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Abstract: The presence of nanoplastics (NPs) and microplastics (MPs), and carbon-based 
nanomaterials in the aquatic systems may impact the fate and transport of existing organic 
contaminants (OCs). In this study, we investigated the adsorption of selected OCs 
(pyrene, bisphenol A, and phenanthrene) on MPs, NPs and carbon-based nanomaterials 
(graphene, graphene oxide [GO], single-walled carbon nanotube [SWCNT], multiwalled 
carbon nanotube [MWCNT]), and coal-based activated carbons (AC). This study includes 
a discussion of the adsorption mechanisms of OCs by commercial, consumer, and 
biodegradable MPs and/or NPs, and a comparison of their adsorption behaviors with those 
of graphene, GO, SWCNT, MWCNT, and AC. Single point adsorption descriptors (Kd 
values) at different equilibrium concentrations were calculated for each adsorbent, and 
the results showed that adsorption of pyrene and bisphenol A on MWCNT was higher 
than graphene and NPs. Besides, Kd values at different equilibrium concentrations 
(Kd0.0001 vs Kd0.001) also present that pyrene uptake on CNT and NPs were increasing more 
than graphene with increasing equilibrium concentrations. When the adsorption capacities 
(indicated by Kd) of graphene, GO, CNT and AC were compared with PS and PE based 
MPs, and biodegradable MPs, Kd values of carbon-based nonabsorbent, and AC were 1.5-
2 times higher than MPs. This might be related to the higher surface area of carbonaceous 
adsorbents (i.e., 150-700 m2/g). After adsorption capacity of phenanthrene was 
normalized by the BET surface area of adsorbents the adsorption capacity followed an 
order of PS-based MPs > PE-based MPs ~ Biodegradable MPs > MWCNT > GO 
~SWCNT > graphene ~AC indicating that total surface area normalization decreased the 
differences in adsorption capacities of phenanthrene onto carbonaceous adsorbents.  
Keywords: Microplastics, Nanoplastics, Carbon Nanomaterials, Adsorption, Organic 
Contaminants 

 
Introduction 

Carbon-based nanomaterials such as carbon nanotubes (CNTs), graphene, and graphene oxide (GO) 
can be formed by graphitic carbon sheets (Terrones, 2003; Iijima, 1991), and rolled into hollow cylinders 
of these graphitic carbon sheets are classified as multi-walled carbon nanotubes (MWCNTs) and single-
walled carbon nanotubes (SWCNTs) (Ajayan, 1999). The high surface area of nanomaterials brings new 
prospects for the management of organic pollutants, for example, CNTs are found to work effectively to 
remove organic contaminants (Zhang et al., 2010). Graphene, a fascinating two-dimensional carbon-based 
material possessing atomic thickness, has attracted considerable attention around the world (Novoselov et 
al. 2004). This excitement is greatly attributed to its excellent physicochemical and mechanical properties 
(Geim et al., 2007; Allen et al., 2010; Rao et al.,2009). Graphene has a large theoretical specific surface 
area (2620 m2g−1), (Zhu et al., 2010) which indicates its potential for the adsorption of organic pollutants 
in environmental pollution management. On the other hand, CNTs have attracted scientific interest 
worldwide due to their unique structure and superior physical and electronic properties. Although they hold 
promise as high-performance adsorbents, very little work has been done to evaluate their adsorption 
properties for organic compounds of interest to the water treatment industry.  
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Graphene and CNTs offer several potential advantages over the existing state of the art adsorbents, 
activated carbons (ACs), and carbon fibers: 1) their surfaces are inherently more hydrophobic, which 
exploits entropic free energy of organic compound adsorption; 2) their electronic structure is favorable for 
supporting interactions with double-bonded carbon atoms, including aromatic structures; and, 3) when 
closed-ended, their shape and packing properties produce sorption surfaces that are not located in 
micropores. Taken together, these features may increase sorption uptake, speed adsorption kinetics, 
improve regeneration, and mitigate fouling by natural organic matters. Up to now, the adsorption of organic 
contaminants (100+) by carbon-based nanomaterials has been widely investigated in the literature (Su et al., 
2010; Yu et al., 2012; 2014 Wang et al., 2012; Liu et al., 2014; Ersan et al., 2016a). Especially, when the 
nanomaterials have existed in our environment, originating from both natural and anthropogenic sources, 
they may favorably adsorb existed contaminants in the aquatic systems. 

