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Environmental Significance

Detection of emerging contaminants, such as pharmaceuticals, in the aquatic environment is on 
the rise. Interactions of these compounds with colloidal natural organic matter (NOM) and man-made 
microplastics and nanomaterials can influence their fate and transport. Yet, the challenge in 
understanding particle-contaminant interaction is that colloidal substances in the environmental waters 
are often diverse in their size, shape, and chemical composition. In this study, we explore the effect of 
particle surface functional group and the type of colloidal-aqueous interface on the uptake of 
pharmaceutical contaminants. Accordingly, we have performed adsorption studies using amlodipine 
(AMP) and carbamazepine (CBZ) on colloids of known size, shape, and distinct surface chemistry. These 
particles resemble the surface properties of microplastics, NOM, and carbon-based aggregates. We find 
that there is indeed a surface group effect on the uptake of AMP and CBZ. Moreover, structural 
properties of the pharmaceutical compounds play a role on their adsorption efficacy. These findings are 
valuable in categorizing the removal extent each of the particulate matter can have on different classes 
of pharmaceutical compounds. The approach taken also opens up the possibility of further surface 
selective studies on environmentally relevant aqueous-colloidal interfaces.   
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Interactions of Emerging Contaminants with Model Colloidal 
Microplastics, C60 Fullerene, and Natural Organic Matter – Effect 
of Surface Functional Group and Adsorbate Properties 
Tyler Williams, Clare Walsh, Keith Murray, and Mahamud Subir*

Surface adsorption of two commonly detected emerging 
contaminants, amlodipine (AMP) and carbamazepine (CBZ), onto 
model colloidal microplastics, natural organic matter (NOM), and 
fullerene nanomaterials have been investigated. It is found that 
AMP accumulation at these colloidal-aqueous interfaces is 
markedly higher than that of CBZ. Measurements of surface 
excess and particle zeta potential, along with pH-dependent 
adsorption studies, reveal a distinct influence of colloidal 
functional group on the adsorption properties of these 
pharmaceuticals. AMP shows a clear preference for a  surface 
containing carboxylic group compared to an amine modified 
surface. CBZ, in contrast, exhibit a pH-dependent surface proclivity 
for both of these microparticles. The type of interactions and 
molecular differences with respect to structural rigidity and 
charge properties explain these observed behaviors. In this work, 
we also demonstrate a facile approach in fabricating uniform 
microspheres coated with NOM and C60 nanoclusters. Subsequent 
binding studies on these surfaces show considerable adsorption 
on the NOM surface but a minimal uptake of CBZ by C60. 
Adsorption induced colloidal aggregation was not observed. These 
findings map out the extent of contaminant removal by colloids of 
different surface properties available in the aquatic environment. 
The methodology developed for the adsorption study also opens 
up the possibility for further investigations into colloidal-
contaminant interactions.              

Introduction
With an increase in consumption and a lack of proper disposal 

protocol, a wide variety of pharmaceuticals are frequently detected 
in aquatic ecosystems.1-5 It is recognized that conventional 
remediation techniques remove only a small fraction of these 
emerging contaminants, leading to their inevitable release to the 
natural water system.6-9 These compounds can pose potential harm 
to both humans and aquatic life but to what extent depends on 
how they interact with colloidal surfaces available in the aquatic 

environment. Recent years have also seen a surge in detection of 
particulate contaminants of emerging concern, which include but 
not limited to, microplastics10-12 and man-made carbon 
nanomaterials (e.g. C60 fullerene13-15). Along with naturally 
occurring particulate organic matter,16-20 these colloids can provide 
sufficient surface area for molecular adsorption and subsequent 
surface-mediated photo-degradation. Thus, an important pathway 
by which the distribution and transformation of these 
pharmaceuticals are altered is their interaction with the surfaces of 
these particles.16-20 

Additionally, it is important to elucidate the impact that 
molecular adsorption can have on the surface charge density of the 
colloids. Recent studies have shown that hydrodynamic interactions 
and dye adsorption can lead to colloidal aggregation.11, 21-23 
Adsorption of pharmaceuticals to microplastics, colloidal natural 
organic matter (NOM), and carbon-based nanomaterials could play 
a similar role and thereby influence the mobility of these colloidal 
substances. Given the significance of colloidal surface-contaminant 
interactions, studies focusing on the association of pharmaceuticals 
with environmentally relevant colloids are essential.11-12 However, a 
practical challenge associated with surface binding studies involving 
environmental samples is that they often exhibit heterogeneity in 
size, shape, and the composition of surface chemical functional 
groups. This is specifically true for microplastics, nanomaterial 
aggregates, and NOM. To this end, a systematic investigation using 
particles of uniform size, shape, and known surface functionalities is 
of fundamental importance and is the focus of this work. 

