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Abstract

Perfluorooctanoic acid (PFOA) sorption behaviour of two commercial multi-walled carbon
nanotubes (MWCNTSs) (C 150 P from Bayer MaterialScience: BA and C-MWNTs from
NanoTechLabs Inc.: CP) was investigated from aqueous solution. The BA nanotubes contain
Co/Mn/Mg/Al catalysts both on their outer surface and in the inner bore while CP contains
Fe-based catalyst typically within the tubes. The adsorption isotherms of **C-radiolabeled
PFOA were measured by batch experiments and fitted to the Freundlich model (r>>0.92).. The
adsorption affinity and capacity on BA were significantly higher than on CP. Increasing the
pH reduced the adsorption of PFOA due to the electrostatic interaction between the
pH-sensitive surface and the adsorbate. Increasing NaCl concentration lead to the aggregation
of the MWCNTSs reducing the available surface and thus the adsorption capacity. Removal of
the catalyst from the outer surface of BA changed the electrophoretic mobility from positive
to negative value also decreasing the adsorbed amount of PFOA. The surface charge of the
surface-associated metal catalyst favors the electrostatic sorption of PFOA. Such surface
modification may be a promising way to improve the sorption capacity of MWCNTs for
pollutants like PFOA and to broaden their potential application in water purification.
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1. Introduction

Perfluorooctanoic acid (PFOA) is a perfluorinated chemical that is gradually becoming the
focus of considerable concern due to its resistance to natural degradation [1] and its
widespread occurrence in ecological systems [2]. This chemical is inevitably released into
environmental compartments with the large-scale production of PFOA and its precursors,
such as fluorotelomer alcohols and perfluoroalkyl sulfonamides [3, 4]. The distribution of
PFOA in various environmental compartments, such as in air [5], aqueous phase [6, 7], show
[8], sediments [9, 10], soils [11], biota [12] and humans [13], has been frequently documented.
It is a ubiquitous and very challenging pollutant due to its persistence in the environment. The
environmental concentration of PFOA ranges from 0.24 ng L™ to 11.3 pg L™ in aqueous
phase [6, 7]. Generally, the adsorption capacity of PFOA on soil/sediment is low [14]. In
order to reduce its risk in the environment, carbon nanotubes (CNTSs) are investigated in this
paper as potential adsorbents for PFOA.

CNTs consist of graphene sheets rolled into a cylinder [15] and are generally regarded as
ideal candidates for widespread applications due to their unique physicochemical properties.
Commercial CNTs have potential environmental relevance as both membrane-fixed sorbents
and dispersed-phase sorbents [16-20]. In particular, potential environmental applications of
CNTs as superior sorbents have been intensively studied for a number of inorganic and
organic toxic chemicals [21-29]. Recently, the sorption of PFOA on multi-walled carbon
nanotubes (MWCNTS) with different oxygen contents has been investigated in a extended
concentration range [30]. MWCNT electrodes were successful used—effective—havebeen

prepared-and-apphied in the removal of perfluorochemicals like PFOA by electrochemically
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assisted adsorption [31]. Thermally treated MWCNTSs, possibly due to the removal of
disorderly amorphous carbon and certain surface modification, showed an increased sorption
capacity of chlorinated compounds [32].

Various sorption mechanisms have been reported on CNTs. The sorption of metallic ions on
CNTs is governed by electrostatic interaction [22, 33], while hydrophobic and dispersive
interactions play an important role in the sorption of organic compounds [23, 34, 35]. Thus,
PFOA sorption on non-functionalized MWCNTSs is attributed to hydrophobic interactions [30].
The n-n interaction between aromatic chemicals and the graphene-like structure of CNTs has
also been reported in several studies (e.g. [17, 36]). However, Pan and Xing [37] recently
drew the general conclusion that the sorption of organic compounds on CNTs is regulated by
multiple mechanisms, such as hydrophobic interactions, z— bonds, electrostatic interactions,
and hydrogen bonds. Moreover, micropore diffusion into the CNTs can also play a role in the
sorption of contaminants [37].