On the other side, with increasing nanoplastics (NPs) and microplastics (MPs) detected in aquatic 
environments, more studies focused on the adsorption behavior of NPs and MPs, and associated 
contaminants. During the last decade, more attention has been shifted to MPs and NP. As seen in Fig. 1, 
among all different sizes of plastic fragments, MPs can be one of the potential detrimental in the aquatic 
systems ranging between 0.1 to 1,000 μm in diameter. MPs are identified for small plastic particles of 
different origins, sizes, and chemical compositions. Up to now, the adsorption of various classes of organic 
contaminants (OCs) (i.e., polycyclic aromatic hydrocarbons [PAHs], halogenated aliphatic, 
pharmaceuticals and personal care products [PPCPs], dichloro-diphenyl- trichloroethane [DDT], and 
[poly]chlorinated biphenyls [PCBs], poly- brominated diphenyl ethers), and heavy metals by different types 
of MPs in distilled and deionized water (DDW), synthetic seawater, seawater or freshwater has been 
examined in the literature (i.e., Zuo et al., 2019; Li et al., 2018; Kedzierski et al., 2017; Wang et al., 2017; 
Brennecke et al., 2016; Velzeboer et al., 2014; Antunes et al., 2013; Bakir et al., 2012 Karapanagioti and 
Klontza, 2008; Pascall et al., 2005; Mato et al., 2001). Therefore, the presence of carbon-based 
nanomaterials and NPs/MPs in the aquatic systems may have altered the fate and impacts of existing OCs. 

 

 
Figure 1. Break down of large plastic wastes into small fragments under natural exposure conditions 

*Source: Arthur et al., 2009; Rochman et al., 2015; Bletter et al., 2017; Jahnke et al., 2017; 
Olubukola et al., 2018; Uhl, 2018). 

 
In general, NPs/MPs are formed from abundant plastic types including polyethylene (PE), polystyrene 

(PS), polypropylene (PP), polyvinyl chloride (PVC) based, and biodegradable plastics, and therefore, these 
NP/MPs may carry different morphological and physicochemical characteristics. These differences may 
lead to different interactions between NP/MPs and OCs. On the other hand, the open-up layer structure of 
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graphene and super hydrophobic characteristics of CNTs may result in favorable adsorption of existed 
contaminants from natural systems (Ersan et al., 2019).  

Therefore, this study specifically focused on a side-by-side comparison of carbon-based 
nanomaterials and NPs/MPs for adsorption of selected OCs. More specifically, the present study deeply 
discussed the mechanisms and factors controlling the adsorption of pyrene, bisphenol A, and phenanthrene 
by NPs and MPs. Also, a comparison of their adsorption behaviors with those of graphene, GO, SWCNT, 
MWCNT, and coal-based AC have been evaluated. 

 
Materials and Methods  
Data compilation from the literature 

A comprehensive literature survey was performed to obtain the available adsorption isotherm data 
for pyrene, bisphenol A, and phenanthrene by PS based NPs, three different MPs (conventional, consumer, 
and biodegradable), graphene, GO, SWCNT, MWCNT, and AC (from the Web of Science database and 
Social Science Citation Index), including some of our previously published studies (Ersan et al., 2016b, 
2017, 2019). The properties of tested OCs were presented in Table 1 and were acquired from the Absolv 
module of the ACD/Percepta, 2016.2v software.   

Table 1. Properties of selected organic contaminants 

Adsorbate Chemical 
Formula Planarity 

Molecular 
weight 
(g/mol) 

Density 
(g/cm3) 

Solubility 
in water 
(mg/L) 

LogKow
* 

Phenanthrene C18H10 Planar 178.25 1.063 1.15 4.54 

Pyrene  C14H10 Planar 202.25  1.27 0.135 4.88 
Bisphenol A  C15H16O2 Nonplanar 228.29  1.2 120 3.32 

*logKow: log octanol-water partition coefficient.  