In this communication, we present a surface interactions study 
of two commonly detected pharmaceuticals,2-3, 24 carbamazepine 
(CBZ), an anticonvulsant drug, and amlodipine (AMP), a calcium 
channel blocker. These two molecules exhibit distinctive 
characteristics with respect to molecular rigidity, charge 
distribution, and chemical moieties they contain. Thus, comparison 
of their adsorption behaviour can highlight the effect of adsorbate 
properties on surface interaction. To minimize the uncertainty with 
respect to particulate heterogeneity and gain fundamental insights 
into the effect of surface functional groups on the pharmaceutical 
binding affinity and surface population, we have utilized 
monodispersed polystyrene (PS) latex microspheres with magnetic 
core to model different types of surfaces. The findings of this study 
are presented in two stages. First, we report a pH dependent study 
of CBZ and AMP adsorption onto bare carboxylic and amine surface 
functionalized latex particles. These findings highlight the role 
surface functional groups can play on the adsorption of different 
classes of pharmaceutical contaminants. There are many studies 
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demonstrating the use of PS particles as model microplastics for 
toxicology and microbial studies.25-27 Investigation pertaining to 
adsorption of pharmaceuticals is limited. Sorption experiments of 
select emerging contaminants on microplastic debris or large 
particles ( ) have been reported.28-29 However, to the best > 250 𝑢𝑚
of our knowledge, the effect of surface functional group on AMP 
and CBZ adsorption on microplastics in the order of micrometer is 
not known. Second, we demonstrate the applicability of these 
magnetic particles in developing a model substrate for studying 
pharmaceutical interactions with even more complex, 
heterogeneous surfaces. Colloidal C60 aggregates and Suwannee 
River NOM (SR-NOM) have been chosen for this purpose. The 
combined binding studies of CBZ and AMP onto the microplastics 
and C60 and NOM coated surfaces reveal that surface interaction at 
the aqueous-colloid interface is intricately dependent not only on 
the surface functional group of the substrate but also the chemical 
structure of the pharmaceutical contaminant itself. A schematic 
diagram of the experimental design and approach is shown in figure 
1a.  

Experimental   
Chemicals and materials 

Carbamazepine and amlodipine besylate were purchased 
from Sigma-Aldrich. The chemical structures and UV-Vis 
spectra of these compounds are shown in figures 1b and 1c. 
Ultrapure water with resistivity of 18.2 MΩ∙cm at 25℃ was 
used in all sample preparation. For pH dependent studies, 
solutions were prepared using HCl (ACS reagent, 37%) and 
sodium hydroxide, both purchased from Sigma-Aldrich. The pH 
of solutions were determined with Thermo-Fisher Scientific 
benchtop Orion pH meter. The bulk of the research has been 
carried out using polymeric magnetic particles (MPs) 
purchased from Bangs Laboratories, Inc. These MPs are iron 
infused polystyrene (PS) microspheres with carboxyl (ProMag 
PMC1N) and amine (ProMag PMA1N) surface functional 
groups. Figure S1 shows a cartoon of the microspheres 
highlighting the surface functional groups. Experiments, 
especially those involving C60 surface modifications, were also 
carried out using amine MPs of similar size (MonoMag, 
MA1002) obtained from Ocean NanoTech. Particles from both 
sources yield comparable results. 

Figure 1 A schematic diagram of the experimental approach 
(a). UV-Vis spectra (at pH 7), chemical structures, and acid-
base chemistry of carbamazepine (b) and amlodipine (c). 

The use of magnetic particles is critical as it allows for 
efficient separation from aqueous medium by means of a 

magnetic field. Throughout this article, the amine and the 
carboxylic MPs are designated as m-PSN and m-PSC, 
respectively. Both m-PSN and m-PSC display negative ξ-
potential at all pH solutions studied. In the latter scenario, the 
source of the negative charge is the de-ionized carboxylic 
group. In the case of m-PSN, the negative charge is likely due 
to either or both of the following possibilities – adsorption of 
anions present in the aqueous medium or the presence of 
anionic reagents, residing within the polymeric core, used in 
the post-modification of the polystyrene particles with amine 
functional group. Suwannee River NOM (Lot No. 2R101N),30 was 
purchased from the International Humic Substances Society (IHSS). 
The carboxyl and phenolic content of the SR-NOM have been 
reported to be   meq⁄(g∙C) and  meq⁄(g∙C), 10.4 ± 0.9 2.9 ± 0.6 
respectively.30 Phosphate buffered saline (PBS) solution with a pH 
of 7.4 was used to prepare SR-NOM and C60 solutions. PBS (0.1M) 
was prepared by mixing appropriate solutions of sodium phosphate 
dibasic and sodium phosphate monobasic monohydrate (MP 
Biomedical). These chemicals along with C60 fullerene powder (99%, 
Alfa Aesar) were purchased from Fisher Scientific. All solutions were 
prepared using Fisher-brand sterile disposable standard serological 
pipets and mixed in Class B clear glass threaded vials (polyvinyl-
faced pulp liner). Quartz and glass cuvettes (1.0 cm) were used to 
collect UV-Vis spectra and size measurements, respectively. Zeta-
potential measurements were carried out using disposable folded 
capillary zeta cell (Malvern Instruments). All glassware was washed 
with aqua regia (4:1 HCl to HNO3, Sigma Aldrich).

Preparation of SR-NOM and C60 coated MPs 
A stock solution of SR-NOM at a concentration of 300 ppm was 

prepared by dissolving a known mass into PBS solution with a pH of 
7.4. The stock solution has been diluted to 150 ppm in two different 
100 mL volumetric flasks where one flask contained a 1:1 ratio by 
volume of SR-NOM to PBS and the second had a 1:1 ratio by volume 
of SR-NOM to m-PSN. The final m-PSN density in the mixture was 2

. A separate m-PSN in PBS was prepared without .0 ×  108 𝑚𝐿 ―1

SR-NOM to serve as a control experiment. Flasks were wrapped in 
aluminum foil and given 24 hours to equilibrate. Thereafter, stock 
solutions of m-PSN and the SR-NOM coated particles, which we 
define as NOM-MP, were separated from the solution by applying a 
magnetic field for one hour. UV-Vis absorption spectra (Agilent 
8453 and UV-1800 Shimadzu UV-Vis spectrometers) of the different 
concentration of SR-NOM treated with and without m-PSN were 
collected for a fixed particle density. To ensure the SR-NOM 
remained bound to the particle surface, the NOM-MP were re-
suspended in fresh PBS. After resuspension and magnetic 
separation, UV-Vis spectra of the solution were collected to analyse 
the extent of SR-NOM desorption. The NOM-MP with optimal 
surface coverage was used for subsequent AMP and CBZ adsorption 
studies. 

