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Abstract

Persistent and mobile organic compounds (PMOCs) are often detected micropollutants in the
water cycle, thereby challenging the conventional wastewater and drinking water treatment
techniques. Carbon-based adsorbents are often less effective or even unable to remove this class
of pollutants. Understanding of PMOC adsorption mechanisms is urgently needed for advanced
treatment of PMOC-contaminated water. Here, we investigated the effect of surface
modifications of activated carbon felts (ACFs) on the adsorption of six selected PMOCs
carrying polar or ionic groups. Among three ACFs, defunctionalized ACF bearing net positive
surface charge at neutral pH provides the most versatile sorption efficiency for all studied
PMOC types representing neutral, anionic and cationic compounds. lon exchange capacity
giving quantitative information of sorbent surface charges at specified pH is recognized as a
frequently underestimated key property for evaluating adsorbents aiming at PMOC adsorption.
A most recently developed prediction tool for Freundlich parameters in PMOC adsorption was
applied and the prediction results are compared to the experimental data. The comparison
demonstrates the so far underestimated importance of the sorbent surface chemistry for PMOC
adsorption affinity and capacity. PMOC adsorption mechanisms were additionally investigated
by adsorption experiments at various temperatures, pH values and electrolyte concentrations.
Exothermic sorption was observed for all sorbate-sorbent pairs. Adsorption is improved for
ionic PMOCs on AC carrying sites of the same charge (positive or negative) at increased
electrolyte concentration, while not affected for neutral PMOCs unless strong electron donor-
acceptor yet weak non-Coulombic interactions exist. Our findings will allow for better design

and targeted application of activated carbon-based sorbents in water treatment facilities.



1. Introduction

Almost a half of the European chemicals regulation (REACH) registered organic substances
with uniqgue CAS numbers (including predicted hydrolysis products) exhibit highly polar, ionic
or ionizable structures (Arp et al., 2017; Arp and Hale, 2019). Among them, the compounds
with freshwater half-lifes longer than 40 days and soil organic carbon—water distribution
coefficients log Doc < 4.5 (at pH = 4-10) are referred to persistent and mobile organic
compounds (PMOCs) (Arp et al., 2017). Many of these compounds readily pass the
conventional water treatment processes and become increasingly detectable in aquatic
environments (Farré et al., 2008; Loos et al., 2013; Reemtsma et al., 2006; Schulze et al., 2019).
Although detected in low concentrations (ng/L — pug/L), they may recirculate and accumulate
in short water cycles (Arp et al., 2017; Teychene et al., 2020), raising considerable toxicological
concerns under long-term exposure (Arp et al., 2017; Farré et al., 2008; Fent et al., 2006; Ferrari
et al., 2003; Loos et al., 2013; Sinclair and Boxall, 2003; Sophia A and Lima, 2018; Thomaidi

etal., 2015).

In wastewater and drinking water treatment plants, adsorption technology is widely used due to
its advantages including flexibility in operation mode (batch or continuous processes),
operational simplicity, low investment costs and low environmental impact (EPA, 2020; Sophia
A and Lima, 2018; Watson, 1999). Activated carbon (AC) materials with specific surface areas
~10% m?/g are frequently used as adsorbents. Besides ozonation, AC adsorption is presently the
most broadly applied and recommended technique for upgrading wastewater treatment plants

(Decrey et al., 2020; Reemtsma et al., 2016).

The appearance of PMOCs in the aquatic environment points to a significant treatment gap in
the current wastewater and drinking water purification processes where higher adsorption
efficiency of AC adsorbents is urgently called for (Reemtsma et al., 2016). Being structurally

different from the conventional nonpolar organic pollutants, PMOCs can interact with the
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sorbent surfaces additionally by means of electrostatic interactions, ion exchange, ion bridging,
electron donor-acceptor (EDA) interactions and charge-assisted H-bonds (Kah et al., 2017).
Previous studies have shed light on the diverse effects of surface chemistry of AC materials on
adsorption of PMOCs. For instance, it was discovered that defunctionalization of commercial
activated carbon felts (ACFs) to remove oxygen-containing functional groups significantly
fostered the adsorption of perfluorooctanoic acid (PFOA, pKa between 0 and 1 (Goss, 2008))
and perfluorooctanesulfonic acid (PFOS, pKa = —-3.27 (Brooke et al., 2004)) yet less strongly
for n-octanoic acid (pKa = 4.9 (Wellen et al., 2017)). Nevertheless, an in-depth understanding
of the links between AC properties and PMOCs adsorption is still missing to date (ECETOC,

2013; Mailler et al., 2016).

Given the large variety of chemical PMOC structures, generic mechanistic understanding and
predictive modeling approaches of PMOC sorption on carbonaceous materials are needed for
targeted sorbent design (Kah et al., 2017; Schulze et al., 2019). Polyparameter linear free energy
relationships (pp-LFERS) have long been successfully applied to predict partitioning and (under
certain conditions) also adsorption processes of non-ionic organic compounds (Endo and Goss,
2014). However, prediction tools for sorption of polar and ionic organic compounds onto
activated carbon and related sorbents from aqueous systems were much less focused on and
only started to emerge recently (Sigmund et al., 2020b). These model approaches are either
based on LFERSs (Zhao et al., 2019), a combination of neural networks (NN) and pp-LFERs
(Zhang et al., 2020) or on NN solely (Sigmund et al., 2020b). All these models use Abraham
descriptors of the sorbates as input parameters, i.e. E (excess molar refraction), S (effective
dipolarity/polarizability), A (hydrogen bond acidity), B (hydrogen bond basicity) and V
(characteristic McGowan volume, cm®/mol/100). The model only based on LFER by Zhao et
al. (2019) also included the specific ionic descriptors J* and J- for columbic interactions

