed
lignin was synthesized for treatment of low phosphate-containing
water. The lignin was obtained by liquor from the paper industry and
modified using triethylenetetramine through the Mannich reaction, and
then lignin was chelated with FeCl; salt to make the iron-complexed
lignin as an environmentally friendly and cost-effective lignin-based
adsorbent. The kinetic and isotherm models were followed by PSO and
Langmuir model, which shows monolayer adsorption. The basis of the
Langmuir equation, the values of Qpax were 0.924, 0.912 and 0.942 mg
g~! for adsorbent at temperature of 298, 308 and 318 K, respectively.
Main phosphate adsorption mechanism of iron-complexed lignin was
found as complexation between phosphate and iron on the adsorbent
surface. At initial phosphate concentration of 5 mg L™! and adsorbent
dose of 1 g, the maximum removal efficiency of iron-complexed lignin
was found to be >90%. In addition, the reusability of the adsorbent was
determined with cycle adsorption experiments and results revealed that
the phosphate removal efficiency of adsorbent decreased from 95.3 to
82.3% at the end of the second cycle, most probably after the regener-
ation process, the active sites of the adsorbent was relatively irreversible
due to the strong bonding between phosphate and adsorbent (Luo et al.,
2017). Li et al. (2021) also synthesized magnetic aminated lignin based
adsorbent (M/ALFe) for separation and recovery of phosphate in water
and then reprocessed as a renewable magnetic fertilizer (Fig. 3(a)). The
magnetic properties of the aminated lignin and M/ALFe were deter-
mined and results showed that the synthesized adsorbent presented
highly sensitive magnetic feature and can be separated using magnet
from soil, while the aminated lignin did not show magnetic property
(Fig. 3(b)). Moreover, the effects of adsorbent dose (0.1-0.8 g LY and
initial pH (3-9) on phosphate removal performance of adsorbent were
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studied. The phosphate adsorption capacity of adsorbent decreased with
increasing adsorbent dose most probably due to the decrease of phos-
phate concentration with M/ALFe dose. On the other hand, the phos-
phate removal efficiency increased from 17.95 to 85.17% with the
increase in adsorbent dose from 0.05 to 0.7 g owing to increasing
available adsorption sites. Both phosphate removal efficiency and
adsorption capacity increased significantly from initial pH 3 to 9, while
the performance of adsorbent was decreased at pH 11 due to the
dissolution of aminated lignin in solution. Finally, the optimized
adsorbent was tested as a fertilizer and results obviously showed that
after the use in soil, the adsorbent could be easily recovered from soil
using magnet (Fig. 3(c)).