The C60 dispersion in water was prepared based on a co-
solvent method described in previous studies.31-32 Briefly, C60 was 
dissolved in toluene at a concentration of 1mg/mL. Then, it was 
mixed with water at a   ratio. The mixture was 1:4 toluene:water
sonicated for approximately 7 hours, swirling every 30 minutes. 
After sonication, the toluene in the solution was allowed to 
evaporate under the fume hood for three days to maximize C60 
solubility. Excess toluene was driven off by purging air into the 
solution. The aqueous C60 dispersion was then passed through a 

 nylon filter. This stock solution was stored in dark at room 0.45 𝜇𝑚
temperature and used to modify m-PSN as needed. UV-Vis 
absorbance and size measurements showed that C60 dispersion 
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remains stable for at least 4 months. The adsorption of C60 onto m-
PSN was carried out in PBS solution (pH = 7.4) as described for the 
adsorption of SR-NOM on MPs. Similarly, concentration dependent 
characterization of C60 adsorption and desorption upon re-
suspension was also carried out using UV-Vis spectroscopy. The 
final dispersion, C60-MP (2 ), was utilized for .0 ×  108 𝑚𝐿 ―1

pharmaceutical adsorption experiments. 

Adsorption of pharmaceuticals
To generate adsorption isotherms, prepared stock solutions of 

the target compound have been used to create two sets of 
concentration gradients in glass vials. One set was mixed with the 
appropriate pH or buffer solution and the other was mixed with the 
desired number density of particles (m-PSN, m-PSC, NOM-MP, or 
C60-MP). For these experiments, the final particle density, after 
mixing with the pharmaceutical, was fixed at . For 1.0 ×  108 𝑚𝐿 ―1

the bare m-PSN and m-PSC particles, additional isotherms were 
obtained with particle number densities of 0.5 and 2.0 ( ×  108)

. A pH dependent study (4, 7, and 10) was also carried out 𝑚𝐿 ―1

using the m-PSN and m-PSC colloids. Pharmaceutical adsorption to 
NOM-MP and C60-MP was conducted in PBS solution. All 
experiments were carried out at . The solution of particles and  22 ℃
the molecules were allowed to mix for at least two hours. This 
ensured adsorption equilibrium had been reached, as determined 
by time-dependent adsorption study.  Magnetic separation method 
in conjunction with UV-Vis spectroscopy was used to generate 
adsorption isotherms (  plots), where  𝑐𝑎𝑑𝑠 𝑣𝑠. 𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑐
corresponds to the concentration of the target pharmaceutical. At 
least 20 minutes was given for efficient separation of the magnetic 
particles. This method has been described in details elsewhere.23 
Briefly, the difference in absorbance of the pharmaceutical 
compound before ( ) and after ( ) treating it with the 𝑐𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔
particles was used to determine the concentration of 
pharmaceuticals adsorbed ( ) as follows:𝑐𝑎𝑑𝑠

(1)𝒄𝒂𝒅𝒔 = 𝒄𝒊𝒏𝒊𝒕𝒊𝒂𝒍 ― 𝒄𝒓𝒆𝒎𝒂𝒊𝒏𝒊𝒏𝒈 =
𝑨𝒊𝒏𝒊𝒕𝒊𝒂𝒍 ― 𝑨𝒓𝒆𝒎𝒂𝒊𝒏𝒊𝒏𝒈

𝜺𝒍

In this equation,  and  (in ) represent the 𝐴 𝜀 𝐿𝑚𝑜𝑙 ―1𝑐𝑚 ―1

absorbance and the extinction coefficient of AMP and CBZ at 366 
nm ( ) and 285 nm ( ), respectively. 𝜀 ~ 7 × 103 𝜀 ~ 1 × 104

The adsorption isotherms were generated by plotting 𝑐𝑎𝑑𝑠 𝑣𝑠.
. Langmuir (equation 2) isotherm model was used to fit 𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

the experimental data. Non-linear least-squares fitting tools in Igor 
Pro was used for data fitting analysis.   

 (2)𝑐𝑎𝑑𝑠 = 𝑐𝑚𝑎𝑥

𝐾𝑎𝑑𝑠(𝑐𝑒𝑞
𝑐0 )

𝐾𝑎𝑑𝑠(𝑐𝑒𝑞
𝑐0 ) + 1

 

The Langmuir fitting parameters are the adsorption constant, , 𝐾𝑎𝑑𝑠
and the maximum surface coverage, . It is important to note 𝑐𝑚𝑎𝑥
the use of  in this equation, which denotes the concentration of 𝑐0

water ( ), allows the equilibrium constant to be 55.5 𝑀
dimensionless and is one of the accurate approaches in obtaining 
thermodynamic parameters for adsorption processes.33 The free 
energy of adsorption is calculated based on the adsorption 
constant using . This adsorption energy ∆𝐺𝑎𝑑𝑠 = ―𝑅𝑇𝑙𝑛𝐾𝑎𝑑𝑠
corresponds to the energy released when a molecule goes from an 
initial state of being solvated to a final state of being bound to the 
particle surface and is dictated by a number of factors such as 

electrostatic and hydrophobic interactions. This energy also 
includes possible rearrangement of the adsorbed molecule, steric 
hindrances experienced at the proximity of the surface, and 
competition with the solvent molecule. 

