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Extensive utilization of atrazine (estimated consumption of 70,000–90,000 tons per annum
globally) to eliminate undesirable weeds has resulted in the accumulation of atrazine and its
metabolites (diaminochlorotriazine, deisopropylatrazine, desethylatrazine, and atrazine
mercapturate) in surface and groundwater above maximum permissible limits (drinking
water: 3 μg L−1 in the United States, 0.1 μg L−1 in Europe, and 3.0 μg L−1 by the WHO).
Atrazine exhibited no to low degradation in aquatic environments; however, poor
degradation in soil yields toxic metabolites, which serve as sinks for groundwater
resources. Due to mobility, atrazine and its metabolites can persist in various
environmental matrices for decades without degradation, posing a serious threat to
ecosystem sustainability and, thus, being removed from water resources. Majority of
conventional wastewater treatment technologies are either expensive or inefficient. The
carbonaceous materials such as activated carbon, biochar, carbon nanotubes, and
graphene have been employed as potent adsorbents for the efficient removal of
atrazine along with its metabolites from wastewater. Thus, the efficacy of the
aforementioned carbonaceous adsorbents for atrazine removal has been discussed in
this article by reviewing 161 published articles. The literature survey demonstrated the
highest atrazine adsorption capacity of activated carbons (13.95–712.10mg g−1),
followed by biochar (4.55–409.84mg g−1) and carbon nanotubes
(28.21–110.80 mg g−1). Atrazine adsorption onto the carbonaceous adsorbents is a
complex process involving single or multiple mechanisms, such as hydrogen bonding,
electrostatic interactions, van der Waals forces, hydrophobic interactions, π-π electron
donor–acceptor interactions, pore filling, and partitioning. It is recommended that
monitoring of atrazine and its metabolites in water resources and their impacts on
human and animal lives be explored. Furthermore, modification of carbon-based
adsorbents with chemical, mechanical, and thermal means, as well as development of
hybrid systems, may completely remove the prevailing atrazine and its metabolites from
world water resources.
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ATRAZINE: A POTENT POLLUTANT

The intensive utilization of herbicides is contaminating the
world’s water resources and posing serious health risks for
humans along with other lives on the planet Earth. The
Europe Union (EU) directive for drinking water permits
0.1 μg L−1–0.5 μg L−1 of a single herbicide (Brown et al., 2004;
Chingombe et al., 2006). Atrazine (chemical name: 2-chloro-4-
ethylamino-6-isopropylamino-s-triazine) is among the most
commonly used herbicides around the globe (Serafin et al.,
2022). Atrazine was commercialized in 1959 in the
United States and had been widely utilized as a potent
herbicide for a long time to control various broadleaf weeds,
especially in corn, sorghum, and sugarcane crops (Barr et al.,
2007). Shirmardi et al. (2016) reported that atrazine was the most
consumable herbicide worldwide with almost 70,000 to 90,000
tons annual consumption. Due to mobility and long-persistency,
atrazine has been detected in the fresh, drinking as well as
underground water exceeding the maximum permissible limits
(drinking water: 3 μg L−1 in the United States, 0.1 μg L−1 in
Europe, and 3.0 μg L−1 by WHO), which is deteriorating the
health of an ecosystem, including human, animals, plants and
marine life (Mahia et al., 2007; Hatfield 2010; Brown et al., 2004).
The higher levels of atrazine in water bodies could be the result of
1) volatilization of atrazine into air during spray and introduction
into water bodies through precipitation and wind, 2) run-off from
surface soil into nearby water resources, 3) leaching from upper
soil into groundwater, 4) accidental spill, 5) atmospheric release
during manufacturing, and 6) inappropriate disposal of atrazine
containing waste (Figure 1) (Pathak and Dikshit, 2011; Dorsey,
2003). It has been estimated that about 14% of atrazine sprayed is
volatilized into air and exists as particulate and vapor phases.
Likewise, it persists in water bodies via bonding with the
sediments. Upon chemical or biological degradation in aquatic

systems, it transforms into its metabolites such as
diaminochlorotriazine (DACT), deisopropylatrazine (DIA),
desethylatrazine (DAE), and atrazine mercapturate (AM).
However, in majority of the cases, the atrazine does not
degrade and stays on the surface or groundwater for longer
periods of time, and consequently enters into the food chain
and disturbs the health of the ecosystem including humans and
animal lives (Zhang et al., 2021). There are several pathways for
the atrazine to enter human beings, such as 1) inhalation, 2)
penetration through skin (if contaminated soil or water come in
contact), 3) swallowing of atrazine-contaminated food or soil, and
4) drinking atrazine-contaminated water (Figure 1) (Pathak and
Dikshit, 2011). Similarly, atrazine can enter into other animals
and aquatic lives, subsequently deteriorating their health. The
elevated levels of atrazine and its metabolites in water bodies are
resulting in various harmful impacts on human beings and
animals, such as endocrine disruption, interference with
olfactory physiological processes, carcinogenic effects, low
sperm count in men, as well as damage to affect human
nerves, liver, and heart (Nápoles-Armenta et al., 2021).
Various studies demonstrated the acute impacts of atrazine on
the central nervous system, reproductive health, immune system,
and endocrine system (Bohn et al., 2011). Hence, the exposure of
atrazine to human beings and animals must be eliminated by
using advanced technologies.

Atrazine can chemically interfere with plant’s photosynthetic
process, which may result in blocking the photosynthesis
completely and making food unavailable to plants (Barr et al.,
2007). Even though atrazine is not expected to bioaccumulate
(from available data), the chemical process could be dangerous to
vegetable consumers since atrazine would readily metamorphose
to hydroxylated metabolites which is insoluble in water and in
consequence, requires a more rigorous method for food safety.
Therefore, the commercial use of atrazine has been banned in a

FIGURE 1 | The sources and routs for the introduction of atrazine into various environmental matrices, as well as exposure to the human beings.
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lot of countries owing to its harmful impacts on humans, animals,
and plants; however, some of the metabolites such as DACT, DIA,
DAE, and AM have been detected in the environment suggesting
the extent of atrazine toxicity and environmental exposure (Barr
et al., 2007). Jablonowski et al. (2009) reported
0.1 μg kg−1–3.4 μg kg−1 of atrazine in soils after 22 years of last
atrazine spray, suggesting its long-term persistence. In another
study, 19.5 g ha−1 of atrazine was found in agricultural soil even
after 20 years of application (Jablonowski et al., 2011). About
1–6% of the applied herbicides are being introduced into aquatic
environment from agricultural lands and forests as a result of
leaching and runoff. The situation gets worst in groundwater as
compared to soil owing to low organic carbon and lack of
microbes for atrazine degradation (Vonberg et al., 2014).

Despite the aforementioned environmental concerns,
utilization of atrazine for weed control is still in practice in
many countries around the world. Thus, atrazine is still
considered to be a crucial environmental pollutant with potent
carcinogenic impacts and practical management of atrazine-
contaminated soil and water still remains a challenge for the
environmentalists. The complete removal of atrazine from
contaminated media is very difficult to achieve, which requires
exploring the advanced removal technologies and removal
mechanisms to attain complete removal (Mudhoo and Garg,
2011). Therefore, in order to protect the health of human beings,
animals, and aquatic lives, as well as of environment, the atrazine
utilization must be stopped in the countries around the globe.
Additionally, the prevailing atrazine and its metabolites in soil,
sediments, and water bodies must be removed using efficient,
cost-effect, and eco-friendly technologies. Therefore, the
development of useful and efficient advanced removal
techniques is required for the complete removal of atrazine
from contaminated media.

Therefore, based on the above-mentioned facts, we have
analyzed and discussed the published literature about the
efficiency of various carbonaceous adsorbents for the removal
of atrazine from contaminated water in this review article. The
main objectives of this review were to provide an overview of the
carbonaceous materials for efficient and eco-friendly removal of
atrazine and to discuss the mechanisms involved in atrazine
removal from contaminated water with the help of carbon-
based adsorbents. Lists of carbonaceous adsorbents along with
their main features and atrazine adsorption capacity have been
compiled from the published literature. Moreover, future
prospective and research needs for the efficient removal of
atrazine from waste media using efficient carbonaceous
materials have been provided.