Lanthanum has also been used for lignin modification to enhance
phosphate removal. For instance, Zong et al. (2018) recommended poly
(ethyleneimine)-graft-alkali lignin loaded with nanoscale lanthanum
hydroxide (AL-PEI-La) for effective phosphate removal. The phosphate
removal efficiency of 94% was achieved at initial phosphate concen-
tration of 50 mg L ™! in 60 min. In comparison, the removal efficiency of
99% was observed at low phosphate concentration of 2 mg L™} in 15 min
and the phosphate concentration considerably reduced to limit value of
<50 ug L~! for the prevention of eutrophication. The highest phosphate
adsorption capacity of AL-PEI-La adsorbent was found to be 65.79 mg
g~ ! that 33 times higher than lignin adsorption capacity. The main
adsorption mechanism of AL-PEI-La adsorbent was most probably an
interaction between ligand exchange and surface precipitation.
Furthermore, the recyclability of the adsorbent was determined with
desorption experiments and results showed that 85.8% of the adsorption
capacity remained after 3 cycles. The phosphate removal using
lignin-derived porous carbon loaded with La(OH)s nanorods (LPC@La
(OH)3) was studied by Liu et al. (2019a, 2019b, 2019c¢). The synthesized
LPC@La(OH)3 adsorbent presented a significant phosphate adsorption
capacity of 60.24 mg g~ at La content of 28.72%, temperature of 25 °C,
initial phosphate concentration in the range of 36.5-105 mg L™}, initial
pH in the range of 3-10. Adsorption experiments showed that at the
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Fig. 3. (a) Schematic diagram of preparation and application of magnetic aminated lignin based (M/ALFe) adsorbent, (b) VSM analysis of aminated lignin (a) and
M/ALFe (b) adsorbent, and (c) M/ALFe adsorbent before (a) and after (b) magnetic separation and M/ALFe adsorbent-soil mixture before (c) and after (d) magnetic
separation. Adapted from [T. Li et al., 2021] with permission from Elsevier (License number: 5070321255573).
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initial phosphate concentration of 2 mg L™}, the ultrafast phosphate
adsorption capacity of 99.5% was achieved in a reaction time of 10 min.
Furthermore, the recyclability of adsorbents was tested to understand
the practical application on a real scale. The phosphate removal effi-
ciencies of LPC@La(OH)3 were found to be 100, 93.5, and 92.7% at the
end of the first, second, and third regeneration test, respectively. The
adsorbent provided sufficient regeneration performance as presented by
a significant phosphate removal efficiency still >90% after three-cycle.
To understand the adsorption mechanism of developed LPC@La(OH)3
adsorbent, the specified amount of adsorbent was added into the
KH3PO4 solution and the pH change in the solution was measured. The
pH of the solution increased from 5.76 to 7.46 in 24 h most probably due
to the leaching out of hydroxide ions by ligand exchange. Overall, both
ligand exchange and chemical precipitation were found as the main
adsorption mechanism of LPC@La(OH)3 adsorbent for phosphate
removal (Xiaohuan Liu et al., 2019a, 2019b, 2019c¢). Liu et al. (2020)
developed cerium oxide nanoparticle (nano-CeO5) functionalized lignin
(L-NH@Ce) as a nano-biosorbent by a facile in-situ precipitation
method for selective phosphate removal. The surface area of lignin and
L-NH,@Ce adsorbents was analyzed using BET technology and the
L-NH,@Ce surface area was found to be 89.8 m?> g’l, which is 3 times
higher than the lignin. Therefore, the phosphate adsorption capacity of
L-NHo@Ce improved from 1.92 to 27.86 mg g’1 compared with lignin.
The results revealed that the L-NH,@Ce nano-biosorbent could rapidly
decrease a high phosphate concentration of 10 to below the 0.5 mg L™}
of discharge standard for drinking water according to the World Health
Organization (WHO).

Modification of lignin with magnesium oxide was reported by Jiao
et al. (2021). The authors fabricated MgO-functionalized lignin-based
bio-charcoal (MFCL) for phosphate removal from water. The MFCL
adsorbent showed significant regeneration feature for phosphate
adsorption owing to the suitable morphology of MgO nanoparticles and
it may also be used in a pH range of 2-10. Furthermore, the high amount
of MgO nanoparticles loading has considerably enhanced the activity of
MECL. For instance, the MFCL phosphate adsorption capacity was
increased from 145.25 to 258.63 mg g~ with the increasing MgO
nanoparticles content percentage from 14.18 to 28.41%. The highest
phosphate capacity of MFCL was found to be 906.8 mg g ..
Adsorption-desorption experiments provided that the main phosphate
adsorption mechanisms of adsorbents were ligand exchange and single
layer chemisorption.

The hydrated metal hydroxides, such as zirconium oxide, iron salts,
lanthanum oxide, cerium oxide, and magnesium oxide, have been
immobilized onto lignin waste to enhance the phosphate adsorption
performance and surface area. Among these metal hydroxides,
lanthanum oxide is gained particular interest owing to its significant
stability, low toxicity, high removal performance and adsorption ca-
pacity, and usability at a wide range of pHs. The phosphate adsorption
mechanism may include hydrogen bonding, precipitation, ligand ex-
change, crystallization, inner and other complexation, and electrostatic
interaction. In most of the above-mentioned studies, the main adsorp-
tion mechanism was reported as electrostatic interaction, chemical
precipitation, and ligand exchange, while PSO and Langmuir model,
respectively followed the kinetic and isotherm models. The phosphate
adsorption capacities of modified lignin-based materials were found to
be in the range of 8.75-906.8 mg g~ .