(Abraham and Zhao, 2004), yet neglected the influence of sorbent textural and chemical



properties on PMOC adsorption. The model established by Zhang et al. (2020) by contrast
considers pore-filling and hydrophobic effects as adsorption drivers and, hence, includes total
pore volume (Vi) and BET-derived specific surface area (Sger) as sorbent-related input
parameters. These two sorbent-parameters are, however, highly correlated (Sigmund et al.,
2020a). This model is predominantly trained with sorption data on carbonaceous sorbents with
Seet > 400 m?/g. Another most recently developed model by Sigmund et al. (2020b) is based
on the sorbent’s Sget and elemental composition (C wt%, H/C and O/C molar ratios) combined
with the sorbates’ log D, A" % or B* % (pH-dependent percentage of anionic or cationic species,
respectively). Although many data on the elemental composition of C-based adsorbents of
moderate carbonization degree exist (e.g. for biochars), they are heavily missing for ACs
applied in sorption studies. As a result, only 55 out of 330 items in the training-set for anionic
and polar organic compounds used in (Sigmund et al., 2020b) exhibit Sger> 400 m?/g. While
all three prediction tools deepen our understanding of PMOC sorption on carbon-based
materials, they are all affected by limitations in appropriate experimental literature data for
model training. Data shortages include (i) detailed characterization of AC sorbents and their ion
exchange capacities (Sigmund et al., 2020b), (ii) high-quality adsorption isotherm data, and (iii)
lack of adsorption studies on cationic organic compounds (“small and noisy data set’” (Sigmund

et al., 2020b)).

In order to advance the presently limited knowledge on correlations between PMOC adsorption
and AC properties, we here studied for the first time the adsorption of six environmentally
relevant PMOCs on three types of ACFs of high specific surface area (Sget = 1100-1500 m?/g)
and similar porous structures yet distinct surface functionalities. The PMOC adsorbates consist
of three positively charged compounds (benzyltrimethylammonium (BTMAY),
benzyltriethylammonium (BTEAY), tetrapropyl-ammonium (TPA™)), an organic anion (p-

toluenesulfonate, p-TsO™, acid form with pKa < -1 (Guthrie, 1978; Sergeant and Dempsey,



1979)), and two neutral molecules (at pH 7; methyl-tert-butyl ether (MTBE), p-
toluenesulfonamide (p-TSA, pKa = 10.5 (Atwood and Steed, 2004))). According to Schulze et
al. (2018), MTBE, p-TsO", and BTMA™ have a high environmental emission potential, i.e. were
ranked 3, 50" and 313" out of 936 REACH registered PMOCs (Schulze et al., 2018).
Additionally, MTBE, p-TsO-, and BTMA" are among the most persistent and mobile aquatic
PMOCs with freshwater half-lifes of >60 d, log Doc of <1 at pH = 4-10 and a water
solubility >10 g/L (Arp et al., 2017). Despite the high environmental relevance, very limited
adsorption studies on such PMOCs were performed and yet, except for MTBE adsorption on
15 different AC materials reported by Li et al. (2002), most previous studies did not focus on
the impact of the sorbent surface chemistry (Davarpanah et al., 2015; Duman and Ayranci, 2010;
Qi et al., 2013; Tamai et al., 2004; Wu et al., 2011). Herein, to analyze effects of AC surface
properties on the PMOCs’ sorption affinity and capacity, isotherms of individual sorbate-
sorbent pairs were measured at different temperature, electrolyte concentration and pH
conditions. To understand the role of AC surface chemistry for PMOC adsorption we further
fitted our data with Freundlich and Langmuir equations and compared them to results predicted

by the model suggested by Sigmund et al. (2020b).



2. Experimental section

2.1 Chemicals

p-TsO~ (commercially available in form of C7HgO3S-H20, > 98.5%) and BTMA hydroxide
(C10H17NO, 20 w/w% ag.) were obtained from Alfa Aesar. p-TSA (C7HoaNO2S, >99%) and TPA
hydroxide (C12H20NO, 1.0 M aq.) were purchased from Sigma-Adrich. MTBE (CsH120, >99%)
and BTEA hydroxide (C13H23NO, 10 w/w% ag.) were acquired from Fluka Analytical and abcr
GmbH, respectively. Selected sorbate properties are listed in Table S1. Ethanol (EtOH,
>99.9%), HNO3z (65%), HCI (37%), NaOH (99%), KCI (>99%), NaN O3 (>99%), Na>2S04 (99%),
CuS04-5H20 (>99%), citric acid monohydrate (CsHsO7-H20, >99%) and the ammonia solution
(25 w/iw% aq.) were purchased from Merck. Methanol (>99.95%) and i-propanol (>99.9%)
were obtained from Th.Geyer. Oxalic acid bis(cyclohexylidene hydrazide) (Cuprizone,
C14H22N402, > 98%) and ammonium acetate (C2H7NO2, >98.0%) were purchased from Bernd

Kraft GmbH. Deionized water was used to prepare all solutions.

2.2 Materials

Actitex®-FC1001 (Jacobi CARBONS, ACFi in short, 30 cm?) was washed with i-propanol
(60 mL) and five times with H>O (60 mL, shaking at 120 rpm, 30 min) followed by air-drying
(80°C, overnight) before use or further treatment. The oxidized sample (OXACFi) was
prepared by stirring ACFio (1.1 g) in HNO3 (5 M, 130 mL) at 95°C for 6 h. The as-treated
sample was then washed five times with H>O (shaking at 120 rpm, 30 min) until pH reached
approx. 6 and then air-dried (50°C, overnight). The defunctionalized sample (DeACF10) was
prepared by treating ACF1o in a quartz tubular oven at 900°C under H. atmosphere for 2 h

(heating rate: 150 K/min, starting from 20°C, gas flow rate: 40 mL/min). Before heating, the
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oven containing the sample was purged with N2 for 30 min and then with Hx for another 30 min.