Commercial CNTs vary significantly with respect to catalyst and impurities [38-40]. For
the synthesis of CNTs transitional metal catalysts such as Ni, Co, Mo, and Fe are frequently
used [38, 41]. The catalytic metals are mostly in oxide form [45, 51]. For most commercial
CNTs the catalyst is intercalated within the tubes and is not available for the solute [42]. For
conductive polymer composites CNTs with surface-associated metal catalyst were developed,
[43, 44], where the transition metals are in a highly dispersed state along the outer walls as
reported by Zhang et al. [45]. The chemical form of the metal in the catalyst, however, was
not described- In order to remove the catalyst or its traces from the CNTSs, a purification

process with strong acids or acid mixtures is usually performed [22, 46, 47]. Nevertheless,
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even after acid washing at high temperature CNTs may contain residual metal catalyst [41],
which can be released into the aquatic environment [48]. The role of metal catalyst impurities,
which released into the solutions during the sorption, in the sorption of Pb(Il) on CNTs has
recently been investigated [49].

The main objective of our research was to investigate i) the sorption of PFOA on
MWCNTs at low concentrations of environmental interest and ii) the influence of
surface-associated catalyst on the sorption behavior. To our knowledge, studies on CNTs with
surface-associated metal catalyst have not been reported with respect to the sorption of
organic pollutants. For this purpose, commercial MWCNTs containing Co/Mn/Al/Mg
catalysts on the outer surface and MWCNTSs with Fe-containing catalyst located within the
tube are compared. In order to evaluate the role of the surface-associated catalyst, the PFOA
sorption after hydrochloric acid (HCI) treatment was also investigated. Non-oxidative HCI
treatment efficiently removes the catalyst from the accessible regions surface of MWCNTS. In
addition, the effects of the solution parameters, such as pH and salinity, on the sorption of

PFOA were studied.

2. Materials and methods

2.1. Chemicals

Non-labeled PFOA (96% purity) and “C-labeled PFOA (99% radiochemical purity and 2.04 x
10° Bq mmol™ specific activity) were purchased from KMF Laborchemie Handels GmbH
(Germany) and Biotrend Chemikalien GmbH (Germany), respectively. The water solubility of

PFOA (Molecular weight: 414.07; chemical formula: CgHFs0,) is 3.4 g L' at room
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temperature. The Koy value of PFOA is unknown [50]. To prepare a stock solution, 1 gram of
non-labeled PFOA was weighed into a 1 L volumetric flask and made up to 1 L with Milli-Q
water. The resistivity of Milli-Q water was greater than 18 MQ-cm. The solution was
ultrasonicated for 0.5 hour (Sonicator, 50-65 KHz). Stock solutions were prepared by mixing

non-labeled and **C-labeled PFOA solutions and stored at 4 °C prior to usage.

2.2 Adsorbents

MWCNTSs of purity >95% were purchased from NanoTechLabs Inc. (Yadkinville, NC, USA,
C-MWNT) (CP) and Bayer MaterialScience, Germany (Baytubes C 150 P) (BA). According
to the Manufacturer’s Reports, the MWCNTs were synthesized by the chemical vapor
deposition (CVD) method, using Fe nanoparticles and Co/Mn/Mg/Al, respectively, for CP and
BA as the metallic catalyst. The TEM images of BA are shown in Fig S1 in the
Supplementary Information. The BA sample also contains metal catalyst on the outer surface
in addition to the catalyst in the inner bore of the tubes

(http://www.baytubes.com/product_production/baytubes_data.html) [45]. The chemical form

of the metal in the catalyst, however, is not specified by the manufacturer. In order to remove

the metal impurities from-MWENTs; pristine MWCNTs were mixed with 12.5% (v/v) HCI

solution (solid to liquid ratio 1: 5000) at ambient temperature. Briefly, the mixtures were

ultrasonicated for 10 minutes (Sonicator, 50-65 KHz), stirred overnight, washed with Milli-Q

water to neutral pH, filtrated, and then dried at 353 K in an oven. It has been pointed out that

HCI treatment only removes impurities from the outer surface of MWCNTSs [46]. Although

intensive ultrasonication in strong oxidative media may lead to cleavage of CNTSs into smaller
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fragments [52] our conditions were mild enough not to damage the nanotubes. No changes
were observed in the length and diameter distribution of CNTs from the TEM images after
purification and/or sonication (not shown here).

Elemental analysis of MWCNTSs was performed with inductively coupled plasma mass
spectrometry (ICP-MS) (Elan 6000). 30-50 mg of MWCNT was fused with 1 gram of lithium
borate at 1323 K, then dissolved in HNO; solution at ambient temperature and diluted with
Milli-Q water to 100 mL. Finally, the concentration of elements in the solution was quantified
by ICP-MS. The specific surface area (SSA) of the MWCNTSs was determined from 77 K N,
adsorption data measured with an AUTOSORB-1 (Quantachrome) apparatus by the
multipoint Brunauer-Emmett-Teller (BET) method. Thermogravimetric measurements of
MWCNTSs were conducted with a simultaneous thermal analyzer 429 (Netzsch, Gerdtebau
GmbH, Germany). The electrophoretic mobility of the MWCNT suspension (BA: 100 mg L™
and CP: 250 mg L) was measured with a Zetasizer Nano series (Malvern) after

ultrasonication for 10 minutes (Sonicator, 50-65 KHz).