Dynamic Light Scattering Measurements and Infrared Spectroscopy
Colloidal size and zeta potential ( ) of the particles were 𝜉

determined before (untreated) and after (treated with particles) 
adsorption of pharmaceuticals. These measurements, which 
provided pivotal insights into the colloidal stability and charge 
interactions, were carried out using Zetasizer Nano-ZS, Malvern 
Instruments. This instrument is equipped with a 4 mW He–Ne laser 
at wavelength of 633 nm and backscatter detector set at an angle 
of . Zetasizer was also used to determine the molecular 173°
weight of SR-NOM based on the application of Rayleigh scattering 
and Debye plot.  SR-NOM stock was diluted to create a 
concentration range of 0 – 250 ppm. Solvents were filtered twice 
through syringes fitted with  filters (Millex-VV PVDF) prior 0.01 𝜇𝑚
to use. Neat toluene was used as the reference sample. The 
molecular weight of SR-NOM has been calculated to be

. This value is comparable to the molecular weight  69.4 ± 7.3 𝑘𝐷𝑎
of colloidal NOM reported earlier.34-35 IR spectra of the SR-NOM, 
C60, m-PSN particles, and corresponding complexes were collected 
using attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectrometer (PerkinElmer Frontier, Diamond Zn/Se). SR-
NOM and C60 dispersions were dried under N2 prior to ATR-FTIR 
measurement. Samples containing magnetic particles (m-PSN, 
NOM-MP, and C60-MP) were separated, then supernatant removed 
prior to drying. The data presented is an average of 64 scans at 2 
cm-1 resolution, in the range of 700-4000 cm-1. Background spectra 
(clean surface) were collected prior to the IR measurement of each 
sample. All spectra were subject to ATR and baseline correction 
performed by the software provided by the manufacturer.   

Results and Discussion
Adsorption of CBZ and AMP on Model Microplastics  

Figure 2 Adsorption isotherms of AMP and CBZ with m-PSN (a) – (c) 
and m-PSC (d) – (f) at pH 4, 7, and 10. The markers correspond to 
the experimental data calculated using equation 1 and the solid 
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curve is the Langmuir fit (equation 2). In these experiments the final 
particle number density is 1 . .0 ×  108 𝑚𝐿 ―1

Representative AMP and CBZ adsorption isotherms for the 
amine and carboxylic surface functionalized particles at different 
solution pH are shown in figure 2. The Langmuir fit parameters are 
reported in the Electronic Supplementary Information (ESI) in Table 
S1. The AMP and CBZ UV-Vis spectra and the corresponding 
calibration curves are shown in figures S2 and S3, respectively. The 
results reveal that both AMP and CBZ adsorb at the model 
microplastic surfaces but their degree of uptake is different for the 
two distinct surfaces. For instance, irrespective of the solution pH, 
the  of AMP for both m-PSN and m-PSC is greater than that of 𝑐𝑚𝑎𝑥
the CBZ. In the case of carboxylic surface,  of AMP is higher by 𝑐𝑚𝑎𝑥
at least a factor of 5 and this ratio increases with pH.    

We have also measured AMP and CBZ adsorption isotherms 
with different number densities of m-PSC and m-PSN particles. 
These isotherms are shown in figures S4 and S5, in the ESI. Since ∆

 only depends on the energetics of the surface interaction, and 𝐺𝑎𝑑𝑠
not on the particle number density, this approach allowed us to 
obtain an average of  values (figure 3), with a standard ∆𝐺𝑎𝑑𝑠
deviation, for a given pharmaceutical-surface interaction. The 
relatively small standard deviation in the  values indicates ∆𝐺𝑎𝑑𝑠
negligible colloidal aggregation.23 This is further corroborated based 
on the particle size measurements as discussed below. It is 
important to note that in all the experiments the particle number 
density is fixed and the size of m-PSN and m-PSC is known (see 
figure S6). It is thus possible to calculate the surface excess of the -𝑖
th species ( ) by dividing  by the particle surface area and 𝛤𝑖 𝑐𝑚𝑎𝑥
compare this value from one system to the other. This is a clear 
advantage of utilizing monodispersed and nonporous spherical 
particles of known number density and size for the adsorption 
study. The effect of solution pH on  and the binding affinity, 𝛤𝑖 ∆𝐺𝑎𝑑𝑠

, for CBZ and AMP are illustrated in figure 3. The  and  ∆𝐺𝑎𝑑𝑠 𝛤𝑖
values are an average of 3 adsorption isotherms of different particle 
densities. The error bars correspond to the standard deviation of 
the average values. 

Figure 3 The surface excess, , of AMP (a) and CBZ (b), and the  𝛤𝑖

Gibbs free energy of adsorption, , of  AMP (c) and  CBZ (d) as a ∆𝐺𝑎𝑑𝑠
function of pH.

It is evident that increases with increasing pH for both 𝛤𝐴𝑀𝑃 
m-PSC and m-PSN as the adsorbents (figure 3a). Within the pH 
range studied, the uptake of AMP by the carboxylic functionalized 
particle is greater than its uptake by the amine functionalized 
particle. In contrast,  decreases with increasing pH for the m-𝛤𝐶𝐵𝑍