CARBONACEOUS ADSORBENTS: A
POSSIBLE REMEDIATION TECHNOLOGY

Several techniques have been employed for the removal of
atrazine from wastewater streams, including incineration,
coagulation, biodegradation, catalytic degradation, ozonation,
solvent extraction, steam stripping, advanced oxidation
processes, chlorination, filtration, and adsorption (Chang et al.,

2005; Clausen and Fabricius, 2001; Ghosh and Philip, 2005; Zhu
et al., 2005; Elwakeel et al., 2017). The majority of the
conventional wastewater treatment techniques can remove a
range of environmental contaminants effectively; however,
they are inefficient at removing atrazine entirely, owing to its
high stability, lower biodegradation, and hydrophilicity
(Chingombe et al., 2006). Even the most advanced wastewater
treatment technologies such as ozonation and chlorination have
been found ineffective in atrazine removal due to high energy
requirements, being expensive, and yielding unwanted by-
products (Ahmad et al., 2019). The inefficient and poor
removal efficiency of various conventional wastewater
treatment techniques results in the generation of degradation
by-products/metabolites of atrazine even with higher toxicity
than atrazine itself, consequently enhancing the levels of
secondary pollutants (Gkementzoglou et al., 2016). A selective,
reliable, cost-effective, and eco-friendly method is needed for the
efficient removal of atrazine along with its metabolites from
various water sources for a sustainable environment. Among
the aforementioned wastewater treatment techniques, adsorption
is widely accepted and efficient for the removal of recalcitrant
organic pollutants such as atrazine. Adsorption is characterized
by its low capital and operational cost, simplicity, eco-
friendliness, higher efficiency, and insensitivity to toxic
substances. However, the selection of an appropriate adsorbent
is of critical importance for efficient and complete atrazine
removal from wastewater.

Various adsorbents, including clays, nanoparticles,
nanometals-based adsorbents, MgO particles, nanoparticles,
and carbon-based adsorbents, have been employed as good
adsorbents for atrazine removal. However, majority of these
adsorbents, such as zeolite and bentonite have lower
adsorption capacity for atrazine (He et al., 2019). Therefore,
various researchers have synthesized engineered adsorbents
such as polymer-nanoparticles, magnetic nanoparticles,
mesoporous silica-coated Fe3O4 nanoparticles, and magnetic
biochars. The application of such engineered adsorbents has
demonstrated higher atrazine removal efficiency with good
regeneration efficiency (Gkementzoglou et al., 2016; Li et al.,
2018). The application of nano-based adsorbents for atrazine
removal has gained a huge deal of attention from researchers in
recent years (Shirmardi et al., 2016). However, despite their
higher atrazine adsorption capacity, nanomaterial-based
adsorbents are expensive and their fabrication is complicated
(He et al., 2019). Likewise, porous polymeric adsorbents contain
both hydrophilic and hydrophobic interactions and thus possess
lower selectivity (He et al., 2019).

Though numerous adsorptive materials have been fabricated
and employed for atrazine removal from water, there is still a
need to develop novel, low-cost, eco-friendly, and efficient
adsorbents for the complete removal of atrazine and its
metabolites. In this scenario, carbonaceous adsorbents are
considered ideal candidates for efficient wastewater treatments
to eliminate atrazine and its metabolites due to their cheaper
source, large surface areas, higher porosity, as well as unique
structural and surface chemistry (Anjum et al., 2019).
Carbonaceous adsorbents are biodegradable, involve waste
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recycling/reusing, have low/no impacts on the ecosystem, and are
cheaper (Kudaybergenov et al., 2010).

Carbonaceous adsorbents have been observed to possess
higher stability and lower the costs of raw materials (Abd
et al., 2020). Additionally, such adsorbents require lower
regeneration energy and temperature, while being easier to
regenerate. Regeneration is one of the most prominent
features of carbonaceous adsorbents for practical application.
The regeneration is done by desorbing the adsorbate from the
surface of the adsorbent and making the adsorbent ready for the
next cycle of adsorption process. Multiple techniques are
available to regenerate the adsorbents, including thermal,
solvent extraction, biological, gas purging, acid-base treatment,
and hybrid methods (Dutta et al., 2019). In this regard,
Mohammadi et al. (2019) stated that carbon-based adsorbents
such as activated carbon, biochar, and hydrochar can be
regenerated easily for proper end-of-life management.
Regeneration can substantially improve the surface properties
and lifetime of adsorption of the carbonaceous adsorbents; hence,
reducing the cost of pollutant removal process (Álvarez et al.,
2004). Therefore, carbonaceous adsorbents are often regarded as
suitable, sustainable, and cost-effective means of atrazine removal
from contaminated media because such adsorbents involve
cheaper raw materials and can easily be regenerated multiple
times without producing secondary pollutants.

Among the most commonly used carbonaceous adsorbents,
activated carbon and biochar are of significant importance. The
application of carbon-based adsorbents has drawn much
attention from the environmentalists for the removal of
various organic and inorganic pollutants (Bandura et al.,
2016). Furthermore, carbonaceous nano-adsorbents such as
graphene and carbon nanotubes have recently been introduced
as efficient adsorbents for organic pollutants such as atrazine
(Zhang et al., 2010; Ersan et al., 2019). The performance of these
nano-adsorbents in aqueous media is better than that of
conventional activated carbon due to their higher surface area,
complex network of the pore, and higher sorption sites (Ersan
et al., 2019). Therefore, the performance and efficiency of
carbonaceous adsorbents for atrazine removal from
contaminated aqueous media are described in the following
sections of this article. Moreover, the major mechanisms
controlling atrazine adsorption are discussed in detail. A
comprehensive overview of atrazine removal from
contaminated water through carbon-based adsorbents is
provided, and a summary of the maximum adsorption
capacities of these adsorbents is given.

ACTIVATEDCARBONASADSORBENT FOR
ATRAZINE REMOVAL

Activated carbon (AC) is considered to be an efficient adsorbent
owing to its higher surface area and porosity as well as several
other unique characteristics (Sharma et al., 2008; Ahmed et al.,
2015). On a commercial scale, agricultural waste, wood, coconut
shell, lignite, coal, and peat are used for the preparation of ACs
(Baccar et al., 2009; Yacob and Al Swaidan, 2012). Its high

porosity makes it an efficient adsorbent for a range of
environmental contaminants. Usually, chemical and physical
activation methods are used for the ACs fabrication. In
general, in physical activation, two pyrolysis processes are
used, i.e., inactive atmosphere and solid residue artifact at
higher temperatures; whereas, in chemical activation,
phosphoric acid is used for the production of commercial
activated carbon (Budinova et al., 2006; Baccar et al., 2009).
Granular activated carbons (GAC) are mostly used for the
removal of atrazine from wastewater streams. The porous
structure and higher internal surface area of the AC make it
very favorable for the adsorption process. Higher surface area and
chemical characteristics of ACs enable them to be used in
industrial applications, the environment, and water
purification, specifically for industrial waste. Activated carbons
are used for the removal of toxic pollutants like phenols, organic
compounds, and chromium (Gonzalez-Serrano et al., 2004). The
previous techniques for the removal of chloro-s-triazines from
water showed that the ozonation efficacy varies with the different
sources of water. Sedimentation through alum and iron salts, an
abundance of lime ash softening, and disinfection by free chlorine
were all ineffective techniques, while GACs removed the chloro-
s-triazines very efficiently. GACs are considered to be the most
effective adsorbents for the removal of atrazine from wastewater;
however, the presence of dissolved organic matter may reduce its
efficiency (Zadaka et al., 2009). The characteristics of ACs that
affect adsorption include pore texture, surface chemistry, and
mineral matter content. The adsorption capacity of the ACs is not
simply related to their porosity and surface area, but rather it is
about the accessibility of organic pollutants to the inner surface of
the adsorbent. The surface chemistry of the activated carbon is
dependent on the heteroatom content, specifically the oxygen
complex content. The surface charge depends on the pH and
surface properties of the carbon. Surface oxygen complexes of
acidic nature like carboxyl and phenolic groups produce a
negative charge on dissociation (Moreno-Castilla, 2004).
Therefore, tuning and optimization of these characteristics
may further increase the efficiency of the AC for atrazine removal.