After heating, the oven was cooled automatically to 100°C in Ha, then to 20°C in Na.

2.3 Material characterization

The specific surface area (Sget) of the sorbents was measured with the BET method (N2 at 77
K) using BELSORP MINI (BEL Japen, Ltd.) with a sample pretreatment at 100°C. The
mesopore size distribution (@ > 2 nm) was characterized by the BJH method. The size
distribution of the micropores (@ < 2 nm) was determined using a magnetic suspension balance
(Rubotherm GmbH) by means of CO> adsorption at 0°C and analysed by NLDFT fitting from
the software Pore analyser (Porotec GmbH). The point of zero net proton charge (pHrzc) of the
ACF samples was determined as reported (Babi¢ et al., 1999). Cation and anion exchange
capacities (CEC and AEC) were determined as described earlier (Saeidi et al., 2020a; Zelazny
et al., 1996). The detailed procedures for pHpzc and CEC/AEC determination are given in Sl.
Elemental analysis was performed using a CHN analyser (LECO TruSpec CHN). The oxygen
contents of the samples were calculated from the mass balance O wt% = 100% — C wt% — H
wt% — N wt% — ash wt%. The ash content was determined gravimetrically as residue after
burning the sample at 750°C in oxygen. Temperature-programmed desorption (TPD) results
were recorded on a BELCAT-B chemisorption analyser (BEL Japan Ltd.) coupled with an
Infralyt detector (SAXON Junkalor) for CO and CO> detection. The ACFs were first pre-treated
at 150°C for 30 min in an argon atmosphere (50 mL/min), then heated up from 150°C to 1100°C
with a heating rate of 10 K/min. X-ray photoelectron spectroscopy (XPS) measurements were
performed by an Axis Ultra photoelectron spectrometer (Kratos Analytical Ltd.) using
monochromatized Al Ka radiation (4v = 1486.6 eV). For binding energy (BE) determination,

the main component of the Cls signal at 284.8 eV was employed as reference. Peak



deconvolution was performed with CasaXPS (http://www.casaxps.com/) by applying a Shirley
background and sums of Gaussian and Lorentzian functions for the fitting. The Attenuated total
reflection (ATR)-FTIR was performed on a Nicolet iS50R FR-IR device (ThermoFischer). The
morphology of ACFs was characterized using scanning electron microscopy (SEM) (Zeiss

Merlin VP Compact).

2.4 Adsorption experiments

0.1-4.0 g/L ACFs were shaken (120 rpm) for 24-48 h in agueous Na>SO4 solution (1-100 mM,
8-10 mL) followed by pH adjustment with 0.1 M NaOH and/or H2SO4 solutions to desired
values. Such pre-wetting step allows background solution to penetrate the inner pores, making
them readily accessible for dissolved sorbates (Duman and Ayranci, 2010). Then, stock
solutions containing individual sorbate compounds (1-3 g/L) pre-neutralized to pH 7 were
added to the ACF-containing batches to reach desired initial concentrations (2.5 — 80 mg/L).
After shaking overnight at the selected temperatures (20°C, 40°C, 55°C, and 70°C, 400 rpm
with LLG-uniTHERMIX 2 pro), the pH values of the suspensions were adjusted back to desired
values. Temperature dependence was measured for exploring the impact of entropy and
enthalpy effects in the adsorption processes. For samples containing nonionic MTBE, the pH-
adjustment during the adsorption process was abandoned. Also, gas-liquid volume ratios <1:5
were set so that MTBE loss into the gas phase was negligible. After 48 h-adsorption at the
selected temperature, samples were taken and filtered with Whatman® syringe filters (0.45 pum,
PTFE), concentrated by evaporation of water under N2 or diluted when necessary, and used for
concentration measurement. The final pH values were detected in the range (x 0.5) close to the

desired values.



The single-point adsorption coefficient Kq (L/m?) indicating the adsorption affinity of the

sorbent towards the sorbate at a given condition was calculated as

Kg=2 (1)

Ce

where ge (umol/m?) related to sorbent’s Sger is the sorbent loading and ce (umol/L) the

concentration of dissolved solute in the aqueous phase at the adsorption equilibrium.

The adsorption isotherms of sorbate-sorbent pairs were fitted with linearized forms of

Freundlich (Eqg. 2) and Langmuir equations (Eg. 3) expressed as follows,
log g. = n-log c. + log Kg @)

where n is the dimensionless Freundlich exponent and Kg ((umol/m?)/(umol/L)") is the
Freundlich constant (Aljerf, 2018). In addition, Kr in unit of (ug/kg)/(ug/L)" is derived from
fittings using ge (1g/kg) related to adsorbent mass and ce (g/L) to compare with the model
predictions in Section 3.2.4. Logarithms of parameters which carry units are to be understood

as numbers after dividing by these units.