2.3. Batch sorption

The liquid-phase sorption-desorption experiments were performed in 16 ml volumetric Pyrex
glass tubes equipped with Teflon-lined screw caps using a batch technique at 293 K. Pristine
or HClI-treated MWCNTSs were weighed into the glass tube and pre-wetted with 400 mL NaCl
(10 mM) electrolyte solution for 24 hours. Aliquots of the pre-wetted suspension and the
radioactive PFOA stock solution (concentration: 1 g L™ and 60 mg L™) were then transferred

into the tubes with a pipette and a microsyringe, respectively, reaching 100 mg L™ BA and
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250 mg L™ CP. Initial concentrations of PFOA in the range of 0-50 000 pg L™ and 0-400
ng L™ were prepared for BA and CP samples, respectively. The tubes were immediately
sealed and mixed at 150 rpm on a horizontal shaker for 48 hours. Preliminary experiments
demonstrated that a period of 48 hours is sufficient to reach adsorption equilibrium
(Supplementary Information, Fig S2). The solid and liquid phases were separated by
centrifugation for 20 minutes at 10,000 g. For the desorption measurements, half of the
supernatant was replaced by the electrolyte solution after the completion of the sorption
equilibrium experiment. The equilibration time for desorption experiments was also 48 hours.
Concentrations of PFOA in all supernatants were quantified by liquid scintillation counting
(LSC). MWCNT-free control tests were also performed simultaneously. The adsorbed amount
of PFOA was calculated from the concentration difference between the supernatants and the
controls because the mass balance for the sorption of PFOA ranged from 97.6% to 99.5%. All
experiments were performed in triplicate.

Influence of pH and salinity was investigated using 200 ug L™ PFOA and 250 mg L™ CP
or 100 mg L™ BA. The pH was adjusted with 1 M NaOH or HCI solutions. The salinity was set

in the range of 1 to 500 mM with NaCl solution.

2.4. Radioactive determination

Aliquots of the supernatant were mixed with 4 mL of Insta-Gel Plus scintillation cocktail
(USA) in 5-mL vials and counted on a Tri-Carb B 2500 liquid scintillation counter (Packard

Bioscience GmbH, Germany) for 10 min (standard deviation <2%).

2.5. Evaluation of adsorption data
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The Freundlich model (Eg. (1)) was used to fit the sorption data:
c.=K.c " (1)
where, C, (ug g™) is the amount adsorbed per unit mass of the adsorbent, C,, (ug L™) is the

(1-1/n) Ll/n

equilibrium concentration of the solute, K (ng g™ is the Freundlich adsorption

coefficient, and n (unitless) is an indicator of the nonlinearity of the isotherm.

3. Results and Discussion

3.1. Adsorption isotherms of PFOA

Preliminary Kinetic investigations indicated that the sorption equilibrium could be reached within
a few hours (see Fig S2 in Supplementary Information). Adsorption isotherms of PFOA
normalized to the surface area of both pristine and HCI-treated MWCNTSs are shown in Figure la
and b at-low-cencentrations. The surface areas of the pristine BA and CP samples were 206 and
111 m? g, respectively. The HCI treatment strongly reduced the metal content of the BA, while
that of CP decreased only slightly (Table 1). However, a concurrent rise in the specific surface area
(approx. 10%) upon HCI treatment occurred in the case of both MWCNTs (BA = 231 m*g™*, CP =
122 m® g™*). The small increase of the surface area may be a consequence of the removal of
impurities and the additional sonication during the HCI treatment, which may reduce the aggregate
size [52]. In the low concentration range which is of considerable environmental interest the
Freundlich model properly described the sorption isotherms (r> 0.92, Table 2). The insert in Fig.
1a shows the adsorption isotherm of PFOA on pristine BA up to 50 000 pg L™. In this extended
concentration range the shape of the log-log plot indicates a second adsorption step where the

sorption capacities close to those of Li et al. [30] were obtained.
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In the concentration range investigated (Fig. 1a) the adsorption capacity of PFOA
normalized to the surface area was significantly higher on the pristine BA than on CP,
indicating that the surface area is not a limiting factor governing the sorption of PFOA on
these MWCNTSs. The present results also indicate that the higher Fe catalyst content of CP
MWCNTs (see Table 1) is of no significance for the sorption in comparison with BA

containing Co/Mn/Mg/Al catalysts. BA adsorbed roughly six times as much PFOA as CP at
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Fig. 1. Adsorption isotherms of PFOA onto (o) BA and (o) CP MWCNTs in 10 mM of NaCl
solution: a) PFOA on pristine MWCNTSs, b) PFOA on HCl-treated MWCNTSs. The adsorbed

amount of PFOA was normalized by surface area. The insert plot shows the sorption
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isotherms of PFOA on pristine BA up to 50 000 ug L™.