Lupul et al. (2015) synthesized surface activated carbon (SAC)
using hemp (Cannabis sativa L.) stems, and modified it with N2,
NH3, and HNO3. Adsorption results revealed that the highest
atrazine (2-chloro-4-ethylamino six isopropylamino-1,3,5-
Triazine) adsorption capacity was exhibited by SACs and N2-
treated ACs (227 and 263 mg g−1, respectively), while the
mechanisms of atrazine removal were identified as
intraparticle diffusion with the combination of film diffusion.
However, nitrogen and oxygen present on the surface of carbon
were of no concern in the adsorption process (Lupul et al., 2015).
In another study, Shirmardi et al. (2016) synthesized
nanocomposites of AC with MgO and ZnO and employed
them for atrazine removal from contaminated water. It was
reported that pristine AC demonstrated the highest atrazine
adsorption capacity as compared to nanocomposites of AC-
MgO-ZnO, and therefore, they concluded ACs as the most
suitable adsorbents than MgO, ZnO nanoparticles, and AC-
MgO-ZnO nanocomposites. Contrarily, Shao et al. (2017)
fabricated powdered AC and its composites with a gravity-
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TABLE 1 | Efficiency of various activated carbons for the removal of atrazine from aqueous media as predicted by Langmuir, Freundlich, and Dubinin–Radushkevich isotherms.

Name Feedstock
type

Activation Carbon Surface
area

Pore
volume

Particle
size

Langmuir Freundlich Dubinin–Radushkevich References

% m2 g−1 cm3 g−1 μm QL

(mg g−1)
KL

(L mg−1)
KF (mg kg

−1
)/(mg

L
−1
)

1/n
1/n QD (mg g−1) E (kJ g−1)

WAC Wood 72.86 553.33 0.41 305.00 0.04 5.13 1.06 221.78 12.73 Wei et al. (2018)
WSAC Walnut shell 67.88 614.21 0.46 294.12 0.037 25.58 0.53 228.47 12.26
ASAC Apricot shell 71.98 276.15 0.21 46.30 0.007 1.10 0.924 255.98 116.22
CAC Used coal KOH+ microwave radiation 68.03 960.295 0.382 212.76 0.379 112.99 0.164 Wei et al. (2017)
SCAC-10 Used coal KOH+ microwave radiation +

SDBS
69.38 992.984 0.405 222.22 0.865 144.25 0.131

F400 Bituminous
coal

Reagglomeration 1,050 1,000–1,500 607.2 3.38 Baup et al. (2000)

SA Super Vegetable raw Steam activation 10 29.6 0.406 Ding et al. (2008)
W35 Vegetable raw Steam activation 20 26 0.387
W20 Vegetable raw Steam activation 25 8.48 0.339
SA UF Vegetable raw Steam activation 6 26.5 0.409
Pellet II Carbon black Cellulose + nCl2 37 18.2 0.31
RWAC-1 Raw waste De-ionized water 3,000 13.947 3.2591 9.8039 3.3333 Ghosh and Philip

(2005)
Norit SA-2 Peat Steam activation 950 6.3 70.06 0.151 Jia et al. (2005)
F400 Bituminous

coal
Reagglomeration 91 1,234 0.615 — 212.26 0.31 69.57 3.42 181.76 0.01 Lladó et al. (2015)

Norit PK 1–3 Peat Steam activation 88.09 782 0.489 500–710 119.45 0.09 22.28 2.59 87.96 0.02
SBC Sludge Steam activation 41.62 260 0.161 — 45.79 0.05 5.99 2.23 32.02 0.13
ACF-10 Phenolic resin Steam activation 877 0.307 Microporous 3.9 0.15 Pelekani et al.

(2000)
ACF-15 Phenolic resin Steam activation 1,518 0.0631 Microporous 22.3 1.02
ACF-20 Phenolic resin Steam activation 1,615 0.686 Microporous 22.7 0.97
ACF-25 Phenolic resin Steam activation 1918 0.893 Microporous 13.2 0.63
MESO Phenolic resin Steam + N2 29,999 2.127 Mesoporous 6.7 0.66
F300 Bituminous

coal
Reagglomeration 102 34.36 0.37 Wang (2005)

GAC (Alfa-
Aesar)

— 925 Microporous 712.1 0.001 14.59 0.863 Rambabu et al.
(2012)

CTRTAC Tires KOH and HCl 78.43 981 1.51 0.002–0.05 100 5 92.05 1.92 Gupta et al. (2011)
JPC Jack fruit peel H2SO4 80.23 115.25 — 20.12 0.05 1.5 1.56 Jain et al. (2009)
RS 1301 Rayon fiber Steam activated 1,461 0.002–0.05 238.1 46.7 400.5 0.372 Faur et al. (2005)
F200 Bituminous

coal
Reagglomeration 55–750 90.2 226 467 0.044 Adams et al.

(1996)
HAC Hemp stems KOH 84.0 2,135 0.919 1.15 227 0.64 75 0.37 Lupul et al. (2015)
HAC N2 Hemp stems N2 90.3 2,213 0.953 1.24 263 0.90 96 0.31
HAC NH3 Hemp stems NH3 88.1 2088 0.927 1.36 179 0.50 69 0.34
HAC HNO3 Hemp stems HNO3 76.0 2067 0.910 1.30 169 0.28 41 0.48
AC-A Coal Thermal 1,200 680 12.62 0.32 Baudu et al. (2004)
AC-B Coal Thermal 983 750 12.22 0.35
AC-C Wood Chemical 770 1,121 17.32 0.29
AC-D Coconuts

shell
Thermal 1,153 870 20.36 0.26

GAC Oil palm shell 1,680–3,360 58.824 0.850 33.266 0.849 Moh et al. (2013)
AC Oil palm shell 62.058 1.196 46.462 1.321 Wei et al., (2013)

(Continued on following page)
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driven membrane and reported 28.5% more atrazine removal by
using composite material than pristine ACs. Likewise, Jiang et al.
(2021) synthesized CoFe2O4 nanoparticles composited onto ACs
and successfully used them for atrazine removal. Results revealed
that AC-CoFe2O4 composites were the most efficient materials
for the removal of atrazine through photo-Fenton degradation
and physisorption. Similarly, Agani et al. (2020) fabricated AC-
magnetite-chitosan composites and successfully used them for
efficient atrazine removal from aqueous media.

The atrazine adsorption efficiencies of different ACs
synthesized from various activation techniques in previous
studies have been enlisted in Table 1. Alfa-Aesar-derived
GACs exhibited the highest atrazine adsorption capacity
(712.1 mg g−1) among all the reported ACs in Table 1
(Rambabu et al., 2012). The ACs derived from rayon fiber,
hemp stems (with and without N2 activation), bituminous
coal, used coal with KOH activation, walnut shell, oil palm
shells, and wood exhibited comparatively higher Langmuir
isotherm predicted adsorption efficiencies towards atrazine
(212.26–476.1 mg g−1) (Faur et al., 2005; Lladó et al., 2015;
Lupul et al., 2015; Rachel et al., 2016; Wei et al., 2017; Wei
et al., 2018). Likewise, wood, walnut shell, and apricot shell-
derived ACs showed higher adsorption capacities as predicted by
Dubinin–Radushkevich isotherm (221.78–255.98 mg g−1) (Wei
et al., 2018). Whereas the ACs derived from oak (activated with
MgO and ZnO nanoparticles), raw waste, and jack fruit peel
showed relatively lower atrazine adsorption capacities as
predicted by Langmuir isotherm (13.19–22.9 mg g−1) (Wang,
2003; Ghosh and Philip, 2005; Jain et al., 2009).