Ce Ce 1

=y ©

de dmax AmaxKL

where gmax (Umol/m?) is the maximal (monolayer) sorbent loading and K. (L/pumol) the
Langmuir constant. Both Kr and K are related to the adsorption affinity of the sorbent towards
the selected sorbate while gmax represents the adsorption capacity. n = 1 indicates a more
homogenous distribution of sorption sites on sorbent surface (Delpeux-Ouldriane et al., 2015;

Li et al., 2002).
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2.5 Analytical methods

Aliquots of agueous samples were taken using a syringes equipped with Whatman® (0.45 pm,
PTFE) filters before being measured. The analysis of p-TsO™ and TPA" was accomplished by
a liquid chromatography equipment coupled with a photo diode array UV/VIS detector and
single-stage mass spectrometer (MS) with electrospray ionization (LC-MS2020, SHIMADZU
Corporation). UV/VIS detection was applied for p-TsO~ (A = 220 nm) and the MS detector
operated in selected ion monitoring (SIM) mode with m/z = 186 amu was used for TPA*. The
concentrations of p-TSA were analysed by gas chromatography—mass spectrometry
(SHIMADZU GC-MS 2010) in SIM mode (m/z = 171 amu) after solvent extraction (for details
see Sl part). MTBE concentrations were determined by Headspace-GC-MS analysis using a
SHIMADZU AOC-5000 Plus autosampler coupled to the above mentioned GC-MS operated
in SIM mode (m/z = 73 amu). The concentrations of dissolved BTMA" and BTEA™ were both
measured by UV/VIS spectrometry (SHIMADZU UVmini-1240) at A = 207 nm. Corresponding
blank samples without analytes were prepared for correcting the baseline. To measure the Cu?*
concentrations, 1-6 mL aliquots were added to a combination of 1 mL cuprizone solution (0.5
wt% in EtOH:H20 = 1:1 v/v) and 1 mL triammonium citrate-ammonia buffer ((NH4)3CsHs07
—NHjs, pH = 9) solution to form the copper-cuprizone complex absorbing intensively at 595 nm
(Messori et al., 2007). The mixture was shaken for 30 min (120 rpm) in darkness before diluted
to the concentration range 0.1-2 mg/L and analysed by UV/VIS spectrometry. More detailed

information of the measurements is given in the Sl part.
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3. Results and discussion

3.1 Characterization of ACFs

Derived from a commercially available ACF1o, two surface-modified ACFs were prepared to
provide distinct sorbent properties for adsorption of selected polar organic compounds. All
three ACFs were carefully characterized for their bulk chemical composition, surface

functionalities and pore structures.

Elemental analyses were performed for all studied ACF types with results listed in Table 1.
HNO3 oxidation of ACF resulted a 1.8-fold increased O content (18.1 wt%) of OXACF1g
relative to untreated ACF1o (9.9 wt%) while annealing of the original ACF1o in Hz flow at 900°C
for 2 h resulted in a significant reduction in the O content (4.3 wt%) of DeACF1. TPD was
performed to further characterize the O-containing functional groups (Fig. S1). Observed peaks
at T = 800 K, 1000 K and 1100-1200 K in the CO release profiles can be assigned to the
destruction of aliphatic hydroxyl, phenolic hydroxyl and carbonyl groups, respectively (Vogel
et al., 2019). In CO- release profiles, the peak around 500 K may refer to the decomposition of
carboxylic or anhydride groups (Vogel et al., 2019; Zhou et al., 2007) while CO; release at
higher temperatures (700-1000 K) is likely to be derived from lactone groups (Zhou et al.,
2007). The ATR-FTIR spectra (Fig. S2) also confirm the origins of O-containing functional
groups on OxXACFi. XPS high resolution Cls spectra (Fig. S3) show an increased peak
intensity relating to m>n* shake-up which implies higher contents of sp? C and, accordingly,

more hydrophobic surfaces in the order of OXACF10 < ACF19 < DeACF1o.

To quantify charged sites on ACF surfaces, the ion exchange capacities towards inorganic
cations and anions were characterized at circumneutral pH. Cation and anion exchange
capacities (CEC and AEC, respectively) give quantitative information on surface charge

densities of AC at a specified relevant pH. These are favoured compared to other parameters
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used for describing AC surface chemistry, such as O-content which does not contain
information on the speciation of the O-containing groups or point-of-zero charge (pHrzc) which
only gives qualitative information on the predominant charge at pH # pHpzc for heterogeneous
adsorbent surfaces. Distinct charge densities of the three ACF surfaces were found (Table 1).
Differences in ion exchange capacities were mainly attributed to O contents of the samples due
to the quasi absence of N in the ACFs (Yang, 2019). Generally, higher CEC were found in
ACFs carrying more O-containing functional groups and, hence, more negatively charged sites
at circumneutral pH. In contrast, higher AEC was found for oxygen-poor DeACFi. As
supported by the XPS spectra (Fig. S11), DeACF1o surface is rather rich in aromatic regions
free of O-containing functional groups, and possess highly delocalized n-electrons. Such
structures are prone to adsorb protons and form positively charged sites (Saeidi et al., 2020a).
The increase of the pHpzc of the ACFs was in the order of OXACF1o < ACF10 < DeACF0 and
relates to the order of the ACF ion exchange capacities. The CEC of the sorbents also reflects

well their capacity to retain Cu®* (Table S2, Fig. S4).

Analysis of the textural properties (Table 2) revealed for all three ACF high specific surface
areas (> 1000 m?/g) as obtained from N, BET analyses (Sget) suggesting high PMOC sorption
capacities. 93% of Sget is maintained for DeACF1o after thermal treatment in H, at 900°C,
whereas a 27% loss in Sget was found for OXACFyg after oxidizing with hot HNO3 solution.
The N2 adsorption-desorption isotherms of all ACFs (Fig. S5a) resemble the IUPAC Type |
isotherm (Sing et al., 1985) typically observed for microporous AC materials. The narrow
hysteresis loops further indicate a predominance of micropores in all ACFs (Alothman, 2012;
Leeetal., 2013; Zhao et al., 2016). Analysis of the pore volume distributions of the ACFs (Fig.
S5b) reveals that oxidation of the ACFyo led to a decrease in the fraction of micropores (& < 2

nm) likely due to pore blocking by O-containing surface functional groups (Bayram and
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Ayranci, 2011; Hotova et al., 2020), and accordingly a reduced Sget. The morphology of the

three ACFs is shown in SEM images (Fig. S6).