PSC particles and increases for the m-PSN with increasing pH (figure 
3b). It is also important to note that the calculated surface excess is 
greater than what is expected based on the molecular surface area 
of the pharmaceuticals. This is attributed to the fact that the 
polymeric chains extend out into the aqueous phase from the 
surface of the sphere and thereby provide a greater effective 
surface site compared to that of a flat 2-dimensional surface. 
According to the manufacturer, there are ~50 COOH groups/nm2 
available on the m-PSC surface. Higher degree of surface coverage 
has been observed previously for the adsorption of organic dyes on 
latex particles.23, 36 The implication is that in addition to the specific 
functional group, extensive van der Waals interaction with the 
carbon rich polymeric chain available on the particle is expected. In 
addition to the surface excess values obtained from adsorption 
isotherms, size and -potential measurements of the particles as a 𝜉
function of the adsorbed pharmaceuticals provide further insights 
into the adsorption mechanism and colloidal stability. The complete 
set of size and -potential measurements on these particles for 𝜉
different pH solutions are shown in figure 4.  A key finding is that 
neither AMP nor CBZ adsorption induce colloidal aggregation. 
Within the measurement standard deviation, the size of the 
particles remains constant with increasing pharmaceutical 
concentration. This is true for all the pH conditions studied. 
Furthermore, it is observed that the -potential of both m-PSC and 𝜉
m-PSN decreases (i.e. the surface becomes less negative) as AMP 
binds to these particles. In contrast, CBZ binding does not lead to a 
discernible change in the -potential of these particles.𝜉

Figure 4 Change in size (left axis) and ξ-potential (right axis) of 
polymeric particles in the presence of varying pharmaceutical 
concentration: m-PSC + AMP (a), m-PSN + AMP (b), m-PSC + CBZ (c), 
and m-PSN + CBZ (d). The pH of the solution is color coded as red = 
pH 4, green = pH 7, and blue = pH 10.

To interpret these observations, we refer to the pKa values of 
the pharmaceuticals studied. Within the literature,29, 30 there 
appears to be two different pKa values (9.5 and 8.6),37-38 reported 
for AMP. The pKa of 9.5 or higher is likely for AMP since the pKa of 
ammonium ion is 9.3 and that of protonated primary alkyl 
ammonium ions are higher. The AMP molecule is thus expected to 
be positively charged throughout pH 4 and 7 solutions. In fact, we 
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note that the spectra of AMP (figure S2) do not show any change or 
distortion in its spectral profile as a function of pH except for a 
slight decrease in the extinction coefficient at 366 nm in pH 10 
solution. It is plausible that a new peak is not observed because the 
neutral species may have a weak absorptivity or that the pKa of 
AMP is even higher than the theoretical prediction of 9.5. The 366 
nm peak is thus representative of the cationic AMP species, which 
appears to be dominant even in pH 10 solution. Accordingly, It is 
expected that adsorption of AMP onto the microplastics should 
make particle -potential less negative. This is clearly observed for 𝜉
all pH solutions. Figures 4a and 4b show that the negative -𝜉
potential of the particles decreases when AMP concentration is 
increased. The reduction of the negative -potential reaches a 𝜉
plateau with increasing AMP concentration. This behavior is 
consistent with the surface saturation profile observed in the 
corresponding adsorption isotherms (figure 2). Based on these 
observations we conclude that Coulombic attraction play a role on 
the uptake of AMP onto these negatively charged surfaces. Further 
evidence to support this conclusion is that AMP surface excess 
increases with pH. In the case of –COOH functionalized m-PSC, for 
which the pKa value is around 5,39 increased population of 
carboxylate ion is expected with increasing pH. Similarly, with an 
increase in pH, a reduction in the positively charged amine 
functional groups (pKa ~10),40 minimizing Coulomb repulsion, would 
lead to a higher uptake of AMP onto m-PSN. This is evident in figure 
3a. The electrostatic repulsion from positively charged amine also 
explains the lower surface population of AMP on m-PSN than that 
of carboxylic functionalized m-PSC particles.

For CBZ, there is a wide range of pKa values (2.341-42, 743, 
13.944, and 15.42) reported in the literature.41-45 There is a lack of 
clarity with respect to CBZ acid-base chemistry and in certain cases 
the references cited38, 44, 46 are uncorroborated. However, according 
to a commentary47 and the references therein, CBZ exhibits two pKa 
values, ~2.3 and ~13.9. Based on the acid-base chemistry of similar 
amides,48 we deduce these values to correspond to deprotonation 
of the protonated oxygen and thereafter at the nitrogen (see figure 
1b), respectively. The implication is that within the environmental 
pH range explored in this study, CBZ exists as a neutral species. This 
explains the observation of unaffected -potential in m-PSC and m-𝜉
PSN upon CBZ adsorption. Moreover, these measurements, along 
with the CBZ adsorption isotherm data, reveal that binding of CBZ 
to the model microplastic surfaces occur even in the absence of 
pure Coulombic attraction. CBZ uptake on these particles can be 
described to be predominantly due to van der Waals interaction. 
Nevertheless, we note that the CBZ uptake is influenced by the type 
of surface functional group and responsive to the pH change (fig. 
3b). We surmise that this is likely due to the properties of the 
microparticle surface itself. One possibility is that protonation/de-
protonation of these interfacial functional groups could modulate 
the effective surface site by causing the polystyrene chain to 
expand or collapse and thereby be more or less accessible to CBZ. 
This is an important finding that goes to show that even in the case 
of primarily hydrophobic or van der Waals interaction, colloidal 
surface charge can play a role on the overall uptake of 
pharmaceutical contaminants. 