5. Carbon nanotubes (CNTs)

CNTs, including single and multi-wall (SWCNTs and MWCNTs), are
relatively materials used for phosphate removal with the adsorption
process. The features of CNTs, such as high surface area, significant
mechanical strength, nano-scale sizes, stability, and flexibility, make
them a promising material for the adsorption of pollutants like phos-
phate from aqueous solutions (Huang et al., 2018). Several studies were
conducted on removing copper, lead, herbicides, antibiotics, nitrogen,

10

Chemosphere 287 (2022) 132177

and cyanobacterial toxins using CNTs (Zaytseva and Neumann, 2016).
However, the use of CNTs to remove phosphate has been investigated in
a few research up to date. Commonly, the CNTs have been modified with
La, Zr, and chitosan to enhance the phosphate adsorption capacity. For
instance, Mahdavi and Akhzari (2016) studied CNTs for their phosphate
removal potential. The experimental data were well fitted with the
Freundlich model, and adsorption capacity was found 15.4 mg g~*.

A carboxylated MWCNTs adsorbent loaded with lanthanum hy-
droxide (MWCNTs-COOH-La) was prepared and studied to treat phos-
phate in batch operation mode. The highest adsorption capacity was
found to be 48.02 mg g~ !. The phosphate adsorption behaviors were
defined by the PSO, indicating that the adsorption behaviors were pre-
dominantly approved to chemisorption (Zong et al., 2017). Huang et al.
(2018) designed a sustainable adsorbent for phosphate removal by
modifying MWCNT with chitosan through simply cross-linking. They
found a maximum adsorption capacity of almost 36.1 mg g~ * achieved
at 293 K and pH 3 in 30 min. Furthermore, the developed adsorbent’s
adsorption capacity could be sustained at 94-98% even after five
adsorption-desorption cycles. An effective zirconium-modified CNTs
(Zr-CNTs) adsorbent was developed to treat phosphate in solution with
batch mode. The adsorption quantity was determined to be 10.9 mg g~}
at 303 K. The kinetic data were better correlated with the Elovich model,
suggesting that the adsorption process may be chemisorption (Gu et al.,
2019). Wang et al. (2019) also prepared CNT in the same study
mentioned in the GO part for the phosphorus recovery (Fig. 4(a)). The
adsorbent having 242 m? g~! of BET surface area showed many per-
formances and around 95% removal percentage from both surface water
and wastewater effluent (Fig. 4(b)). The experimental fitted into the
Freundlich model, suggesting heterogeneous surface adsorption
behavior. Furthermore, the XPS analysis was conducted to understand
the primary adsorption mechanism of CNT with Cls spectrums. As
presented in Fig. 4(c)—(d), the spectrums showed that the C-OH, C=O0,
and COOH oxygenated functional groups on the surface of the CNT
increased at the end of both surfaces and wastewater adsorption ex-
periments. The metals, such as lanthanum and zirconium, have been
loaded onto MCNT to enhance the phosphate adsorption performance
and affinity of adsorbent. Among these metals, lanthanum immobiliza-
tion on MWCNTs is gained significant interest due to its high phosphate
adsorption capacity. The effects of conatact time, pH, and temperature
have been investigated to optimize MWCNT phosphate removal per-
formance. Moreover, the main phosphate adsorption mechanism was
reported to be chemisorption. The adsorption capacities of modified
CNT and MWCNTs were found to be in the range of 10.9-48.02 mg g~ *.

6. gC3N4 and other carbonaceous materials

The gC3N4 has attracted the attention of scientist due to its potential
application in photosynthesis, adsorption, and electrocatalysis. More-
over, it can be used to support stable metal and metal oxide to synthe-
sized porous structure adsorbent. Recent years a large number of
materials, including metals, metal oxides, and carbonaceous materials
have been combined with gC3N4 to improve adsorption performance
(Gamshadzehi et al., 2019). For example, Wan et al. (2019) developed
protonated graphite carbon nitride and acid-activated montmorillonite
(g-C3Ny4/Mt) composite and evaluated its performance for phosphate
removal efficiency from an aqueous medium. While the saturated
adsorption capacity of bare g-CsN,4 with 5.98 m? g~! of BET surface area
was only 1.56 mg g™}, the removal efficiency of the as-prepared com-
posite (2.0%-g-C3N4/Mt) with 128.72 m> g’1 of BET surface area was
remarkably elevated due to the synergistic effects and the saturated
adsorption capacities of phosphate was found to be 5.06 mg g~'. The
isoelectric point of protonated g-CsN4 was determined as pH of 5.2. A
microporous Fey,O3 loaded porous carbon nitride (FesOs/g-C3Ng)
adsorbent was prepared via a one-pot synthesis route for the removal of
phosphate from synthetic water. The removal efficiency was higher than
90% for high ionic strength, adsorbent dose of 1g L1, and broad pH
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Fig. 4. (a) Schematic diagram of the adsorption mechanism of HPO, species with multi-wall carbon nanotube (MWCNT); (b) Removal performance of MWCNT for
ions in surface and wastewater; (c¢) XPS Cls spectrum of MWCNT after the treatment of natural surface water; and (d) XPS Cls spectrum of MWCNT after the
treatment of secondary wastewater. Adapted from [Yifei Wang et al., 2019] with permission from Elsevier (License number: 5070330152172).