3.2 PMOCs adsorption

3.2.1 Adsorption affinities and capacities of ACFs towards PMOCs

Adsorption isotherms in 10 mM Na>SO4 solution at pH 7 (Fig. S7) were determined to quantify
PMOC adsorption affinities (Kq) and capacities (gmax) to the ACFs. All isotherms were fitted
by both the Freundlich equation (Eqg. 2) in the low ce range (i.e. below saturation loading, Fig.
S8) and by Langmuir equation (Eqg. 3) in the whole data range (Fig. S9) as summarized in Table
3. Log Kq for all sorbate-sorbent pairs at ce = 20 umol/L (Fig. 1) were calculated from the

Freundlich parameters by Kq = ¢e"*-K (cf. Egs. 1 & 2).

As described in Section 3.1, all three ACF sorbents studied carry porous structures dominated
by micropores. Based on the characterization results given in Table 2, the total pore volumes
on unit specific surface ((0.45 + 0.07) mm3/m?) are comparable for all three ACFs. Although
the pore size distribution differs for the three ACF types, these differences should not result in
large varieties in adsorption capacities towards target PMOCs (Table 3) due to the only minor
to moderate pore filling extents as elucidated below. For instance, TPA™ exhibits the largest van
der Waals molecular volume (= 139.8 cm®/mol) and molecule size (0.63-0.97 nm (Tamai et al.,
2004)) of all tested PMOCs. However, TPA* exhibited higher sorption to OXACF10 (Qmax= 0.18
umol/m?) than to DeACF1o (gmax = 0.13 pmol/m?) although the Vg > 1 nm 0f OXACF1o was found
to be about 50% lower than in DeACF1o (Table 2). With a simplified assumption that TPA*
molecules solely enter pores of @ > 1 nm, only about 7.9% of pores with @ > 1 nm of OxACF1g
would be occupied (for calculation cf. SlI). Similarly, we estimated the maximal pore filling

extents of all sorbates in pores with @ > 1 nm of OXACF10, ACF10 and DeACFo (Table S3).
14



As-obtained data show that the pores were occupied between 0.7 and 32%, suggesting that the

sorbent pore volumes may not be the limiting factor for PMOC sorption to the ACFs.

Kg and gmax values propose distinct PMOC sorption to the ACFs; in particular for anionic p-
TsO™ and neutral p-TSA and MTBE. For instance, p-TSA and MTBE adsorption affinities (log
Kg; Fig. 1) and the maximum adsorption capacities (gmax; Table 3) follow the order of DeACF1o >
ACF10 > OXACF1. Two factors may explain these findings: (i) increasing polarity of the
sorbent surfaces due to oxidation penalizes the organic sorbates in the competition with water
molecules for adsorption. (ii) Additional EDA interactions between the lone electron pairs of
the p-TSA and MTBE heteroatoms and the protonated DeACF1o surface as had been previously
reported for MTBE (Li et al., 2002). p-TSA, however, was adsorbed with higher sorption
affinities on all ACFs than MTBE despite its lower log D which shall indicate a weaker
hydrophobic effect (Table S1, Kah et al., 2017). This is likely due to additional ©-7 interactions
(Wu et al., 2011) of p-TSA. Furthermore, charge-assisted hydrogen bonds ((£) CAHB, being
relevant at ApKa < 5 (Li et al., 2013; Teixido et al., 2011)) between p-TSA (pKa = 10.5) and
ACF surfaces (carboxyl groups with pKa = 3—6 (Strelko et al., 2002) and phenolic groups with
pKa = 8-10 (Xiao and Pignatello, 2016)) might contribute as well. However, the strong increase
in K¢ and gmax Oof p-TSA upon defunctionalization of the carbon surface rather speaks for a

minor contribution of (£) CAHB to its overall sorption.

Adsorption of charged PMOCs requires charge compensation either by oppositely charged sites
on adsorbent surface (ion exchange) or co-adsorption of charge-balancing counter ions from
the electrolyte solution (Kah et al., 2017; Schwarzenbach et al., 1993). As a measure of the
surface charging state of AC surfaces, CEC and AEC values are highly relevant and
recommended to be measured, yet largely missing in the literature pool (Kah et al., 2017,
Sigmund et al., 2020b). Different to the pHpzc which only gives qualitative information on the

net surface charge, CEC and AEC provide guantitative information on the content of negatively
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and positively charged surface sites, respectively, at a certain pH value. Since the CEC of the
ACFs was OXACF1o > ACF1o >> DeACF1o (Table 1), better sorption of the cationic PMOCs to
OxACF1o than to DeACF10 could be expected. However, rather similar gmax and log Kq of TPA",
BTMA™ and BTEA" were found for all ACFs (Table 3, Fig. 1) despite the low CEC of the
defunctionalized and net positively charged DeACFio surface. Only for BTMA®, i.e., the
smallest cationic PMOC under study, slightly higher log Kq¢ and gmax were observed on
OxACF1o. This points at the relevance of hydrophobicity as a driving force for sorption and
may also explain why adsorption capacities of TPA*, BTMA* and BTEA* (>0.1 pmol/m?) were
higher than the CECs of oxygen-poorer ACF10 and DeACF1o. Also, cation-t EDA interactions
might cause additional promoting effects in the adsorption of cationic PMOCs on AC surfaces
containing a higher density of  systems (Kah et al., 2017). On the contrary, the gmax of the
cationic PMOCs was 50-80% lower than the CEC of OxXACF1o following the order of TPA" <
BTEA* < BTMA" (<Cu?" that accounted for 87% of CEC, cf. Fig. S4, Table S2). The high max
of cationic PMOCs beyond sorbents” CECs suggest a strong contribution of hydrophobic effects,
i.e. the combination of van der Waals forces and solvophobic effects, to the overall sorption
due to the relatively bulky non-polar parts in their molecule structure. Such interactions could
even overcompensate the net negative charge effects of ACF1o surface, as has been described
for sorption of alkyl ammonium cations of varying chain lengths to inorganic sorbents
(Schwarzenbach et al., 1993). So far, however, systematic studies on similar effects on PMOC
adsorption to AC materials are missing. Our results suggest that the reversal of sorbent surface
net charge by adsorption of PMOCs depends on the AC surface chemistry: cationic PMOCs
can be more easily accommodated beyond sorbents’ CECs as found for hydrophobic ACF1o
and DeACFo, but not for hydrophilic OXACF10. One possible reason for the unexpectedly weak
charge effects with cationic sorbates might be the shielding of the positive charge by four more
or less bulky substituents, which may prevent a close approach of the N atom to negatively