The adsorbents investigated in this study included pristine graphene and GO (Graphene 
Laboratories Inc.), SWCNT (Chengdu Organic Chemicals Co., Ltd.), MWCNT (Nanostructured & 
Amorphous Materials Inc.), and coal based ACs (F400, Calgon Inc.). In our previous study, Graphenes and 
CNTs were used as received from the manufacturers, while the AC was ground to 250-325 μm size before 
use in the experiments (Ersan et al., 2016a). Besides, one PS-based NPs, three different types of MPs (PE, 
PS, and biodegradable) datasets were collected from Liu et al., (2018), Wang et al., (2018), and Zuo et al 
(2019). The properties of all adsorbents were given in Table 2. 
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Table 2. Properties of selected adsorbents in the literature 

Adsorbent SABET VT Vmicro  

(<20 
nm) 

Vmeso Vmacro  

(>50 
nm) 

Oxygen 
content References 

(m2/g) (cm3/g)  (20-50 nm)  % 
GNS 666 3.14 0.12 0.58 0.54 1.2 

Ersan et al., 2016a 
GO 497 0.53 0.01 0.25 0.49 10.5 
SWCNT 537 1.24 0.07 1.2 1.88 1.8 
MWCNT 179 0.75 0.08 0.38 0.07 0.01 
F400 849 0.5 0.37 0.01 0.13 4.6 
PS based NPs N.R. Liu et al., 2018 
PE based MPs 2.47 

N.R. Wang et al., 2018 and 
Zuo et al 2019 

PS based MPs 0.97 
Biodegradable 
MPs 2.21 

*Specific surface area (SABET) calculated with the Brunauer-Emmett-Teller (BET) model. Total pore volume (VT) 
calculated from single point adsorption at P / P0 = 0.99.  The pore volume fraction in each pore size range was 
obtained from the density functional theory (DFT) analysis. N.R.: Not reported. 
 
Determination of single point adsorption descriptor (Kd)  

In this study, we examined the sorption behavior of each adsorbent with single-point adsorption 
descriptor (Kd value) parameters. Kd values are, in general, used in various environmental models for 
estimating the OCs uptake on adsorbents. Therefore, single point adsorption descriptors (K= qe/Ce, where 
qe is solid-phase equilibrium concentration and Ce is liquid phase equilibrium concentration) at three 
different Ce values, 0.01%, 0.1%, and 1% of the aqueous solubility of each adsorbate were calculated and 
represented with Kd,0.0001, Kd,0.001, and Kd,0.01, respectively. The details of Kd determination and calculation 
were provided in Text S1 and Fig. S1 in Supporting Information (SI) Section. 

 
Results and Discussion 
Adsorbent characterization 

According to Table 2, the significant differences among their structure properties were supported 
by their surface area and pore volume distributions. The BET surface areas of the adsorbents followed the 
order of: F400 > SWNT > GO > MWNT> PE based MPs > Biodegradable MPs> PS based MPs. Among 
all carbon-based nanomaterials, graphene had 3-4 times higher pore volumes than CNTs. The graphene had 
~3-4 times higher pore volumes than CNTs, which may be attributed to their much less compact aggregate 
and bundle structures as compared to CNTs (Ersan et al., 2019). The graphene and GO had meso- and 
macropores. SWNT, F400 carbons were highly micropores, while MWCNT was mainly by meso- and 
macropores. Since the surface area of carbon-based materials is much higher than NPs and MPs, this might 
affect the organic contaminant uptake in the aquatic systems. 