Next, we turn to the discussion of adsorption affinity as 
dictated by the  values. Within the experimental uncertainty, ∆𝐺𝑎𝑑𝑠

 for AMP is not affected by the compositions of the colloidal ∆𝐺𝑎𝑑𝑠
surface and pH of the solution (figure 3c). Yet, if Coulombic 
attraction is to a play a role, a higher binding affinity for the 
positively charged AMP toward the negatively charged carboxylate 
particle would be anticipated. CBZ appears to show a slight 

variation in its ; however, these values are comparable when ∆𝐺𝑎𝑑𝑠
we take into account of the standard deviation. These observations 
indicate that the interaction of these pharmaceuticals with the 
model microplastics are occurring at a surface that is energetically 
homogeneous. Based on the surface excess values, we know that 
van der Waals interaction with the polymeric carbon is extensive. 
The similarity in the  values could also be a consequence of ∆𝐺𝑎𝑑𝑠
the fact that, unlike adsorption from vacuum to a clean surface, the 
Gibbs free energy of adsorption at an aqueous-solid interface 
includes multiple contributions49-51 including, but not limited to, 
pure electrostatic, hydrophobic interactions,  interactions, 𝜋 ― 𝜋
hydrogen bonding and solvation. These forces can have a balancing 
effect.50, 52 For instance, the negatively charged m-PSC particle at 
higher pH is likely to be more strongly hydrated compared to the 
particles dispersed in neutral to acidic pH. The energetics of 
displacing water molecule can counter the driving force of 
adsorption due to Coulombic attraction. Thus, for physisorption of a 
solute from an aqueous solution, a similar overall free energy of 
adsorption is possible. This has been observed for a cationic dye 
adsorption on latex particles and also for adsorption of particles 
onto the oil-water interface.50, 52 Accordingly, it is not possible to 
isolate the specific interaction AMP and CBZ exhibit on these 
surfaces solely based on the  values. ∆𝐺𝑎𝑑𝑠

Nevertheless, a comparison of the surface coverage suggests 
that both the molecular structure of the adsorbate and the 
microplastic surface functional group have an impact on the uptake 
of these contaminants. This is illustrated by the AMP-to-CBZ surface 

excess ratio,  (Table 1), for the different substrates. For 
𝛤𝐴𝑀𝑃

𝛤𝐶𝐵𝑍

instance, the ratio is greater than 1 for both m-PSC and m-PSN. That 
is, CBZ exhibits a lesser degree of uptake regardless of the surface 
composition. We attribute this to the differences in the geometry 
and the rigidity of these molecules. AMP, which has about 10 
rotatable bonds,53 is much more flexible to adsorb onto the 
polymeric latex particle surface. In contrast, with no rotatable bond, 
CBZ is rigid and thus can have limited access to the polymeric 
surface. Comparison of these ratios also suggest that a greater 
extent of uptake of AMP, relative to CBZ, occurs on surfaces 
containing acidic carboxylic functional group compared to the 
surfaces of basic functional group such as amine. This can be 
attributed to the fact that AMP exhibits Coulombic attraction and 
CBZ molecules do not. Certainly, this is supported by the increase in 
surface excess ratio with increasing pH. However, other favorable 
interactions at the amine-aqueous interface, such as hydrogen 
bonding or enhanced hydration effect, that can augment CBZ 
binding sites, cannot be ruled out. For example, enhanced CBZ 
interaction with Pahokee peat NOM sorbent due to hydration effect 
has previously been reported.20 

Table 1 The surface excess ratios, , for different substrates  
𝛤𝐴𝑀𝑃

𝛤𝐶𝐵𝑍

Substrate  Ratio 
𝑨𝑴𝑷

𝑪𝑩𝒁

  at pH 45.6 ± 1.1

11.8 ± 2.1  at pH 7
m-PSC

(𝑷𝒐𝒍𝒚𝒔𝒕𝒚𝒓𝒆𝒏𝒆, 
―𝑪𝑶𝑶𝑯/ ―𝑪𝑶𝑶 ― )

17.0 ± 5.3  at pH 7

m-PSN 2  at pH 41.6 ± 0.
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2.3 ± 0.6  at pH 7(𝑷𝒐𝒍𝒚𝒔𝒕𝒚𝒓𝒆𝒏𝒆, 
― 𝑵𝑯𝟐/ ― 𝑵𝑯 +

𝟑 ) 102.3 ± 0.4  at pH 

NOM-MP
(carboxylic, phenolic, 

etc.)
 (pH 7.4, PBS)4. 4 ± 1.9

C
60

-MP

( electrons, , etc. )𝝅 ―𝑶𝑯
 (pH 7.4, PBS )13. 0 ± 3.8

Adsorption of CBZ and AMP on NOM-MP and C60-MP  
In this section, we first demonstrate that latex particles can be 

coated with NOM and carbon-based nanomaterials. The use of 
magnetic micropspheres that are uniform in size brings multiple 
practical and scientific advantages. For example, they can be 
effectively separated from the aqueous solution and since their size 
and number densities are known, they allow the calculation of 
adsorbate surface excess in terms of molecules per area. As shown 
in the previous section, these values can map out the effect of 
surface functional group on the extent of adsorbate uptake. We 
begin by presenting the results of SR-NOM and C60 coated m-PSN 
particle preparation and then discuss the adsorption properties of 
AMP and CBZ onto the model NOM and C60 surfaces.

The details of NOM-MP (m-PSN particles coated with SR-
NOM) and C60-MP (m-PSN particles coated with C60) are given in the 
experimental section. It is found that both SR-NOM and C60 
spontaneously adsorbs onto the m-PSN particles when mixed in PBS 
solution. Figure 5a shows that for a given initial concentration of SR-
NOM, its absorbance is lower when treated with the m-PSN 
particles, meaning SR-NOM has been taken up by the m-PSN. The 
spectra of SR-NOM after resuspension (red trace) corresponds to 
the fresh PBS solution in which NOM-MP was re-dispersed, allowed 
to equilibrate for at least an hour, and then separated using a 
magnetic field. The absorbance is negligible, suggesting that only 
few molecules, if any, of SR-NOM came off the particles. Multiple 
resuspensions of the NOM-MP in subsequent fresh PBS solution 
showed no further desorption of SR-NOM. 