range (3-10) with a relatively short equilibrium time of 15 min. The
sorption capacity was 17.11 mg g~ ! that was higher than that of most of
the adsorbents except those containing La compounds (Gamshadzehi
et al., 2019).

Moreover, Almanassra et al. (2020) used carbide-derived carbon
(CDC) for phosphate removal from treated sewage effluent. The titanium
carbide (TiC) powder was utilized as a precursor for CDC synthesis. In
the batch adsorption experiments, the CDC showed an adsorption ca-
pacity of phosphate of 16.14 mg g~! whose adsorption efficiency was
not affected by the temperature. In a separate study, Koilraj and Sasaki
(2017) designed a composite material of porous carbon (PC) produced
from sucrose with the reported modification and lanthanum to selective
phosphate from aqueous solutions. La-PC composite possessed 40.74
mg g~ of Langmuir adsorption capacity. MgO-doped ordered meso-
porous carbon (OMC-MgO) was synthesized by evaporation-induced
self-assembly (EISA) in one-pot with biomass-derived gallic acid
instead of phenolics as carbon precursor, metal ion Mg?" instead of
formaldehyde as cross-linking agent and F127 as template. As-prepared
at 800 °C, a perfectly-ordered meso-porous structure centered at (6-8)
nm, OMC-MgO-T800 had a specific surface area of 808 m? g~*, and
showed good performance for phosphorus removal from aqueous solu-
tions with a maximum sorption capacity of 107 mg g ™! (Liu et al., 2021).
Moreover, black liquor-derived calcium-activated biochars (Ca-biochar)
were synthesized by treating rice straw with Ca(OH), to create an
adsorbent that was effective for removing phosphate from aqueous
waste streams. The Ca-biochar adsorbent was efficient for the removal of
phosphate from aqueous solutions (pH 1.0 to pH 13.0) with a highest
phosphate adsorption capacity of 197 mg g~ (Xiaoning Liu et al.,
2019a, 2019b, 2019c). However, Almanassra et al. (2021) reviewed
various kinds of biochars to remove and recover phosphate from
aqueous solutions including adsorption mechanism, isotherm, kinetics,
thermodynamics, and capacities by comparison. Therefore, we have not
included biochar as one of the carbonaceous materials in this review.

On the other hand, there are some other applications of carbon
nanotubes as hybrid materials developed for pesticide detection, such as
single-walled carbon nanotube (SWCNT) as three-dimensional porous
hybrid material (SWCNT-Pc 3D) and its copper complex (Cu-SWCNT-Pc
3D) (Senocak et al., 2021), SWCNT functionalized by ZnPc containing
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three boron dipyrromethene (BODIPY) (Koksoy et al., 2021a) and one
ethyloxy azido moieties and a hybrid carbon nano-material
(SWCNT-SubPc-Pc) bearing subphthalocyanine substituted zinc (II)
phthalocyanine conjugate on the SWCNT (Koksoy et al., 2021b).
Air-stable cobalt decorated-nanoporous carbon (Co/ZIF-C), derived
from the pyrolysis of zeolitic imida-zolate based metal-organic frame-
work (ZIF-67), for ultrasensitive detection offlavonoid, rutin is another
sensor application of CNTs (Senocak et al., 2020). Single walled carbon
nanotubes (SWCNT) with 3-phenylcoumarin derivatives on the chem-
iresistive sensor response to ammonia were synthesized by different
types of functionalization (M. S. Polyakov et al., 2020). M. Polyakov
et al. (2020) was also studied the novel hybrid nanomaterial
SWCNT/SiPc made of single walled carbon nanotubes (SWCNT)
cross-linked via axially substituted silicon (IV) phthalocyanine (SiPc) as
the active layer of chemiresistive layers for the detection of ammonia
and hydrogen.