Mechanisms for Atrazine Removal Through
Activated Carbon
It has been established that the adsorption of a solute onto porous
adsorbents follows three mechanisms of adsorption,
i.e., transport of adsorbate from solution to the outer surface
of adsorbent (film diffusion), transport of adsorbate inside the
particles of adsorbent (particle diffusion), and sorption onto the
interior of the porous adsorbent (Chingombe et al., 2006).
Atrazine removal through ACs may follow single or multiple
mechanisms depending on the type and properties of the ACs as
well as sorption conditions. The major mechanisms reported by
various researchers for atrazine removal through ACs include
electrostatic interactions, cation exchange, van der Waals forces,
hydrophobic effects, H-bonding, pore filling, diffusion,
partitioning, and π-π interactions (Kovaios et al., 2006;
Welhouse and Bleam, 1993; Kulikova and Perminova, 2002;
Tang et al., 2012; Salvestrini et al., 2010; Zhao et al., 2013).
Various reports have demonstrated that π-stacking interactions
are the major mechanism for atrazine removal due to interactions
of aromatic π-systems in ACs and atrazine molecules (Lladó et al.,
2015). However, Lupul et al. (2015) reported that electrostatic
interactions may not pose any influence on atrazine adsorption in
aqueous solution in pH range of 5–9, as atrazine is a weak basic
herbicide with a pKa value of 12.3. Davies and Jabeen (2003)
stated that H-bonding can serve as a sorption mechanism owing
to the fact that atrazine has the capability to form H-bond withT
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carboxyl functional groups. In contrast, Lupul et al. (2015) stated
that H-bond was not the dominant mechanism for atrazine
adsorption onto hemp stem-based ACs, as they obtained an
L-shaped curve rather than an S-type curve. Furthermore, they
argued that if atrazine adsorption was due to the H-bonding, then
hemp stem-based ACs activated with HNO3 andNH3 (possessing
ample amount of oxygen and nitrogen) should manifest the
highest adsorption capacity, whereas, the results were opposite
as can be seen in Table 1. Further, Welhouse and Bleam (1993)
stated that the carboxylic groups as well as amide and pyridinic
functional groups on the surface of oxidized and aminated ACs,
respectively, could serve as potential sites for H-bonding
generation. In contrast, Lupul et al. (2015) observed a
significant reduction in atrazine adsorption onto hemp stem-
based ACs activated with HNO3 and NH3, which could be due to
adsorption of water molecules onto the polar functional groups of
ACs via H-bonding, consequently creating a hurdle for the
further atrazine molecules to be adsorbed onto the adsorbents.
Thus, π–π dispersive interactions between the heterocyclic
atrazine ring and aromatic carbon atoms of the ACs were
found to be the major mechanism controlling atrazine
adsorption onto the aforementioned ACs. Chingombe et al.
(2006) have also reported similar results stating that
H-bonding was not the major mechanism for atrazine
adsorption onto coal-based GACs. Therefore, they concluded
that film diffusion was the operating mechanism for adsorbing
atrazine onto GACs. Moreover, the polar oxygen and nitrogen
functional groups on the surface of GACs have the capability to
adsorb water molecules, subsequently reducing the atrazine
adsorption due to the hydrophobic nature of atrazine
(Chingombe et al., 2006). Moreover, pore size distribution and
pore volume have been recognized as important factors for
adsorption in carbon-based adsorbents. Mamchenko et al.
(1982) reported that pore filling into the micropore was the
main type of physical adsorption mechanism for the
adsorption of organic pollutants onto ACs.

BIOCHAR AS ADSORBENT FOR ATRAZINE
REMOVAL

Biochar is a black, solid, stable, and porous carbonaceous
substance obtained by the pyrolysis of different types of
biomasses such as manure, wood, grass, manure, sludge, etc.
under limited or zero oxygen supply (Sohi, 2012; Ahmad et al.,
2018). Due to distinctive features including surface functional
groups, porous structure, and large surface area, biochar has
attained a range of environmental, engineering, agricultural, and
industrial applications. Biochar has been identified as a potential
candidate to mitigate climate change through carbon
sequestration and improve soil fertility simultaneously. Besides
other applications, biochar has widely been used as a low-cost and
effective adsorbent for the removal of a range of environmental
contaminants, including organic and inorganic substances.
Biochar has properties identical to the activated carbon, which
is efficiently being used as a sorbent for the removal of pollutants
from wastewater treatment plants; however, it requires lower

temperatures and energy compared to activated carbon (Chen
et al., 2007a; Karakoyun et al., 2011; Lu et al., 2012). Biochar has
exhibited excellent removal efficiencies for a range of
contaminants from polluted aqueous solutions (Xue et al.,
2012; Yang et al., 2014).

Biochar has attained a great deal of attention from researchers
as an effective adsorbent for organic pollutants such as atrazine.
However, the sorption capacities of biochar for atrazine largely
depend on feedstock sources, pyrolysis temperature, rate of
pyrolysis, and resident time. Moreover, the type and number
of surface functional groups (Penn et al., 2018), surface area, and
strong binding affinity may also influence the sorption potential
of biochar for atrazine (Zhao et al., 2013; Mandal et al., 2017).
Biochar’s sorption capacities for atrazine vary largely with the
type of feedstock used for biochar production. For instance,
Table 2 represents that corn straw-derived biochar composite
with NH₄H₂PO₄ showed higher atrazine adsorption capacity
compared with other biochars. Additionally, it was reported
that the adsorption capacities of biochar residues and colloids
increased with increasing pyrolysis temperatures, and high
adsorption capacities were recorded in biochar colloids due to
high mineral substances and more oxygen functional groups
compared to biochar residues. The maximum atrazine
adsorption capacity (139.33 mg g−1) was attained in biochar
colloids pyrolyzed at 700°C, signifying the important role of
pyrolysis temperature in atrazine removal (Yang et al., 2018).

Various studies have demonstrated higher atrazine removal
efficiencies through biochars as compared to soil organic matter
and activated carbon (Table 2) (Deng et al., 2014). However, the
time and capacity of biochar for sorption of atrazine may follow
different mechanisms depending upon the type and
characteristics of the biochar applied. Liu et al. (2015) studied
atrazine adsorption characteristics of rice stalks, corn stalks,
soybeans, pig manure, poultry manure, and cattle manure-
derived biochars and suggested that the highest atrazine
sorption occurred at 24 h by soybean-derived biochar, which
was reduced subsequently. The decrease in the rate of atrazine
adsorption with time could be explained by a gradual decrease in
the availability of adsorption sites, resulting in the slow atrazine
diffusion into the micro and mesopores in the biochar (Weng
et al., 2009; Liu et al., 2015). Zhao et al. (2013) reported that the
atrazine sorption capacity of corn straw biochar treated with
NH₄H₂PO₄ was significantly higher than the pristine biochar
(corn straw).

The physicochemical properties of the biochar, especially
surface area, pore size, and composition of the functional
groups, play a critical role in atrazine adsorption dynamics
(Liu et al., 2015). A higher surface area usually results in
higher atrazine adsorption capacities of biochar (Liu et al.,
2015). It was reported that lower pH favored atrazine sorption
in an aqueous medium no matter what type of biochar was used
(Zhao et al., 2013). Lower pHmight be an advantageous factor for
the sorption of ionizable substances (Oh and Seo, 2016; Mandal
et al., 2017), which proposes the role of negative surface charges
in the biochar adsorption capacity. In a study by Penn et al.
(2018), it was reported that pH did not affect the sorption process
and heat release. The atrazine-biochar solution with a neutral pH
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TABLE 2 | Efficiency of various biochars for the removal of atrazine from aqueous media as predicted by Langmuir, Freundlich, and Dubinin–Radushkevich isotherms.