Figure 5 (a) UV-Vis absorption spectra of SR-NOM before and after 
treating with a fixed number density of m-PSN. The effect of re-
suspending the modified NOM-MP is also shown (b) Adsorption 
isotherm of SR-NOM onto m-PSN. The insets show the photographs 
of the stock SR-NOM solution and that of the magnetic separated 

SR-NOM and m-PSN mixtures. The similar aspects of C60 adsorption 
onto m-PSN are presented in (c) and (d). The insets in (d) show the 
C60 dispersion before and after filtration. 

The difference in the absorbance values of SR-NOM at 290 nm 
has been used to plot the amount of SR-NOM adsorbed as a 
function of its equilibrium concentration remaining in the solution 
(Fig. 5b). The plateau suggests a saturated surface coverage. At the 
highest concentration level, the SR-NOM adsorbed is approximately 
10 ppm. With the knowledge of the molecular weight of the 
colloidal SR-NOM and the size of these colloids (shown in figure S7), 
the estimated number of SR-NOM particles adsorbed on the m-PSN 
surface is . This corresponds to an area 6.4 × 1016 particles per m2

of approximately  for a given SR-NOM, assuming spherical 16 𝑛𝑚2 
particles, deposited on m-PSN. This is about  order of magnitude 104

smaller than the area occupied by a single SR-NOM particle. The 
implication is that the SR-NOM is attached to the three-dimensional 
(3D) polystyrene chains of the latex bead protruding into the 
aqueous phase from the particle surface. The behavior is similar to 
the adsorption of protein on 3D interphase between the bulk 
solution and the physical adsorbent surface.51 Further evidence of 
surface coating of SR-NOM comes from IR spectroscopy. ATR-FTIR 
spectrum of NOM-MP (Fig. 6) shows signature peaks observed in 
the fingerprint region of the aqueous dispersion of SR-NOM. 
Additionally, a broad band around 2500 cm-1, like the IR band in 
powder SR-NOM (Fig. S8), is also evident. 

Figure 6 ATR-FTIR spectra of microplastics, C60, SR-NOM, and the 
corresponding surface modified colloids. Due to weak absorbance, 
select spectra have been magnified ten-fold ( 10).  ×

For the subsequent pharmaceutical adsorption studies, NOM-
MP prepared using the highest possible SR-NOM concentration has 
been used. The photographs in figure 5b provide visual description 
of the SR-NOM dispersion and the magnetic separation process. 
Evidence of its stable colloidal nature is given in figure S7 in terms 
of size and zeta potential measurements. Figures 5c and 5d were 
generated in a similar fashion as described above except that they 
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represent the adsorption process of C60 fullerene nanoparticles 
onto m-PSN. These data reveal that C60 also binds strongly to the m-
PSN and does not desorb upon resuspension. A plot of the amount 
of C60 adsorbed (Fig. 5d) has been generated using C60 absorbance 
peak at 348 nm. Effective concentrations for each sample have 
been calculated based on the C60 extinction coefficient at 348 nm. 
The photograph of C60 dispersion contained in the Erlenmeyer flask 
(Fig. 5d) shows the purple toluene (top) layer containing C60 that is 
removed by filtration after allowing the toluene to evaporate. The 
final product, after filtration, labeled as the C60 stock solution after 
filtration is also shown. ATR-FTIR spectrum of C60-MP (Fig. 6) shows 
peak broadening and elevated baseline in the range of 800 – 1800 
cm-1, indicating the presence of C60. Unlike SR-NOM, C60 aggregates 
exhibit weak absorption coefficients and peaks strongly overlapping 
with that of m-PSN. These factors make it difficult to directly 
characterize C60 aggregates on m-PSN. Figure S8 shows the IR 
spectrum of C60 powder. 

These stable surface modified NOM-MP and C60-MP were 
used for AMP and CBZ adsorption studies. Figures 7a and 7b show 
the adsorption isotherms of AMP and CBZ on NOM-MP and C60-MP, 
respectively. Replicates of adsorption isotherms are provided in the 
ESI (figure S9) and the average Langmuir fit parameters of two 
independent trials are reported in Table S2. Control experiments 
with adsorption of AMP and CBZ onto the surrogate m-PSN 
particles in 0.1 M PBS solution have also been carried out. The 
corresponding adsorption isotherms are shown in the ESI (figure 
S10). It is evident from figure 7 that AMP shows propensity for both 
NOM-MP and the C60-MP surfaces. While CBZ adsorbs on NOM-MP, 
its uptake by C60-MP is negligible. 

Figure 7 Adsorption isotherms of AMP and CBZ onto NOM-MP (a) 
and C60-MP (b). The markers represent experimental data, and the 
solid traces represent the Langmuir fits. The percentage change in 
size (c) and -potential upon adsorption of AMP and CBZ (d).   𝜉

The  and  values obtained for these surfaces are ∆𝐺𝑎𝑑𝑠 𝑐𝑚𝑎𝑥
distinct from those obtained in the control experiment using m-PSN 
particles (Table S3). AMP exhibits a similar binding affinity for the 
SR-NOM and C60 surfaces ( ), which is ∆𝐺𝑎𝑑𝑠 ~ ― 40𝑘𝐽/𝑚𝑜𝑙
comparable to its binding affinity toward carboxylic and amine 
functionalized microparticles. In contrast, CBZ shows slightly higher 
affinity for the C60 surface compared to that of NOM (see Table S2). 
Not a significant difference is observed in  of AMP with ∆𝐺𝑎𝑑𝑠
variation in surface composition. As discussed earlier, this is likely 

for physisorption from aqueous solution arising from balancing out 
of different contributions toward adsorption free energy where van 
der Waals interaction is also dominant.  