7. Recovery of phosphate from carbonaceous materials

Along with nitrogen and potassium, phosphorus is essential for plant
life, which helps in root development, plant maturation, and seed
development. Unfortunately, the soil gets depleted of phosphorus due to
several reasons, including being washed away by rain (Bradford-Hartke
et al., 2021). Therefore, modern farming is reliant on the use of
phosphorus-based fertilizers significantly. By meeting approximately
two-thirds of the world’s phosphate resources, sedimentary and marine
phosphate rock deposits are used to manufacture commercial phosphate
fertilizers. Ground rock phosphate has been used as a source of phos-
phorous for soils in the past. However, due to the low concentration of
phosphorous in this native material, high transportation costs, and small
crop responses, rock phosphate usage has reduced considerably in
agriculture (Giinther et al., 2018). In addition to the direct use of manure
and digestates, solubilized phosphorus speceis recovery has become
desirable in wastewater treatment plants nowadays. Several technolo-
gies have been conducted to phosphorous recovery from aqueous solu-
tions, including biological removal (Seviour et al., 2003), crystallization
(Xuechu et al., 2009), adsorption (Vera-Puerto et al., 2020), and pre-
cipitation (Zhang et al., 2013). On the other hand, the chemical addition
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and source of aqueous solutions significantly affect phosphorus speceis
recovery’s applicability. For instance, the high energy consumption,
high cost, and high heavy metal contents are the main drawbacks of
phosphorus speceis recovery from wastewater sources. The sorption of
aqueous phosphorus in fixed-bed and suspension-based systems is an
alternative method in which the materials employed for phosphorous
adsorption are either used directly as fertilizers or regenerated for
phosphorus recovery reused (Mayer et al., 2016). These materials’
desorption capability is of utmost importance since phosphate is
considered a “non-renewable resource,’”’ and it may be depleted in less
than a century due to the world growing demands. This principle is valid
for all previously mentioned carbonaceous materials in this review.
After each adsorption process, the phosphate ions were desorbed from
the saturated sorbents using various eluents such as ethanol, HCI, NaCl,
and NaOH at different concentrations. Then, the adsorbent was washed
with excess distilled water to the appropriate pH (Sowmya and Mee-
nakshi, 2013).

The phosphorus speceis recovery process from graphene and GO
materials widely conducted using NaOH solution. For instance, the
phosphate removal from water using GO-Fe;O3 material was studied
under optimum operating conditions (initial phosphate concentration:
50 mg LL pH: 6, adsorbent dose: 32.5 mg, and reaction time: 2 h), and
then regeneration experiments were conducted to understand the re-
covery potential of adsorbent. The maximum phosphate desorption ef-
ficiency of 79% was achieved using NaOH solution (pH: 14) at a reaction
time of 2 h (Bai et al., 2018). H. Wang et al. (2017) conducted phosphate
desorption experiments from triethylene tetramine-modified magnetic
GO (TETE-MGO) using 1 M NaCl and 1 M NaOH mixture, and the op-
timum phosphate desorption was found to be >80% for every three
cycles. In a separate study, the phosphate recovery from Zr/La-cell/GO
was performed using 0.5 or 5 wt% of NaOH solutions under the oper-
ating time of 60 min. The phosphate recovery was found as almost 85%
using 5 wt% of NaOH solution after six cycles (L. Zhang et al., 2019). The
phosphate exhausted GOAZr adsorbent was regenerated with 0.1 M
NaOH solution and reused in 11 cycles. The maximum recovery effi-
ciency was 95%, which showed that the GOAZr adsorbent is signifi-
cantly stable and reusable (Zong et al., 2013). Salehi and Hosseinifard
(2020) conducted recovery of phosphate from exhausted zirconium
loaded nano chitosan GO (NCS@GO) adsorbent. The recovery efficiency
was found to be >76%. No significant change was observed for phos-
phate recovery in 10 cycles. On the other hand, literature studies with
lignin-based materials extensively focused on the regeneration of ma-
terials by NaOH and HCI solutions after the phosphate removal process
rather than phosphate recovery potential. Zong et al. (2018) obtained
that the adsorption capacity of 98.4% (66.94 mgP g~ ') for AL-PEI-La
material was remained constant at the end of the first cycle, which
means that the after regeneration process 65.84 mg g~ ' phosphate
recovered from the adsorbent. In another study, the regeneration of
L-NH2@Ce was provided using 0.1 NaOH solution at a temperature of
60 °C with two cycles to recover the phosphate from the exhausted
adsorbent. The phosphate removal efficiency of the material decreased
from 92 to 90% at the end of the second cycle, most probably due to the
slight decrease of active surfaces of material after regeneration tests (Liu
et al., 2018). Zhao et al. (2020) also reported the regeneration of
phosphate contaminated AL-DETA@Zr material by NaOH solution at
different cycles. After the three cycles, the phosphate adsorption per-
formance of the material was remained constant at the capacity of 88.6
mg g '. Furthermore, the regeneration of phosphate exhausted
lignin-based material using HCl solution has been reported (Li et al.,
2021). After the phosphate removal process, the M/ALFe material was
fed in the HCI solution and then collected by a magnet. The recovery
efficiency of the adsorbent was found as 83.0% at the end of the six
cycles. The slight decrease in recovery efficiency was most probably due
to iron particles’ leach and the degradation of lignin.