Name Feedstock
type

Pyrolysis
temperature

Carbon pH Adsorption
temperature

Ash Surface
area

Pore
volume

Langmuir Freundlich Redlich–Peterson References

°C % K % m2 g−1 cm3 g−1 QL

(mg g−1)
KL

(L mg−1)
KF (mg kg

−1
)/(mg

L
−1
)

1/n
1/n KRP

(L kg
−1
)

KRP

(L kg
−1
)

BCP Oak (Quercus spp.) 425 83.3 8.98 332.86 — Penn et al. (2018)
BC250 Corn stalk 250 212.28 0.22 26.78 0.1 1.95 0.70 Tao et al. (2020)
BC550 Corn stalk 550 272.59 0.28 32.82 0.1 2.31 0.76 Tao et al. (2020)
BC850 Corn stalk 850 386.07 0.36 40.60 0.1 2.81 0.53 Tao et al. (2020)
BC300 Corn straw 300 1.185 0.002 1.58 × 106 3.35

× 10–6
0.020 1.90 Gao et al. (2019)

BC300 Saw dust 300 1.031 0.002 9.54 × 104 5.73
× 10–6

0.100 1.44 Gao et al. (2019)

BC800 Corn straw 800 74.331 0.047 1.43 × 105 4.31
× 10–6

0.003 2.55 Gao et al. (2019)

BC800 Saw dust 800 277.126 0.217 48.6 0.191 21.6 0.09 Gao et al. (2019)
BC Corn stalk 600 33.957 0.027 1.223 0.781 Tao et al. (2019)
FeMBC Corn stalk + Fe3+ 600 38.165 0.028 1.438 0.760 Tao et al. (2019)
SBB Soybean 450 57.52 9.21 17.69 17.5 0.19 1.376 0.511 Liu et al. (2015)

283.15 28.361 0.069 3.065 0.557
BC Wheat straws 450 298.15 171.28 0.118 40.917 0.054 3.224 0.629 Zhao et al. (2018)

318.15 48.614 0.068 4.717 0.596
283.15 409.84 0.494 138.48 0.521

ZnBC Wheat straws +
ZnCl2

450 298.15 1,084.0 0.504 370.37 0.461 122.06 0.508 Zhao et al. (2018)

318.15 374.53 0.314 103.36 0.487
283.15 343.64 0.412 90.25 0.371

PBC Wheat straws +
H3PO4

450 298.15 900.91 0.437 325.73 0.335 105.52 0.382 Zhao et al. (2018)

318.15 295.86 0.268 119.05 0.319
CSB Corn Stalk 450 62.2 8.91 15.21 19.6 0.09 0.73 0.443 Liu et al. (2015)
RSB Rice straw 450 52.4 9.46 27.12 25.8 0.08 1.116 0.486 Liu et al. (2015)
PMB Poultry manure 450 43.84 8.1 37.92 15.4 0.05 0.6 0.485 Liu et al. (2015)
CMB Cattle manure 450 55.55 8.93 22.37 13.5 0.08 0.936 0.538 Liu et al. (2015)
PgMB Pig manure 450 41.24 8.88 42.35 13.4 0.05 0.581 0.416 Liu et al. (2015)
BC350 Pig manure 350 59.14 8.3 45.33 23.8 0.053 1.40 0.999 Zhang et al. (2013)
BC700 Pig manure 700 54.82 9.5 66.84 32.6 0.035 2.77 0.330 Zhang et al. (2013)
DABC350 Pig manure 350 76.23 6.2 1.27 67.1 0.096 3.15 0.615 Zhang et al. (2013)
DABC700 Pig manure 700 81.13 6.4 6.54 218.1 0.315 3.55 0.427 Zhang et al. (2013)
CQuestTM
biochar

Mixed sawdust 500 69 1.6 (Spokas et al.,
2009)

SBC Rice straw
feedstock

600 42.4 8.82 220.2 0.646 1.680 0.64 Mandal and Singh
(2017)

T-RSBC Rice straw
feedstock

600 46.3 6.93 192.3 0.161 2.716 0.46 Mandal and Singh
(2017)

CS450 Corn straw 450 75.17 283.15 K 9.03 44.966 0.0345 5.519 0.246 1.405 0.409 2.803 1.139 Zhao et al. (2013)
298.15 K 7.842 0.618 2.893 0.364 5.936 0.94
313.15 K 12.037 0.416 3.796 0.399 10.317 1.696

ADP CS450 Corn straw+
NH₄H₂PO₄

450 67.07 283.15 K 11.47 356.01 0.221 40.016 0.195 8.834 0.449 17.172 1.099 Zhao et al. (2013)

298.15 K 53.852 0.196 11.566 0.475 141.109 11.246
(Continued on following page)
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does not alter the state of atrazine, thus reducing the possibility of
cationic exchange in the sorption process (Weber, 1993).
However, biochar with a higher pH may result in higher
atrazine sorption. For instance, Mandal and Singh (2017)
reported that rice straw-derived biochar with a higher pH
adsorbed larger amounts of atrazine, compared to similar
biochar with a lower pH.

Besides pH, the temperature during the sorption plays a vital
role in atrazine adsorption onto biochars. Generally, the atrazine
sorption increases as the temperature increases. It was observed
that the Langmuir predicted atrazine sorption capacity of pristine
and modified corn straw biochars increased two-folds with
increasing the temperature from 283.15 to 313.15 K (Table 2)
(Zhao et al., 2013). Thus, it was suggested that higher temperature
was a beneficial aspect of atrazine sorption. However, the
biochars still hold the optimum capability of sorption at low
temperatures (Zhao et al., 2013). Likewise, the initial atrazine
concentration plays a significant role in the rate of adsorption.
Generally, a higher rate of adsorption can be achieved with lower
initial atrazine concentrations and vice versa. Similarly, the dose
of the biochar substantially influences the rate of atrazine
adsorption. Mandal and Singh (2017) reported that the
amount of biochar required for atrazine removal increased
linearly with increasing removal percent of atrazine needed in
all sorption stages.

Mechanisms Involved in Atrazine Removal
Through Biochar
Contaminant removal mainly depends on the characteristics of
the adsorbent and adsorbate, as well as the sorption conditions.
Due to the heterogeneous characteristics of various biochars, their
atrazine removal process is of complex nature, involving multiple
mechanisms depending upon initial adsorbate concentration,
solution pH, temperature, and biochar type. It has been
reported that the adsorption of atrazine onto biochar may
follow H-bonding, hydrophobic interactions, pore diffusion,
electrostatic interaction (attraction or repulsion), π-π–electron-
donor-acceptor (EDA) interactions, electrophilic interaction, ion
complexation, and bonding with the surface functional groups
(–OH, R–OH, and–COOH) (Figure 2). For instance, Laird and
Koskinen (2008) reported that interactions between organic
functional groups of biochar and atrazine were involved in
atrazine removal from aqueous solutions. Ma and Selim
(1996) reported that covalent bonding, H-bonding, physical
fixation, ionic bonding, hydrophobic interactions, and van der
Waals forces were responsible for atrazine removal through
biochar. Likewise, the H-bonding was responsible for the
removal of atrazine through sludge-derived biochar, as
reported by Zhang et al. (2015).

The electrostatic interactions have been reported as the
dominant mechanism, along with other contributing
mechanisms, for the adsorption of pesticides onto the
biochars. In this mechanism, anionic adsorbates are attracted
to cationic sorption sites, whereas cationic adsorbates are
attracted towards the anionic sorption sites (Zheng et al.,
2013). The ionic strength and pH are the main factors thatT
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can affect electrostatic forces (attractive or repulsive) between
organic adsorbates and biochar. At pH higher than pHPZC (pH at
point of zero charges) of the biochar, the surface is net negatively
charged, while at lower pH, the total surface charge is net positive
(Mukherjee et al., 2011). Likewise, at attractive electrostatic
interactions, a decrease in atrazine sorption has been noticed
with increasing the ionic strength of organic pollutants (Inyang
et al., 2014). Moreover, the surface characteristics of biochar play
a very crucial role in the adsorption of atrazine via electrostatic
interactions. Furthermore, the biochars pyrolyzed at low
temperatures possess phenol and carboxyl moieties in their
functional groups, which have the ability to bind cationic
organic species (Ahmad et al., 2015).