equilibrium concentration of 100 ug L™. It must be noted that the catalyst within the tubes is
generally not available for the solutes from aqueous solutions [42].

The pH of the supernatants varied in the ranges of 5.8-5.9 and 6.2—6.6 for the pristine CP
and BA, respectively, during the sorption experiments. In these pH ranges, PFOA is present in
an anionic form as its pK,= 0.5 [53]. Variations of the pH affect not only the ionization of
surface functional groups potentially decorating the nanotubes but also more specifically the
charge of the surface catalyst. This can be sensitively observed by a microelectrophoretic
method. MWCNTSs usually have a negative zeta potential under neutral solution conditions
[54, 55]. As expected, the electrophoretic mobility (EM) of the pristine CP was
-1.8 x 10 cm? V' s, On the other hand, in the case of pristine BA a positive zeta potential
can be derived from the EM of +0.9 x 10 cm® V*s™. However, the EM of BA MWCNTS
was reversed to about —1.5 x 10 cm? V* s™ after HCI treatment, while that of the HCl-treated
CP was similar to the pristine nanotubes (EM —1.9 x 10™ cm? V' s™). This reversal effect in
the EM of the BA sample after HCI treatment must be related to the removal of
surface-associated fractions of the catalyst. Indeed, a large decrease of metal catalyst content
was observed with BA tubes (Table 1) in comparison with the metal content of the CP tubes
which show no substantial change after the HCI treatment. In the same way, the EM did not
change significantly in the case of CP tubes. It can be thus hypothesized that the catalyst
content on the CP tube surface is low. Regarding the variations of the surface charge

demonstrated by the EM and the completely anionic form of PFOA throughout the pH range

11
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investigated it can be also hypothesized that electrostatic interactions play a role in the uptake
of PFOA. The variation of the surface charge demonstrated by the EM may be responsible for
the different adsorption affinities and capacities. Fig. 1 b shows that the sorption affinity of
PFOA on the HCl-treated BA significantly decreased while only a slight reduction was
observed on the CP sample. The pH of the aqueous phase during the sorption experiments
with HCl-treated CP and BA was in the range of 5.7-6.0 and 6.2-6.7, respectively, i.e. the
partial removal of the metal did not result in a significant shift in pH. Therefore, it is assumed
that the reduced metal content is responsible for the reduced adsorption affinity of the
nanotubes, particularly in the case of BA. The comparison of the EM values associated with
the surface charge of the MWCNTS supports this idea. The surface ionizations may arise
from the surface acidic groups [56] and oxidized metal catalyst material [45, 57]. The positive
EM of BA stems from the positively charged metal oxide particles located on the surface of
MWCNTS at neutral solution pH conditions. Their interaction with the negative
perfluorooctanate ions leads to an electrostatic sorption. However, the lack of information
about the chemical form of the catalyst limits a further interpretation on atomic level. It also
should be mentioned that PFOA desorption from both pristine MWCNTs showed no
pronounced hysteresis (Fig. S3 in the Supplementary Information), indicating that the
adsorption is reversible.

The sorption results in the low PFOA concentration range investigated here thus support
an electrostatic interaction where the ionic properties of the amphiphilic molecule dominate
the adsorption behavior. In the absence of surface-associated metal catalyst, i.e., in case of

pristine CP and HCl-treated CP and BA the adsorption may be driven by hydrophobic

12
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interaction and dispersion forces with the carbon skeleton of the MWCNTSs [30], resulting in

weaker adsorption and lower adsorption capacities.

3.2. Influence of pH

Figure 2 shows the influence of pH on PFOA adsorption to the two pristine nanotubes. In both
cases, a decreasing adsorption capacity with increasing pH value was observed in the pH
range 2-12, which confirms the significance of electrostatic interaction due to the
pH-sensitive surface charge. The negative surface charge increases with increasing pH, due to
the carboxylic and phenolic groups decorating the surface even of pristine CNTs [33, 56].