The phosphate exhausted ZrCNTs were treated with HyO, HCI, and
NaOH solutions. Among these solutions, 0.1 M NaOH has presented the
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highest regeneration and desorption performance with the efficiency of
86.8 and 53.5% at the end of the three cycles, respectively, owing to the
ion exchange process between the phosphate and hydroxide ions on the
surface of the material (Gu et al., 2019). Huang et al. (2018) also studied
the reusability of chitosan/MWCNTs material with five desorption cy-
cles. The XPS analysis provided that the phosphate percentage on the
material’s surface was 3% after the adsorption. In comparison, its per-
centage was found to be 0% at the end of the desorption process. Overall,
the phosphate was entirely recovered from the material’s surface and
chitosan/MWCNTs material. Similarly, there is another study about the
phosphate recovery from gC3N4 adsorbent using NaOH solution. The
recovery percentage of phosphate from gC3N4 was found to be 83%, and
the results provided that gC3N4 could be helpful in reutilizing and
phosphate preconcentration principles (Gamshadzehi et al., 2019).
Consequently, the phosphate removal and recovery potentials of
carbonaceous materials make them promising, cost-effective, and
eco-friendly considering the green treatment process approach. More-
over, the phosphate from water and wastewater sources could be
recover and used as a phosphate source in areas with insufficient
phosphorus ores.

8. Limitations of carbonaceous materials

Although adsorbents used in this review are eco-friendly due to being
carbonaceous materials-derived, phosphate elution required unique,
expensive, and non-green techniques. Carbonaceous materials progres-
sively deteriorated in the capacity as the number of cycles increased, and
spent adsorbents may be considered hazardous waste after that point
and must be eliminated properly. Relatively high capital and operating
costs could be needed for the industrial scale-up, which contains so-
phisticated pumps and columns and possible prefiltering operation for
the feed stream to remove any particles capable of plugging adsorbent.
Since phosphate adsorption is mostly endothermic, heating of the sys-
tem may be needed to enhance the phosphate removal efficiency. Also,
due to phosphate ions’ chemical nature depending on its dissociation in
aqueous solution concerning pH, as low as pH of 4 is required to obtain
high removal efficiency that results in high acid consumption. Unmod-
ified carbonaceous adsorbents’ surfaces are predominantly net nega-
tively charged, which confers them only little ability to absorb anionic
pollutants. To improve the phosphate adsorption performance of them,
cation-modified carbonaceous adsorbents should be developed. How-
ever, these cation-modification methods’ feasibility is strongly
controlled by the cost of the metal salts and their environmental
friendliness. Besides, La modified adsorbents have relatively lower
adsorption capacity because bulk lanthanum nanoparticles turned to
aggregate in water, which led to incomplete accessibility of La to co-
ordinate with and resulted in low La utilization efficiency. Meanwhile,
using those materials in fine form in continuous chromatographic sep-
aration is difficult to apply from practical applications due to the trouble
in recovery-related problems.