Specific surface areas and active sorption sites present on the
surface of biochar significantly affect the adsorbent’s efficiency
towards atrazine removal in the batch systems (Qu et al., 2013).
The surface area plays a crucial role and is directly linked to the
adsorption capacity (Han et al., 2013). A higher surface area
usually provides more sites for adsorption, consequently resulting
in higher atrazine removal through the pore-filling mechanism
(Chen et al., 2012). Biochar surface is usually comprised of micro-
, meso-, and macropores; however, most of the surface area of
biochar is covered with micro-, and mesopores, helping in
removing higher amounts of atrazine (Nguyen et al., 2007;
Han et al., 2013). The pore-filling process has been seen as the
dominant sorption mechanism for atrazine under lower volatile
matter content or lower solute concentration (Kasozi et al., 2010).
In various studies, an increased adsorption capability of
carbonaceous material was reported due to the prominent
effect of pore filling in an aqueous medium owing to higher
pore volumes and higher surface areas (Han et al., 2013; Zhu
et al., 2014). However, slightly higher atrazine adsorption
capacities due to pore filling were recorded on biochars
compared to other pesticides at low solute concentrations
owing to the smaller size of atrazine molecules (Zhang et al.,
2013).

The removal of organic compounds through hydrophobic
interactions involves both hydrophobic adsorption and
partitioning (Murphy et al., 1994). Freshly pyrolyzed biochars are
hydrophobic with lower surface oxidation and can adsorb neutral
organic compounds as well as hydrophobic organic compounds
(HOC) through hydrophobic adsorption and partitioning (Chen
et al., 2011). In hydrophobic adsorption, direct competition between
water molecules and adsorbed polar molecules occurs on adsorbent
(Zhu et al., 2005). Zhang et al. (2013) stated that aromatic carbon in
the adsorbent with the hydrophobic surface can offer more
adsorption sites for the pore-filling process as well as a
hydrophobic effect. Many studies have suggested a positive
correlation between aromatic carbon within the adsorbents and
the partition coefficient (Ahmed et al., 2001; Yang et al., 2011). The
aromatic carbon content of biochar is correlated positively with the
carboxyl carbon content and O-alkyl groups due to the higher ash
contents. Both functional groups would have decreased the
availability of aromatic domains for pesticides. Therefore, many
interactions other than hydrophobic partitioning might be involved
in pesticide adsorption onto biochar surfaces (Yang et al., 2011;
Zhang et al., 2011).

Hydrogen bonding is a conceivable mechanism for the
sorption of various organic compounds by the application of
biochars (Sun et al., 2011; Chen et al., 2015). The presence of a
range of surface functional groups on biochar helps in atrazine
removal by developing H-bonds between atrazine
(electronegative elements) and biochars (electropositive
elements) (Sun et al., 2012). For instance, Wang et al. (2020)
stated that atrazine molecules may serve either hydrogen donors
or accepters, subsequently developing H-bonds with H, O, or
N-containing functional groups of biochar. Similarly, Zhang et al.
(2015) reported that the carboxylic and phenolic functional
groups of biochar generated H-bonds with azo- or amino-N
groups of the atrazine molecule, suggesting H-bonding as the
major mechanism controlling atrazine adsorption onto biochar.
Zhao et al. (2017) suggested that the release of free H+ ions in the
aqueous media may generate H-bonds with the O-containing
functional groups on biochar surface, resulting in atrazine
adsorption onto biochar.

Strong non-covalent EDA interactions in graphene-like biochar
surfaces may act as an operating sorption mechanism for atrazine
removal. Complete graphitization of biochar occurs at higher
temperatures (>1,100°C); however, an irregular distribution of
charges in the aromatic rings of biochars takes place at medium
temperatures (>500°C) (Keiluweit et al., 2010; Spokas, 2010). This
aromatic π-system, developed in biochars pyrolyzed under low to
medium temperature, may act as electron acceptors owing to their
electron-removal units (Sun et al., 2012). It can affect electron
density by either increasing or decreasing it, consequently
generating EDA systems (Zhu and Pignatello, 2005). Electron-
rich graphitic carbon sheets or poly-condensed aromatic rings of
biochar produced at a higher temperature may also act as π-electron
donors owing to lower carboxyl functional groups (Zheng et al.,
2013). However, the biochar produced at lower temperature serves
as π-electron acceptor due to the presence of aromatic carbon in
biochar; whereas, the heterocyclic ringed structure of atrazine serves
as π-electron donor, subsequently resulting in stronger EDA
interactions (Zhang et al., 2011). Furthermore, the chlorine
substituent in atrazine makes the associated aromatic structures
electron acceptors because of its electron retreating nature. This
could interrelate EDA interactions by aromatic carbon on the
biochar surface. Wang et al. (2020) reported the similar finding
stating that the heterocyclic rings of atrazine molecule serve as π-
electron donors, subsequently generating π-π EDA interactions with
biochars. These interactions are suggested to be much stronger than
Van der Waals forces (Keiluweit and Kleber, 2009). Therefore, the
high adsorption affinity between biochars and atrazine might be the
result of specific interactions between the surfaces of the biochar and
pesticide molecules (Zhang et al., 2013).

Hence, the removal of atrazine through biochar is a complex
process involving various mechanisms individually and
simultaneously. Due to the heterogeneous properties of various
biochars based on feedstock types and pyrolysis conditions, the
performance of biochar is not consistent. Researchers around the
globe are trying to develop biochar with super-adsorption
efficiencies by optimizing their properties. Several pathways
including physical, chemical (polymers, acids, and bases),
biological, and/or mechanical means have been employed to
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modify the physicochemical, surface, and structural
characteristics of the biochars to enhance their atrazine
adsorption capacities.

CARBON NANOTUBES AS ADSORBENTS
FOR ATRAZINE REMOVAL

Carbon nanotubes (CNTs) are made up of graphitic as well as
several concentric tubules and are considered a new class of
nanomaterial. The CNTs could either be single-walled
(SWCNTs) or multi-walled (MWCNTs). Both of these types
are sole macromolecules with one-dimensional structure, and
thermally stable with certain chemical properties (Ren et al., 2011;
Taghizade Firozjaee et al., 2018; Ahmad et al., 2019). CNTs are
characterized with large surface area, tunable physical, chemical,
and electrical characteristics, as well as small, hollow, and layered
structures (Ahmad et al., 2019). The adsorption capacity of the
CNTs towards pesticides is influenced by pore structure and
functional groups that can be acquired by thermal and chemical
modifications to gain the optimum performance for a targeted
purpose (Yunus et al., 2012). Functional groups have the ability to
alter the moisture contents on the surface of CNTs, which may
help in the sorption of low molecular weight and polar
compounds (Cho et al., 2008). Due to their unique
characteristics, CNTs have come up recently as potential
adsorbents for the removal of organic, inorganic, and
biological contaminants from wastewater streams
(Upadhyayula et al., 2009). However, the wastewater treatment
efficiencies of CNTs mainly rely on the characteristics of the
CNTs such as purity, surface area, and functional groups, as well
as the adsorption conditions such as pH, temperature, ionic
strength, contact time, competitive adsorption, dissolved
organic matter, and initial contaminant concentration.

There is extensive information available on the application of
CNTs for removal of various environmental pollutants from
wastewater streams; however, the studies regarding atrazine
adsorption onto CNTs are limited (Chen et al., 2009). Due to the
presence of sp2 hybridized carbon atoms, CNTs can potentially attach
to aromatic compounds such as atrazine via π-π EDA interactions
(Chen et al., 2009). Furthermore, dispersion, hydrophobic effect,
weak dipolar forces, and diffusion could also help in the adsorption of
atrazine onto CNTs (Yang et al., 2006). The adsorption of atrazine
onto various CNTs has been enlisted in Table 3. It is obvious from
Table 3, that r-MWNTs exhibited the highest atrazine adsorption
capacity as predicted by Langmuir isotherm (110.8, 100.42, and
97.05mg g−1 at 18, 25, and 35°C, respectively). The highest
adsorption capacities of the r-MWNTs could be attributed to the
highest surface area of the said adsorbent (299.63 cm2 g−1) as
compared to the other CNTs adsorbents mentioned (Yan et al.,
2008). Yan et al. (2008) further stated that due to the higher isoelectric
point, the r-MWNTs contained a higher number of O-containing
functional groups, which subsequently aided the atrazine adsorption
onto it. Further, it was also stated that the adsorption process of
atrazine onto r-MWNTs was spontaneous and exothermic (Yan
et al., 2008). A study conducted by Rambabu et al. (2012)
demonstrated a relatively higher adsorption capacity (66.5, 63.7,
60.8 mg g−1 at 18, 23, and 31°C, respectively) of CNTs as
predicted by the Langmuir isotherm, which could also be
attributed to the higher surface area (189 cm2 g−1) of the said
CNTs. They also explained that the adsorption of atrazine onto
CNTs was an exothermic and spontaneous process. All the other
types of CNTs reported in Table 3 represented relatively lower
atrazine adsorption capacities, which could be designated to their
comparatively lower surface areas and other physio-chemical and
structural characteristics.