It is observed that compared to C60-MP, NOM-MP can 
facilitate higher uptake of both AMP and CBZ. This we attribute to 
the polymeric structure of SR-NOM, which can extend into the 
aqueous phase increasing the effective surface sites with which the 
pharmaceuticals can interact. The chemical structure of NOM 
includes hydrophobic, hydrophilic, and charged surfaces.54-56 In 
addition to polymeric carbon chain, the particular Suwannee River 
NOM used in this study is rich in carboxylic and phenolic functional 
groups. On the other hand, C60-MP provide a surface that is 
hydrophobic and susceptible to interactions with its π-orbitals.57 
Due to surface curvature and their size, these aggregates exhibit 
hydrophobic characteristics.58-59 However, the C60 clusters dispersed 
in water also undergo surface hydroxylation31-32 and OH ions can 
accumulate at the water-hydrophobic interfaces and stabilize the 
hydrophobic colloidal substances.60-62 Thus, in addition to the 
hydrophobic interaction, electrostatic attraction is plausible in the 
case of AMP. The negative -potential measured for C60 colloids and 𝜉
C60-MP (figure S7) is likely due to adsorption of OH or phosphate 
ions on these surfaces. 

Figures 7c and 7d show the effect of pharmaceutical 
adsorption on the size and -potential of NOM-MP and C60-MP. The 𝜉
data is presented as percentage change in reference to the size or 𝜉
-potential of the particles in the absence of pharmaceuticals. The 
raw data, which show the absolute size and -potential values are 𝜉
shown in figure S11 of the ESI. It is apparent (Fig. 7c) that within the 
experimental error, the size of these particles remains relatively 
unchanged as a function of pharmaceutical concentration. While a 
large standard deviation is observed, indicating that a certain 
fraction of these particles is coalescing, an increase in the average 
particle size greater than hundred percent is not seen. Thus, 
aggregates composed of two or more particles are not prominent. 
As expected, we also see adsorption of AMP diminishes the -𝜉
potential, whereas adsorption of neutral CBZ does not. Coulomb 
interaction between the positively charged AMP and the negatively 
charged surface of these particles is one of the driving forces of 
AMP adsorption. As with adsorption on the model microplastics, 

comparison of  ratios for these surfaces, also demonstrate 
𝛤𝐴𝑀𝑃

𝛤𝐶𝐵𝑍

greater extent of uptake for AMP. It is interesting to note that at 
the SR-NOM surface, this ratio falls between that of the amine and 
carboxylic functionalized particles. It is plausible that similar to the 
basic  moiety, the phenolic  group may limit the ―𝑁𝐻2 –𝑂𝐻
adsorption site for CBZ. The same effect may also explain a 
substantially reduced uptake of CBZ on the C60-MP surface, which is 
likely to contain hydroxylated sites and hydroxide ions.   

Conclusions 
In this communication, we presented a systematic 

surface adsorption study of two commonly detected 
pharmaceutical contaminants, namely CBZ and AMP, onto 
model microplastics, colloidal SR-NOM, and C60 fullerene. The 
effect of pH on the surface excess and binding strength of 
these pharmaceuticals on the polystyrene particles of distinct 
surface functional groups (amine vs. carboxylic) has been 
highlighted. Based on surface excess ratios, a clear picture has 
emerged – on all the substrates studied, AMP, which exists in 
its cationic form within the pH range investigated, exhibits a 
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greater degree of uptake compared to CBZ. Attractive 
coulombic interaction and greater degrees of rotational 
freedom in AMP can explain the observed differences. 
Comparing the AMP surface excess, the extent of uptake by 
the substrates near neutral pH can be ranked as follows 

 at pH 7 and  at 𝐶𝑂𝑂𝐻 𝐶𝑂𝑂 ― ≫ 𝑁𝐻2 𝑁𝐻 +
3 𝑆𝑅 ― 𝑁𝑂𝑀 > 𝐶60

pH 7.4 in PBS buffer. For CBZ, the order of uptake is 
 at pH 7 and , 𝐶𝑂𝑂𝐻 𝐶𝑂𝑂 ― ~ 𝑁𝐻2 𝑁𝐻 +

3  𝑆𝑅 ― 𝑁𝑂𝑀 ≫ 𝐶60

with significantly diminished uptake on  nanomaterials. 𝐶60

Thus, this study demonstrated that there can be a clear 
surface effect on the amount of pharmaceuticals adsorbed on 
microplastics and other colloidal substances ubiquitous in the 
aquatic environment. To elucidate specific binding 
interactions, further computational and surface selective 
spectroscopic investigations are needed.  

Within this study, we have also shown that model 
colloidal substrates composed of natural organic matter and 
carbon-based nanomaterials can be designed to investigate 
the influence of specific functional groups on surface 
interactions of emerging contaminants. Previous studies have 
shown the potential interactions of humic acids and NOM with 
minerals, non-magnetic polymeric substances, and engineered 
nanoparticles.63-66 Application of magnetic particles and other 
designer nanomaterials for the purpose of pollution 
remediation has also been demonstrated.67-70 However, the 
design and fabrication of NOM or C60 coated magnetic 
polymeric colloids, for the purpose of further pharmaceutical 
binding studies, have yet to be reported. The use of 
monodispersed spherical surrogate particles of well 
characterized size and surface properties opens up the 
possibility for further spectroscopic investigations. For 
instance, stable particles of homogeneous size and shape are 
required for vibrational sum frequency and second harmonic 
generation spectroscopy techniques.71-74 These tools can 
elucidate the much needed understanding of pharmaceutical-
NOM interactions at the molecular level and would be made 
possible by the model colloids described herein.         
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Molecular properties of emerging contaminants (ECs) and interfacial compositions of colloidal 
matter dictate the extent of EC-particulate matter surface interaction.
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