9. Conclusions and future perspectives

In this review, the studies about the adsorptive phosphate removal
and recovery in aqueous solutions using carbonaceous materials
including unmodified and modified AC, graphene, GO, lignin, CNTs,
gC3Ny, and others have been discussed and summarized. The adsor-
bents’ synthesis methods, optimum operating conditions, surface fea-
tures of the adsorbents, adsorption capacities and removal efficiencies,
and adsorption mechanisms were discussed. Moreover, the kinetics,
isotherms, thermodynamics, reusability of adsorbents, and possible ad-
vantages of carbonaceous materials on phosphate removal applications
from water sources were also explained. The primary phosphate
adsorption mechanisms were ligand exchange, precipitation, and elec-
trostatic attraction for most synthesized carbonaceous materials. The
reviewed studies’ kinetic models were followed by a PSO kinetic model,
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which indicates that the phosphate removal from a solution is due to a
chemical reaction between phosphate and adsorbent surface.

The phosphate adsorption capacity of unmodified carbonaceous
materials mainly depends on the adsorbent’s surface features and min-
eral composition. For instance, the unmodified AC adsorbents that
indicate Ca, Mg, and Zn ions within their structure have presented the
highest phosphate adsorption capacity of 102 mg g~! among the un-
modified AC adsorbents. Regarding modified ACs, the ACs loaded with
Fe ions were presented significant enhancement in AC’s phosphate
adsorption performance. Besides Fe ions, Ag, Al, Ca, Zr, Zn, and La were
also used to impregnate the ACs to increase phosphate adsorption ca-
pacity. The maximum phosphate adsorption capacity of modified AC
was found to be 151.1 mg g~ for cork powder- AC stabilized nano-zero-
valent iron (AC/nZVI). Similarly, the phosphate adsorption capacity of
the graphene and GO materials was significantly enhanced with the
modification of adsorbent. The highest adsorption capacity was 189.07
mg g~ for porous Zr-crosslinked GO-alginate aerogel beads, while the
maximum adsorption capacity was unmodified graphene was 89.4 mg
g 1. Furthermore, among the modified lignin-based adsorbents, the
maximum phosphate adsorption capacity of 906.8 mg g~ was achieved
by functionalizing the lignin-based bio-charcoal with MgO. On the other
hand, the modified CNTs and gC3N4 materials were presented relatively
low phosphate adsorption capacities compared with other carbonaceous
materials. Among these carbonaceous materials, the AC-based materials
are more advantageous in terms of cost since these materials are man-
ufactured from several waste materials such as plastics, agricultural by-
products, coal, rice husk, coconut shell, and banana waste.

Most carbonaceous materials presented promising phosphate
removal performance from waters as environmentally friendly, cost-
effective, readily biodegradable, and nontoxic adsorbents. However,
there are still gaps in the literature, which are needed to be overcome to
enhance the performance of carbonaceous adsorbents for phosphate
removal. For instance, the Al, Fe, La, and Zr elements were widely used
for carbonaceous adsorbent modification with different sources. How-
ever, there is insufficient research on the carbonaceous materials from
the same sources loaded with the same elements to compare their
phosphate adsorption performance. Furthermore, recovery of phosphate
from carbonaceous materials, the reusability of materials, and leaching
of the loaded elements for modification should be investigated in more
detail to enhance adsorbents’ applicability on a real scale. To our best
knowledge, there is little research on phosphate removal from aqueous
solutions in the presence of other ions using carbonaceous adsorbents.
However, the adsorption experiments should be conducted by
mimicking real wastewater sources to understand the combined effects
of phosphate and other ions on adsorbents’ removal performance. The
most critical gap in the literature is that the studies have been conducted
at a lab scale. Therefore, further pilot and real-scale applications should
be performed. Moreover, the leaching of metals incorporated with
carbonaceous material may cause environmental problems in soil and
water media. Therefore, the fixation of metallic groups in the carbona-
ceous material can be a novel interest of research to prevent such haz-
ards to the environment. Overall, the environmental impacts, cost
assessment, and ecological and human health risks of the synthesized
adsorbents should be considered in future studies to achieve a realistic
perspective on applicability on an industrial scale.
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