The performance of CNTs is not always uniform due to their
agglomeration in the aqueous solution and deficiency of polar

FIGURE 2 | Mechanisms involved for the adsorption of atrazine onto biochar.
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functional groups (Ahmad et al., 2019). Therefore, a lot of
researchers are focusing on modifying the CNTs for improved
adsorption capacity for a range of contaminants removal from
wastewater streams. However, again, the modified CNTs do not
always show an improvement in their adsorption capacity
compared with the pristine ones. For instance, Shi et al.
(2010) modified the CNTs with various surfactants
i.e., cetyltrimethylammonium bromide, sodium
dodecylbenzene sulfonate, and humic acid, and reported that
the presence of the surfactants inhibited the adsorption of
atrazine onto both SWCNTs and MWCNTs (Table 3). The
hydrophilic fraction of the aforementioned surfactant micelles
faced in water converts the modified CNTs into more hydrophilic
adsorbents, consequently reducing the adsorption of atrazine
onto the modified CNTs. The inhibitory effects of anionic
(sodium dodecylbenzene sulfonate) surfactants were higher
than that of cationic (cetyltrimethylammonium bromide)
surfactants. Due to lower purity and more oxygen contents,
the presence of O-containing functional groups on pristine
and modified SWCNTs enhances the adsorption of atrazine,
thereby reducing the inhibitory effects, as compared to pristine
and modified MWCNTs adsorption (Shi et al., 2010).

Mechanisms for Atrazine Removal by CNTs
It has been established that CNTs possess higher adsorption
potentials for both organic and inorganic contaminants. The
major mechanisms controlling atrazine adsorption onto CNTs
could be either micropore diffusion or surface adsorption (Chen
et al., 2008). Therefore, the adsorption of atrazine onto CNTsmay
follow either a single or more than one mechanisms such as
hydrophobic effect, π-π EDA interactions, covalent bonding,
electrostatic interactions, and H-bonding (Yang et al., 2008;
Pyrzynska, 2011). Generally, the organic molecules with C=C
bonds and aromatic rings are adsorbed onto the CNTs through π-
π EDA interactions, H-bonding with the surface functional
groups, and electrostatic interactions (Chen et al., 2007b; Yang
et al., 2008; Ji et al., 2009; Ghaedi and Kokhdan, 2012; Smith and
Rodrigues 2015). However, numerous studies have demonstrated
that higher π-π EDA interactions are one of the most significant
mechanisms for the adsorption of an organic compound with
aromatic rings onto CNTs (Hyung and Kim, 2008; Lin and Xing,
2008). Besides, Shi et al. (2010) reported that surface area and
pore volume (both micropore and mesopores) distribution
significantly affect the atrazine adsorption onto CNTs. On the
other hand, Yan et al. (2008) reported that surface area and
O-containing functional groups are the major factors controlling
the adsorption of atrazine onto r-MWNTs. Likewise, Ellerie et al.
(2013) demonstrated that the surface area of the CNTs was the
major factor controlling its adsorption efficiency towards
atrazine. Contrarily, Chingombe et al. (2006) demonstrated
that higher O-containing functional groups may adsorb more
H2O molecules and resulting in the generation of clusters,
subsequently reducing the adoption of atrazine. The reduction
in atrazine adsorption with increased O-containing function
groups (carboxylic groups) could also be attributed to the
deprotonation property of the aforementioned functional
groups (Chen et al., 2009). Additionally, the pore filling is also

considered an important mechanism for the adsorption of
atrazine onto CNTs (Chen et al., 2009). In the aqueous media,
the CNTs combine to create bundles, and the tiny empty spaces
between the tubes in these bundles behaving like pores are filled
with atrazine molecules. Therefore, the adsorption of atrazine
onto CNTs is a complex process and depends on multiple factors
including the characteristics of adsorbent as well as the
adsorption conditions. Hence, detailed information about the
characteristics of CNTs must be known before its implications for
the removal of atrazine from wastewater streams.

GRAPHENE AS ADSORBENT FOR
ATRAZINE REMOVAL

Wastewater effluent from domestic households and industries
containing huge amounts of organic and inorganic toxins, such as
atrazine, must be treated before discharging into the ecosystem in
order to reduce the environmental and health risks (Rashed, 2013;
Roccaro et al., 2013; Zheng et al., 2013). Among various
wastewater treatment technologies, adsorption through
graphene has attracted a significant deal of attention from the
researchers owing to its cost-effectiveness, easy operation, and
higher efficiencies (Ali et al., 2017; Ali et al., 2018). Graphene is a
well-known adsorbent for adsorption of a range of environmental
pollutants including both organic and inorganic compounds. In
recent years, graphene has attracted great consideration due to its
physical, chemical, and mechanical characteristics. An enormous
system of delocalized π-electrons, higher surface area, thermal
and chemical stability, and abundance of adsorption sites, make it
a potential candidate for wastewater treatment processes
(Gopalakrishnan et al., 2015). Graphene is found in various
forms including subtracted bounded monolayer graphene,
graphene oxide (GO), reduced graphene oxide (rGO), and
graphene nanosheets (GNS) (Sanchez et al., 2012). Graphene
oxide is an enormously oxidative graphene form, developed by
the chemical exfoliation of graphite (Ku and Park 2013). These
are comprised of epoxy and hydroxyl groups at the base plane,
carboxyl and carbonyl groups at the ends, and oxygen functional
groups at their graphitic back (Kim et al., 2010). Analogous to
graphene, GOs may also act as effective adsorbents owing to their
distinct features including higher water solubility, better
functionalities of O-containing surface, and theoretically big
surface area (Sitko et al., 2013). On the other hand, rGOs are
very imperfect forms of graphene and are produced by the
chemical reduction of GOs, as well as hydrothermal and
thermal annealing (Zhao et al., 2015).

Graphene-based adsorbents are efficient for the removal of
organic pollutants owing to their light weight, mechanically
strong, and higher surface area as well as abundant functional
groups (Zhang et al., 2018). O-containing functional groups and
π-π EDA of graphene-based adsorbents serve as binding sites for
the adsorption of atrazine. However, a decline in atrazine
adsorption is expected with an increase in reduced GOs owing
to lower O-containing functional groups, consequently resulting
in weaker surface complexations (Zhang et al., 2018). Therefore,
much attention has been given to developing nano-graphene
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composites with supreme properties in recent times, because it
has been established that an ideal adsorbent should remove
multiple pollutants simultaneously.

Several graphene-based nanomaterials have been developed
with targeted applicability so far. Nanocomposite of rGOs has
successfully been used for adsorption of harmful pesticides, such
as atrazine from aqueous media (Boruah et al., 2017). The rGO
sorption features are considered to be really efficient for
wastewater treatment (Ramesha et al., 2011; Maliyekkal et al.,
2013; Choudhury and Balasubramanian, 2014). Novel rGO
composites with corn straws-derived biochar (rGO-BC) were
synthesized and their atrazine adsorption behavior has been
investigated by Zhang et al. (2018). They reported that the
surface of BC coated with rGO nanosheets by EDA
interactions retained the original morphology even after
forging. The synthesized nanocomposites rGO-BC thus
exhibited an atrazine adsorption capacity of 67.55 mg g−1 with
regeneration of 81% after four times (Zhang et al., 2018).
Likewise, Murkherjee et al. (2011) fabricated the composite
ultrafiltration (UF) membranes with GO as the base on
macroporous ceramic support tubes by a new methodology
and reported >95% removal of atrazine.