 
Adsorption of pyrene and bisphenol A by NPs: Compared with graphene and CNTs 

The single point adsorption descriptors at Kd0.0001 for adsorption of pyrene and bisphenol A onto PS-
based NPs, graphene, and CNTs (MWCNT) were calculated and presented in Fig. 2 and Table S2. Some 
major observations from the isotherms are: (i) there was a higher pyrene uptake by NPs, graphene, and 
CNTs on a mass basis isotherm. Bisphenol A (120 mg/L) is more soluble than pyrene (0.135 mg/L), and 
(ii) the order of bisphenol A adsorption capacities represented by Kd0.0001 was CNT> graphene> NPs for 
both OCs (Fig. 2).  Although the surface area of MWCNT (179 m2/g) was lower than graphene (666 m2/g), 
Kd values of pyrene and bisphenol A on MWCNT were higher than graphene. This suggests that total 
surface area or pore volume was not the only controlling factor for the adsorption of pyrene and bisphenol-
A. This finding is also consistent with previous studies (Chao et al., 2008; Ersan et al., 2016a). In this study, 
Kd values have been shown to depend on the accessibility of organic molecules to the inner surface of the 
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adsorbent (Fig. 2).  The molecular size of organic molecules and oxygen contents of MWCNT (0.01%) 
were controlling both pyrene and bisphenol A uptake. This can be attributed to more hydrophobic surface 
of MWCNT. On the other hand, the availability of oxygen functional groups on the adsorbent surface has 
been shown a significant reduction of OCs adsorption due to the polar-polar interaction of the adsorbent 
surface with water molecules. Since graphene is containing oxygenated functional groups (1.2%), water 
molecules can interact with polar functionalities on the graphene surface via hydrogen bonding. Previous 
studies also emphasized that competition of water molecules with organic molecules on the oxidized sites 
of CNTs’ surface may be responsible for the adsorption decrease of naphthalene, chlorophenol, and 
resorcinol, oxygen-containing groups on CNTs’ surface are hydrophilic and can form strong H-bonds with 
water molecules to suppress adsorption of organic compounds, especially hydrophobic organic compounds 
(Yang et al., 2011; Shen et al., 20010; 2015; Choi et al., 2007). Therefore, the physicochemical 
characteristics of MWCNT showed that the surface is extremely hydrophobic because of lower oxygen 
content (0.01%).  The observed linear correlation between adsorption capacities of pyrene and bisphenol A 
(qe) with the oxygen content of MWCNT (Fig. 2) suggests that the hydrophobicity of MWNT is the 
dominant factor that controls the adsorption. When the compared carbon nanomaterials with PS-based NPs, 
the adsorption capacity of Bisphenol A is lower than graphene and CNTs. On the other hand, PS based NP 
and graphene was exhibited similar adsorption capacity for pyrene at logKd0.0001. However, due to the lack 
of physicochemical properties of PS-based NPs (Liu et al., 2018), the adsorption mechanisms on PS-based 
NPs for pyrene and bisphenol A were still limited, which warrants further investigation with different types 
of NPs and OCs. 

 
Figure 2. Comparisons on single point adsorption descriptors (Kd,0.0001) for pyrene and bisphenol A sorption 
to PS-based NPs, graphene, and CNT in DDW on a mass basis. 
 

To evaluate the impact of equilibrium concentration on the pyrene uptake, the results for adsorption of 
pyrene on NPs, graphene, and CNTs were compared at different saturation levels. The single point 
adsorption descriptors, Kd values at different equilibrium concentrations for pyrene onto NPs, graphene, 
and CNTs (MWCNT) were calculated and presented in Fig. 3. Some major observations from the isotherms 
are: (i) MWCNT exhibited higher sorption capacity compared to other investigated adsorbents, (ii) 
increasing equilibrium concentration (from Kd,0001 to Kd0.001) did not impact adsorption capacity, which 
followed MWCNT > graphene > NPs, (iii) Kd values at different equilibrium concentrations also showed 
that pyrene uptake on CNT and NPs was higher with increasing equilibrium concentrations compared to 



J. Int. Environmental Application & Science,  Vol. 16(2): 72-81 (2021) 
Research Paper 

 

77 

graphene (Fig. 3), this may be explained by strong π-π bonding between pyrene molecules and open-up 
layer graphene surface.  

 
Figure 3. Effect of Kd concentrations on the pyrene sorption to PS-based NPs, graphene, and CNT in DDW 
on a mass basis. 
 
Adsorption of phenanthrene by MPs: Compared with graphene, CNT, and AC 

As we discussed in previous sections, among carbonaceous adsorbents, graphene (sheet form) and 
CNT (rolled form) are made from a two-dimensional sheet of sp2-hybridized carbon (Allen et al., 2010). 
Due to their strong van der Waals forces, graphene and CNT prone to restack, thus may form interconnected 
pores within the aggregates. Although graphene and CNT are carried similar surface characteristics, their 
aggregation structure in water is different from the physical structure of rigid AC (Ersan et al., 2019). When 
compared to MPs and carbonaceous adsorbents, the specific surface area of MPs (i.e., 0.5-5 m2/g) are much 
lower than carbon-based adsorbents (i.e., 150-700 m2/g), and thus the adsorption behavior of MPs, 
graphene, CNT, and AC is changed depending on the physicochemical properties of the adsorbents (e.g., 
specific surface area, pore size distribution, functional groups, and surface chemistry). So far, only one 
study has been focused on the adsorption of OCs on PE-based MPs, PS-based NPs, carbonaceous 
adsorbents (MWCNT and fullerene (C60)), and natural sediment under seawater and freshwater conditions 
(Velzeboer, et al., 2014).  The adsorption of PCBs onto MWCNT and C60 was 2-3 orders of magnitude 
higher than PS-based NPs, while sorption of PCBs to PS-based NPs was 1-2 orders of magnitude higher 
than PS-based MPs in seawater and freshwater. Thus, carbon nanomaterials have been shown to perform 
better for PCB adsorption in seawater and freshwater. However, in the presence of salinity and sediment 
organic matter, the adsorption behavior of PCBs may be impacted by the competition between natural 
organic matter molecules and ions on the accessible adsorption sites. Therefore, we obtained single-point 
adsorption descriptors of OCs for graphene, CNTs, AC, and MPs in a single solute system (DDW). The 
adsorption of phenanthrene onto graphene, GO, MWCNT, SWCNT, AC, and MPs at logKd,0.001 values were 
presented in Fig. 4 to demonstrate the comparison of MPs with carbonaceous adsorbents (in Table S1). In 
the current literature, the Kd values of phenanthrene for MPs and carbonaceous adsorbents were only 
available at 0.01% of aqueous solubility. Therefore, we were only able to compare Kd values at single 
saturation conditions in this section. The phenanthrene single point adsorption descriptors (K= qe/Ce, where 
qe is solid-phase equilibrium concentration and Ce is the liquid phase equilibrium concentration) at Kd,0.01 