charged surface sites. Anionic sorbates such as p-TsO™ are not affected in a similar way.
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Contrary to the cationic PMOCs, the gmax Of negatively charged p-TsO™ to all ACFs was larger
than the sorbents’ AECs (Tables 1 & 3) again indicating a superposition of non-Coulombic
(hydrophobic) and anion exchange interactions between p-TsO™~ and ACF surfaces. The Qmax
decreases in the order of DeACF10 > ACF19 >> OXACF1o (Table 3) and reflects the simultaneous
decrease in hydrophobicity and increased number of repulsive negatively charged sites (higher
CEC) of OXACFo surface. Kq and gmax of p-TsO~, however, were significantly lower than of
its uncharged derivative p-TSA (Fig. 1, Table 3) and exhibited more pronounced differences
for the differently treated ACFs. This suggests a minor contribution of negative (-) CAHB
between p-TsO™ (pKa = —1.3) and the carboxyl groups of OXACF1o (pKa = 3-6) which should
otherwise promote the adsorption, and emphasizes the combination of electrostatic and
hydrophobic effects as drivers for the sorption of anionic PMOCs. Our findings support recent
studies on the sorption trends of anionic per- and polyfluoroalkyl substances (PFAS) (Saeidi et

al., 2020a; Zhi and Liu, 2016).

3.2.2 Effect of temperature on adsorption of selected PMOCs

To separate enthalpic and entropic contributions of adsorption, adsorption experiments at
different temperatures were performed for TPA", BTMA®, p-TsO™ and p-TSA and interpreted
using a modified van’t Hoff equation. The van’t Hoff equation (Liu, 2009) links Kags as

adsorption equilibrium constant with AHads and ASags as adsorption enthalpy and entropy.

AHaps ASabs
In Kgqs = _R_Tb+ Tb (4)

Note that there is an ongoing debate on the correct equilibrium constants to be applied in Eq. 4
for adsorption to solid surfaces (which in principle should be unit-free) (Liu, 2009; Tran et al.,

2017). However, it becomes insignificant when aiming at values for adsorption enthalpy only.
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Thus, we apply a simplified approach, replacing Kags by Kg, i.e., the single-point adsorption
coefficient in the low sorbent loading range (g << gmax) to give a modified van’t Hoff equation.
We consider the derived adsorption enthalpies (AHadgs = —R-d(In Kq)/d(1/T)) as ‘apparent’ ones,
being aware of the limited thermodynamic significance of these values. The calculated values
are in the range from AHa.gs = O for adsorption of TPA™ on OXACFio to —38 kJ/mol for

adsorption of p-TsO~ on DeACFy.

Exothermic sorption was observed for all sorbate-sorbent pairs, with less steep slopes (i.e. less
exothermic adsorption) for adsorption to OxXACF1o than to DeACFio (Fig. 2). Especially,
adsorption of cationic TPA* and BTMA™ on OxACF1o was found to be quasi thermoneutral.
Although these sorbates should experience improved electrostatic attraction with the oxidized
carbon surface, sacrificed non-Coulombic interactions on the more hydrophilic sorbent took
over. Our findings are in accordance with previous results (Duman and Ayranci, 2010) which
showed that adsorption of BTMA™ and BTEA™ onto microporous activated carbon cloth was
dominated by hydrophobic effects. Entropy seems to be an important driving force for
adsorption of the organic cations to the oxidized ACF surface, as most obvious for BTMA"

where OXACF1 shows the lowest slope (lowest AHags) but still highest Kg .

Defunctionalization of the ACF generally had minor impacts on the slopes of van’t Hoff plots
for neutral and cationic PMOCs, yet clearly enhanced the AHags of p-TsO™. Here, the
superposition of improved van der Waals forces, n- and n-m EDA interactions and attractive
Coulombic interactions (with protonated w-electron systems) leads to a more exothermic

process.
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3.2.3 Effect of the ionic strength and pH on adsorption

lonic strength (1S): applying background electrolyte (Na2SO4) with increasing concentrations
from 1 mM to 100 mM may influence adsorption of polar and ionic organic compounds by: (i)
increased competition for sorption sites by inorganic ions (Kah et al., 2017; Saeidi et al., 2020a),
(i) higher shielding of the sorbent’s ion exchange sites due to a compressed electric double
layer (EDL) (Brown et al., 2016), and (iii) increased chemical activity of dissolved sorbates by
possible salting-out effect (Xiao et al., 2005). As salting-out effects were estimated to cause
effects on log Kq of < £0.02 (Schwarzenbach et al., 1993), they are considered negligible for

our interpretation and thus are not further considered.