2000 —
1600
1200

800 —

400 - g D

Adsorbed amount (ug g")

pH value in solution

Fig. 2. The influence of pH on the adsorption of PFOA on the pristine (o) BA and (o) CP

MWCNTSs. Initial concentration of PFOA is 200 ug L™.

However, the presence of a cobalt (Co) oxide phase in BA was reported by Zhang et al.[45],
which has a point of zero charge at about pH 8 [58, 59]. The surface-associated catalyst is
thus positively charged in neutral and acidic conditions. As pH increases the combined effect
of the deprotonation of the MWCNTSs surface carboxylic groups and the decreasing positive

charge of the surface-associated catalyst in the case of BA results in an electrostatic repulsion.

13
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This essentially limits the sorption of PFOA in the neutral and alkaline pH ranges. It was also
reported that increasing the pH value decreases the sorption of perfluorinated chemicals on
sediments or MWCNTSs due to electrostatic repulsion [14]. The further reduction of the
adsorption capacity, especially in case of BA above pH 6-7, may also be caused by the

increasing negative surface charge of the metallic catalyst.

3.3. Influence of salinity (ionic strength)
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Fig. 3. The influence of salinity on PFOA adsorption on the pristine (o) BA and (o) CP

MWCNTs. Initial concentration of PFOA is 200 pg L™.

The influence of salinity on PFOA adsorption on the pristine MWCNTSs is shown in Figure 3.
In the 0.001-0.05 M NaCl concentration range the adsorption capacity decreased with
increasing salt concentration; above 0.05 M NaCl the adsorbed amount was almost constant.
Chen et al. [47] reported no impact of salinity on the sorption of neutral compounds to
single-walled CNTSs in solutions containing 0.02-0.1 M NaNO;. This trend is similar to our
experience with NaCl in the same concentration range. On the other hand, an enhanced uptake

of polar compounds by activated carbon fiber was detected due to the screening effect of the

14



Chengliang Li, Andreas Schéaffer, Jean-Marie Séquaris, Krisztina Laszld, Ajna Toth, Etelka Tombacz, Harry Vereecken, Rong Ji, Erwin Klumpp
Surface-associated metal catalyst enhances the sorption of perfluorooctanoic acid to multi-walled carbon nanotubes
Journal of Colloid and Interface Science, 377, 342-346, 2012

surface charge produced by salt addition [60]. Therefore, it may be hypothesized that the
decrease of PFOA adsorption at low salt concentrations can be attributed to the screening of the
surface charge by the salt, which induces the aggregation of MWCNTSs (Saleh et al., 2008). A
critical coagulation concentration (CCC) of about 0.05 M NaCl (see Fig. S4 in the
Supplementary Information) was observed according to the method of Sano et al. [61], who
found that the CCC for single-walled CNTs was 0.037 M NaCl. This implies that the
influence of the salt concentration on the sorption of PFOA can be attributed to a reduced
availability of the MWCNTSs surface, as the aggregation offsets the screening effect of the
surface charge (Cho et al., 2011). Below the CCC, the gradual decrease of the accessible
surface can be related to the slow aggregation kinetics of the dispersed colloidal MWCNTS.
Above the CCC, a rapid aggregation takes place and the accessible minimum surface remains
constant. PFOA only covers about 1% of the MWCNTSs surface in 10 mM NacCl solution as
calculated from the molecular area of PFOA (108 A? is estimated with the MOLDEN
software [62]). A direct influence of PFOA on the MWCNT aggregation is thus improbable.
In the case of BA, an adsorption competition of CI” anions in excess with the deprotonated
PFOA (0.97 uM) on the positively charged catalyst may also be involved in the observed

decreased sorption at NaCl concentration lower than 0.01 M NacCl in Figure 3.

4. Conclusions

The ad/desorption of PFOA was found completely reversible on pristine BA and CP
nanotubes. The sorption was sensitive to the pH and the salinity of the solution. In the low

PFOA concentration range the enhanced sorption capacity of the BA was attributed to the
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presence of Co/Mn/Mg/Al catalysts on the external surface of the MWCNT.. Although the
sorption of PFOA is governed by non-polar interactions at higher concentrations, our results
revealed the role played by the carboxylate group of the amphiphilic PFOA molecule in the
environmentally relevant low concentration range. Accessible metal catalyst may lead to an
enhanced sorption through electrostatic interactions indicating that such surface modification

is a promising way to improve the sorption capacity of PFOA on CNTs.
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