Lee et al. (2018) synthesized a nanocomposite of rGOs
incorporated porous agarose (Ar-rGO) via the sol-gel method.

Due to the synergism between the rGO-sheets and the agarose
bundles, the resultant Ar-rGO nanocomposites exhibited
excellent adsorption characteristics towards organic
contaminants. The agarose bundles in the composite served as
a water binding site, whereas, the rGOs acted as an active binding
site for the organic pollutant, consequently removing higher
amounts of the organic contaminants (Lee et al., 2018). The
degradation of atrazine through reduced graphene (GR)
composites is influenced by various factors such as
temperature, pH, organic matters, and dosages of incorporated
materials. Wu et al. (2018) observed an increase in atrazine
removal efficiencies at high temperatures, as well as in acidic
pH levels, whereas, the contents of organic matter did not affect
the degradation of atrazine at lower concentrations. Therefore,
the atrazine removal process using graphene as adsorbents must
be optimized for the aforementioned conditions for higher and
more efficient atrazine removal.

Mechanisms Involved in the Removal of
Atrazine From Water Using Graphene
The removal of atrazine from wastewater through graphene may
follow an individual or a combination of various processes, e.g.,
H-bonding, electrostatic interactions, pore diffusion, and π-π

TABLE 3 | Efficiency of various carbon nanotubes (CNTs), single-walled carbon nanotubes (SWCNTs), and multi-walled carbon nanotubes (MWCNTs) for the removal of
atrazine from aqueous media as predicted by Langmuir and Freundlich isotherms.

Name pH Temperature Equilibrium
time

Surface
area

Langmuir Freundlich References

°C min m2 g−1 QL

(mg g−1)
KL

(L mg−1)
KF (mg kg

−1
)/(mg

L
−1
)

1/n
n

MWCNTs 6.0 25 1,440 138.66 40.16 0.7710 14.87 2.505 (Tang et al., 2012)
CNTs 15 4,800 189 66.5 0.296 22.23 0.315 Rambabu et al.

(2012)CNTs 23 4,800 189 63.7 0.280 20.35 0.326
CNTs 31 4,800 189 60.8 0.265 18.74 0.334
SMWNT20 7.8 18 1,440 167.48 33.43 1.16 17.25 0.227 Yan et al. (2008)
SMWNT20 7.8 25 1,440 167.48 31.37 0.96 16.21 0.210
SMWNT20 7.8 35 1,440 167.48 28.21 0.65 12.83 0.247
r-MWNT 7.8 18 1,440 299.63 110.8 1.48 57.81 0.241
r-MWNT 7.8 25 1,440 299.63 100.42 1.47 52.53 0.238
r-MWNT 7.8 35 1,440 299.63 97.05 1.54 53.2 0.216
MWCNTs 7.0 25 180 174 51.5 7.8 0.02 0.714 Ellerie et al. (2013)
CNT-Wako 7.0 25 180 134 55.5 0.49 16.5 2.00 Ateia et al. (2017)
CNT-Alpha 7.0 25 180 96 49.8 0.35 15.7 2.08
MCNT-Wako 7.0 25 180 116 43.5 0.75 14.3 2.00
MCNT-Alpha 7.0 25 180 98 44.0 0.43 12.6 2.00
SWCNTs 25 1,440 405.95 53.77 0.35 Shi et al. (2010)
SWCNTs- Soil humic acid 25 1,440 25.99 0.44
SWCNTs- peat humic acid 25 1,440 6.31 0.84
SWCNTs- cetyltrimethylammonium
bromide

25 1,440 12.20 0.52

SWCNTs-sodium
dodecylbenzenesulfonate

25 1,440 8.14 0.55

MWCNTs 25 1,440 9.42 0.32
MWCNTs- Soil humic acid 25 1,440 0.65 0.64
MWCNTs- peat humic acid 25 1,440 0.18 0.89
MWCNTs-cetyltrimethylammonium
bromide

25 1,440 0.26 0.72

MWCNTs- sodium
dodecylbenzenesulfonate

25 1,440 0.32 0.66
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EDA interactions depending upon the type of adsorptive material
and adsorption conditions (Tripathi and Ranjan, 2015; Singh and
Gupta, 2016). Among all the aforementioned processes, π-π EDA
interactions are the most dominant mechanism for adsorption of
atrazine onto graphene.

The adsorption of atrazine onto graphene is largely dependent
on the type and characteristics of graphene used, as well as on the
adsorbent conditions. For instance, a higher number of
O-containing functional groups in GOs enhances its binding
capability for positively charged atrazine molecules through
electrostatic interaction, consequently removing a higher
amount of atrazine (Chen et al., 2013). Further, the
O-containing functional groups present on graphene and N–H
groups of atrazine could attach via H-bonding, resulting in atrazine
adsorption. Besides, the higher surface area and pore volumes of
the graphene play a major role in the adsorption of atrazine via
pore-filling mechanism (Zhang et al., 2018). Contrarily, the
abundance of O-containing functional groups may reduce the
adsorption of atrazine onto graphene via generating hydrophilic
surfaces. However, theO-containing functional groups of graphene
may remove after its annealing reduction, consequently increasing
the π-π EDA interactions (Zhang et al., 2018). In a study conducted
by Li et al. (2013), it was reported that the atrazine adsorption
capacity of graphene was attributed to surface area and π-π EDA
interactions. Moreover, besides adsorption, the atrazine can also be
degraded with the help of graphene. For instance, Wu et al. (2018)
studied the degradation potential of graphene composites with
nanoscale zero-valent iron and persulfate for atrazine removal. The
results suggested that atrazine degradation followed multiple
mechanisms including dealkylation, dechlorination-
hydroxylation, allylic oxidation, and allylic hydroxylation.
Therefore, it can be stated that the removal of atrazine from
contaminated wastewater through graphene follows multiple
mechanisms including adsorption and degradation.

FUTURE PROSPECTIVE

Atrazine and its metabolites have been detected in the atmosphere,
water bodies, soil, and sediments all around the world. In the
majority of cases, the concentrations of atrazine in wastewater
exceed the maximum permissible levels for drinking water
i.e., 3 μg L−1 in the United States, 0.1 μg L−1 in Europe, and
3.0 μg L−1 by WHO. The particulate, as well as vapor phases of
atrazine, have been found even 100–300 km from the application
site (Dorsey 2003). Likewise, it is mobile in soil and aquatic
environment and can potentially migrate from one place to
another. There is a limited degradation of atrazine in soil via
chemical and biological means, however, no biodegradation of
atrazine in groundwater has been reported. Moreover, the
degradation of atrazine in the surface water is very low and has
not been demonstrated well (Dorsey, 2003). Hence, all the available
data indicated that atrazine is high recalcitrance in nature and may
persist in water bodies for decades without degradation. However,
if degraded, its metabolites could be even more toxic than the

pristine atrazine. Therefore, the focus should be drawn to removing
the recalcitrant atrazine and its metabolites from world water
resources on urgent bases. The following directions could be
followed to cope with this situation:

• Atrazine application should be prohibited in all the
countries where atrazine utilization is still in practice.

• Monitoring/surveillance of atrazine and its metabolites in
surface and ground water resources surrounding
100–300 km should be performed. Moreover, levels of
atrazine and its by-products in soils and sediments
should be studied, as these could serve as a sink for
atrazine introduction into nearby water bodies.

• Behavior/fate of atrazine, as well as its metabolites in various
environments, should be investigated.

• A comprehensive study to explore the potential impacts of
atrazine on humans, amphibians, and other animals should
be conducted.

• Efficient technologies should be identified for the complete
removal of atrazine and its metabolites from water
resources. The existing carbonaceous adsorbent should be
modified via chemical, mechanical, thermal, ozone, plasma,
and/or electro activities to improve their performance and
efficiency.

• Carbonaceous nano-adsorbents should be fabricated and
modified with metal oxide nanoparticles and applied for
atrazine removal from wastewater.

• Novel carbonaceous adsorbents with higher regeneration/
reusability should be developed for more sustainable
management of atrazine-contaminated media.
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