As shown in Fig. 3, poor influence of the salt concentration on log Kq of p-TSA adsorption for
any of the ACF was found. This indicates that the strong p-TSA adsorption to ACF is mainly
driven by non-Coulumbic interactions. In contrast, Kqof MTBE on DeACF1o decreased slightly
at increasing ionic strengths. Contrary to likewise neutral p-TSA, MTBE has no zn-electron
system to interact with the ACF surface, and the EDA interactions may be hindered either by
competitive sorption of SO4~ or increased shielding of sorption sites. On OXACFo, increasing
IS suppressed adsorption of cationic TPA*™ and BTMA™, whereas the anionic p-TsO™~ adsorbed
more strongly. These opposite effects can be explained by the same mechanism: joint effect of
EDL compression and competing Na* adsorption at the negatively charged OXACF1o surface
aroused a weakening of attractive or repulsive electrostatic interactions for cationic and anionic
PMOCs, respectively. Similar reasons account for the changes in log Kq on DeACFyo for

charged PMOCs upon IS change (Saeidi et al., 2020a).

The effect of solution pH (at 4, 7 and 9) on the adsorption of selected PMOCs on OxACF10 and
DeACFyo is shown in Fig. S10. Decreasing pH from 9 to 4 moderately reduced the adsorption
of TPA" and BTMA™ on OXACFy (Fig. S10a). Since pHpzc of OXACFyo is 2.4, the sorbent
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surface keeps a negative net charge at pH 4 while the density of negatively charged surface sites
increases at higher pH, which clearly benefits the uptake of the cationic PMOCs. Accordingly,
the adsorption affinity of p-TsO™ on DeACF1o (pHpzc = 10.2) increases when decreasing pH
from 9 to 4 due to enhanced electrostatic interactions (Fig. S10b). In comparison, no change in
log Kq in the adsorption of neutral p-TSA on DeACF1o was observed at different pH values as
expected. The effect of a broader pH range on adsorption of especially weak organic acids and

bases was reported to be studied using the bell-shape relationship (Xiao and Pignatello, 2014).

In summary, increases in IS improved adsorption if solutes and net charges of the sorbent
surface were of the same sign (positive or negative), while increased IS hindered adsorption if
charges were of opposite signs. IS effects on neutral compounds were found only in case of

strong EDA yet weak non-Coulombic interactions.

3.2.4 Comparison of experimental data with model predictions

Our experimental PMOC sorption data were compared to model predictions (Sigmund et al.,
2020b) adapted for the adsorption of polar organic compounds to carbonaceous materials. As
Abraham parameters of ionic compounds are poorly accessible, the comparison was done for
MTBE, p-TsO~ and p-TSA with Abraham parameters (of their neutral forms) available from
the UFZ LSER database (Ulrich et al., 2017) as also proposed by Sigmund et al. (2020b). We
further included previously published data on octanoic acid (OCA, pKa= 4.9 (Wellen et al.,
2017)) (Saeidi et al., 2020b) and MTBE adsorption (Li et al., 2002). Fig. 4 shows the
comparison of Log Kr and n as these two Freundlich parameters are separately predicted for
each sorbate-sorbent pair by Sigmund et al. (2020b).

Generally, Fig. 4 reveals higher predicted log Kr coupled with lower predicted n than
experimental-derived ones. In a few cases, for instance among the 17 sets of MTBE adsorption
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data compared, the most successful matches were found on AW10 carbon series (incl. oxidized
OAW10, Ho-treated HAW10, NHzs-treated AAW10 and pristine AW10 reported in (Li et al.,
2002)) carrying Sget < 850 m#/g (Fig. 4, SI S4 and SI Excel-file). In contrast, unreasonably high
log KF, pre > 109 KF, exp + 1 were observed on other AC-based sorbents carrying Sget > 1100 m?/g
(cf. SI S4). The observed mismatch may be explained by the fact that the model was trained
heavily with biochar sorbents of relatively low Sger (83% datasets with Sger < 400 m?/g) as
datasets with well characterized AC carrying high Sget are often hard to find in the literature.
As Sget was found to be the key property among all 12 input parameters to predict Kr and n for
anionic and neutral PMOCs according to Sigmund et al. (2020Db), results in Fig. 4 suggest that
further model training involving well-characterized AC materials of high Sget is needed for
successful prediction of PMOC in large-scale water treatment facilities.

Next, we tested if the model allows predicting the effect of changes of ACF’s surface chemistry
on PMOC adsorption. Although predicted and experimental log Kq values for adsorption of p-
TsO™ to ACFyo and p-TSA to ACFi and DeACFio were comparable (Fig. 5), the model
generally failed to predict the poorer adsorption of PMOCs to ACFs with higher O-contents
(i.e. ACFs of more elevated CEC and higher negative surface charge densities at neutral pH).
This suggests that sorbent surface chemistry impacts may need to be better considered by the
model. As proposed by Sigmund et al. (2020b), model improvements may implement EDA and
electrostatic interactions between sorbents and sorbates and, hence, also consider parameters
describing sorbent surface charge. Although ion exchange capacities more precisely quantify
charges at a sorbent’s surface at specified pH than commonly used O/C ratios, total acidity or
PHpzc, they are yet rare to find in literature. In addition, an inclusion of appropriate descriptors
for ionic PMOCs may be required as the current model applies Abraham parameters for
uncharged compounds only (Abraham and Zhao, 2004; Zhang et al., 2020; Zhao et al., 2019).
Involvement of ionization degrees A~ % and B* % solely might not fully solve the problem as

implied by the distorted predicted trends. Finally, comprehensive characterization of the
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sorbents beyond ion exchange properties may be useful for updating prediction models.
Nevertheless, a compromise between practical applicability (easily approachable AC
characteristics which can be potentially offered by AC suppliers) and precision of prediction is

certainly required.
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4. Conclusion

In the present study, surface chemistry of AC is identified as an important factor for adsorption
performance especially towards ionic and ionizable PMOCs. Surface-defunctionalized ACF
was found to promise the widest application potential to adsorb neutral, anionic and cationic
PMOCs among three tested ACFs. The defunctionalization creates a rather hydrophobic carbon
surface carrying positively charged sites which specifically improves the adsorption of anionic
PMOCs, while benefiting the adsorption of all probed PMOCs including the studied quaternary
amines. Therefore, surface defunctionalization can work as a universal strategy to facilitate the
removal of a wide range of diverse PMOCs simultaneously meanwhile to extend fixed-bed

adsorber operation times or reduce required dosage of powdered AC in WWTPs.