were calculated. As seen in Fig. 4, the adsorption capacities (indicated by Kd) of graphene, GO, CNT and 
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AC were 1.5-2 times higher than PS and PE-based MPs, and biodegradable MPs. This might be related to 
the higher surface area of carbonaceous adsorbents (i.e., 150-700 m2/g).   

 
Figure 4. Comparisons on single point adsorption descriptors (Kd,0.01) for phenanthrene sorption to PE, PS 
based and biodegradable MPs, graphene, GO, MWCNT, SWCNT, and AC in DDW on a mass basis. 
 
 After the adsorption capacity of phenanthrene was normalized by the BET surface area of 
adsorbents (Fig. 5), the adsorption capacity followed the order of PS-based MPs > PE-based MPs ~ 
Biodegradable MPs > MWCNT > GO ~SWCNT > graphene ~AC indicating that total surface area 
normalization decreased the differences in adsorption capacities of phenanthrene onto carbonaceous 
adsorbents. After surface area normalization, the other factors (surface charge, functional groups etc.) 
played a more important role in understanding the adsorption difference of MPs. These findings suggest 
the need for additional research to identify the impact of OC properties and MPs characteristics on 
adsorption mechanisms under more complex background waters. 
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Figure 5. The single point adsorption descriptors (Kd,0.01 values) for phenanthrene sorption to PE, PS based, 
and biodegradable MPs, graphene, GO, MWCNT, SWCNT, and AC in DDW on a surface area normalized 
basis. 
 
Conclusions 

This study investigated the adsorption mechanisms of OCs on commercial, consumer, and 
biodegradable MPs and/or NPs, and a comparison of their adsorption behaviors with those of graphene 
nanosheets, CNTs, and AC. Overall, a cumulative summary of important findings is as follows: 
• The single point adsorption descriptors (Kd values) at different equilibrium concentrations represent 

that adsorption of pyrene and bisphenol A on MWCNT was higher than graphene and NPs, which was 
due to hydrophobic interactions between MWCNT and OCs. 

• The pyrene uptake on CNT and NPs was higher than graphene with increasing equilibrium 
concentrations, which can be associated with open-up layer structure of graphene. 

• When the adsorption capacities (indicated by Kd) of graphene, GO, CNT and AC were compared with 
PS- and PE-based MPs, and biodegradable MPs, Kd values of carbon-based nanoabsorbents, and AC 
were 1.5-2 times higher than MPs. This might be related to the higher surface area of carbonaceous 
adsorbents (i.e., 150-700 m2/g).  

• After adsorption capacity of phenanthrene was normalized by the BET surface area of adsorbents, the 
adsorption capacity was in the order of PS-based MPs > PE-based MPs ~ Biodegradable MPs > 
MWCNT > GO ~SWCNT > graphene ~AC. This indicates that total surface area normalization 
decreased the differences in adsorption capacities of phenanthrene onto carbonaceous adsorbents.  

• Overall, the much lower surface area and different surface functionalization of MPs can cause different 
adsorption behaviors compared with carbon-based adsorbents (graphene, CNTs, and AC). Further 
research should be investigated for the comparison of different classes of contaminants (i.e., aliphatic 
versus aromatics, hydrophobic versus hydrophilic, long versus short chain, etc.) sorption onto MPs 
(commercial, consumer, or biodegradable), graphene, CNTs, and ACs under varying background 
waters and changing adsorbent characteristics upon natural attenuation by weathering and aging. 
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