In contrast, surface oxidation of AC as a means to increase density of negative charges results
in higher surface polarity which is clearly detrimental for adsorption of p-TSA, p-TsO~ and
TPA™ due to enhanced competitive adsorption of water molecules to AC surface. However, it
selectively enhanced the adsorption of BTMA®, i.e., the probed cationic PMOC with the
smallest number of carbon atoms and the lowest log D. It is thus tentatively suggested that a
threshold limit in the size of the hydrophobic part of cationic PMOCs exists, below which

oxidized AC surfaces can benefit their adsorption due to intensified electrostatic attraction.

Our work further demonstrates that the challenges in prognosis of the complicated PMOC
sorption behaviors on AC sorbents are not fully conquered by the state-of-the-art prediction
tools, which evidently underestimates the impact of sorbent surface chemistry. Our findings
alert that standardized quantitative parameters describing AC surface chemistry are needed
which should be commonly reported in scientific studies and finally also in product sheets by
AC producers. Such parameters can be applied as input for the improvement of sorption
prediction models for newly emerging PMOCSs. In this respect, ion exchange capacity which

quantifies sorbent surface charges at specified pH is recommended as a meaningful parameter.
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Fig. 1: Log Ky on ACFs for selected PMOCs at ¢, = 20 uM in 10 mM NazSO, solution at pH 7 at 20 °C. These
values were calculated from the corresponding Freundlich isotherm parameters. The error bars of log Ky are

calculated from the errors in Ke and n obtained from the regression analyses of the Freundlich linear fittings.
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various ACFs in 10 mM NazSO; solution at pH 7. Log Kq and error bars were obtained as for Fig. 1. DeCACF

contains a lower O-content and a more hydrophobic surface with a higher delocalized m-electron density than
CACF (Saeidi et al., 2020b).
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Tables:

Table 1: Chemical properties of untreated ACF1o and surface-modified OXACF1o and DeACF1o.

Sample pHpzc CEC (umol/m?)  AEC (umol/m?) Cwt% Hwt% Owt%* Nwt%
OxACF1o 24+01 1.0 0.0087 78.5 0.3 18.1 2.7

ACFyo 57+0.2 0.040 0.025 87.7 0.3 9.9 1.8
DeACFyp  10.2+0.2 <0.010 0.23 93.4 0.4 4.3 0.9

2 Calculated from mass balance according to O wt% = 100% — C wt% — H wt% — N wt% — ash wt%.
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Table 2: Textural properties of ACF1o, OXACF1o, and DeACF1o. Vi = total pore volume; Vmeso = mesopore volume;

Vicro, @<t nm @nd Vmicro, g=1-2 nm = pore volume of micropores with @ <1 nmand @ = 1-2 nm.

Sample  Sger (M) Vi (cm®/9)®  Vmicro,o<10m (CM3/Q)®  Vimicro, @=120m (CM3/Q)®  Vineso (cm®/g)°
OxACF1o 1100 0.51 0.16 0.31 0.04

ACFqo 1500 0.57 0.14 0.39 0.04
DeACF1o 1400 0.73 0.08 0.58 0.07

aDetermined by N adsorption/desorption up to p/po = 0.99. ® Determined by CO, adsorption.
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Table 3: Freundlich and Langmuir isotherm parameters for adsorption of six PMOCs on three ACFs in 10 mM
Na,SO; solution at pH 7, 20°C.

Freundlich Langmuir

Sorbate | ACF sorbent
Kr (10 (umol/m?)/(umol/L)™)  n R? | Omax (Umol/m?) K_ (L/umol) R?
OxACFyg 18 0.42 0.995 0.18 0.031 0.986
TPA* ACF1o 35 0.44 0.970 0.16 0.11 0.974
DeACFyo 28 0.37 0.958 0.13 0.11 0.996
OxACF1o 19 0.67 0.998 0.53 0.018 0.969
BTMA* ACF1o 34 0.33 0.974 0.23 0.035 0.941
DeACFyo 12 0.54 0.995 0.22 0.016 0.992
OxACF1o 85 0.27 0.963 0.36 0.087 0.979
BTEA* ACFyo 68 0.28 0.977 0.28 0.081 0.982
DeACFyo 68 0.26 0.934 0.30 0.060 0.976
OxACFyg 0.95 0.57 0.970 0.025 0.013 0.916
p-TsO ACFyo 21 0.34 0.939 0.11 0.084 0.993
DeACFy 100 0.31 0.994 0.38 0.14 1.000
OxACF1o 13 0.69 0.999 0.36 0.024 0.944
p-TSA ACF1o 75 0.59 0.947 1.0 0.037 0.997
DeACFy 220 0.38 0.935 1.3 0.079 0.984
OxACF1o n.d2 nd? nd? n.da n.d.? n.d.?
MTBE ACFyo 0.77 0.76 0.980 0.098 0.0037  0.854
DeACF1o 3.6 0.75 0.977 0.16 0.014 0.974

& OXACFy has a very low adsorption to MTBE (no significant depletion up to ACF dosage of 5 g/L).
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