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Abstract

This study examined conditions that mimic oxidative processes of biomass chars
during formation and weathering in the environment. A maple char prepared at the single
heat treatment temperature of 500 °C for 2 h was exposed to different thermal oxidation
conditions or accelerated oxidative aging conditions prior to sorption of naphthalene or the
dication paraquat. Strong chemical oxidation (SCO) was included for comparison. Thermal
oxidation caused micropore reaming, with ambient oxidation and SCO much less so. All
oxidative treatments incorporated O, acidity, and cation exchange capacity (CEC). Thermal
incorporation of O was a function of headspace O concentration and reached a maximum
at 350 °C due to the opposing process of burn-off. The CEC was linearly correlated with
O/C, but the positive intercept together with nuclear magnetic resonance data signifies that,
compared to O groups derived by anoxic pyrolysis, O acquired through oxidation by
thermal or ambient routes contributes more to the CEC. Thermal oxidation increased the
naphthalene sorption coefficient, the characteristic energy of sorption, and the uptake rate
due to pore reaming. By contrast, ambient oxidation (and SCO) suppressed naphthalene
sorption by creating a more hydrophilic surface. Paraquat sorption capacity was predicted
by an equation that includes a CEC? term due to bidentate interaction with pairs of charges,
predominating over monodentate interaction, plus a term for the capacity of naphthalene

as a reference representing nonspecific driving forces.

KEYWORDS: organocation sorption; cation exchange; pyrogenic carbons; biochar; black

carbon; char oxidation; char weathering; adsorption; solid state 3*C NMR
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INTRODUCTION

Biomass chars formed as a result of wildfires and intentional burning practices are
ubiquitous components of soils and sediments.!> 2 As part of the black carbon pool, fire-
derived chars can impact the carbon cycle® and may affect soil microbial community
structure* and exocellular microbial electron transport processes.’”’ In many locations chars
are sufficiently abundant in soil® ® to play an important role as sorbents affecting the
mobility and bioaccessibility of organic contaminants that may be present.!% !! 1213 Char
products synthesized from various biomass wastes (“biochars”) have attracted interest as
soil amendments to improve soil structure and fertility, suppress greenhouse gas

15 and reduce the availability of soil pollutants.!> Many of the desired

emissions, %
functions of biochars depend critically on their sorptive properties towards small molecules

and ions.

The sorptive properties of chars vary with source material and pyrolysis conditions,
including temperature, time and rate of heating, and headspace gas composition. These
variables can influence specific surface area, pore size distribution, aromatic C content,
degree of aromatic condensation, and surface functional group composition.!!-1% 17 Oxygen
may be incorporated into chars during pyrolysis when Oy is present in the surrounding gas,
as well as during weathering in the environment. Biomass in open fires is exposed to
varying oxygen concentration as it burns. Biochars are ordinarily made in the absence or
near absence of air. Air is often difficult to rigorously exclude in large scale reactors, and
is sometimes intentionally introduced to initiate sustained pyrolysis or favor production of
bio-oils. Chars deposited in soils or aquatic sediments are susceptible to air oxidation and
enzyme-induced oxidation over time. The introduction of O during pyrolysis or weathering
can greatly affect the physico-chemical and sorptive properties of chars, but such effects

have hardly been investigated in any systematic way.

Tomkow et al.!® report that re-heating brown coal chars in O» increased or decreased
porosity and surface area depending on temperature and degree of burn-off. From the CO>
evolution profiles on re-heating, the O content of nut shell and coconut shell charcoals
reached steady state at a given O2 concentration and temperature due to opposing processes

of incorporation and burn-off.'” Xiao and Pignatello!®- ?* found that brief reheating of
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anoxically-produced wood chars in air at 400 °C enlarges both micropores and mesopores
and introduces acidic groups, leading to significant increases in sorption of various organic

compounds from water.

Other studies have reported on aging of chars in ambient or warm air or under
‘accelerated’ weathering conditions. Immediately after their preparation, chars chemisorb
considerable amounts of oxygen and water from ambient air over weeks due to reactive
sites generated during pyrolysis.?!-?? Artificial accelerated aging has had mixed effects on
specific surface area (SSA), some studies reporting a decrease (eucalyptus treated with
H»0,?%), while others little or no change (corn stover biochars and an activated carbon in
moist air at 60°C or 110°C for 2 months?*). Environmental aging of oak, pine, and grass
chars for 15 months reduced N»-B.E.T. SSA, but CO»-SSA varied greatly.?> Accelerated
chemical aging can also increase O/C atomic ratio and cation exchange capacity (CEC).?+26
Little research has been reported on the inherent effects of aging on sorption, however.
Hale et al.?* found that accelerated chemical aging of corn stover biochars slightly reduced
the Freundlich sorption coefficient of pyrene. Although aging of chars in soil mixtures

often decreases their ability to sorb organic compounds,'® 27 28

an interpretation of this
outcome is complicated by the transfer to char surfaces of soil organic matter, which can
compete for sorption sites and clog pores.?” The overall objectives of this project are to
determine the underlying structural and chemical alterations of char caused by thermal and
ambient oxidation regimes, and to determine effects of these alterations on interactions
with pollutants. To date, little clear and quantitative understanding about how surface O
incorporation and pore structural modification due to oxidation and weathering interplay

to affect sorption. Moreover, little research has been done on sorption of organocations,

and none on dications, in the context of char formation and weathering conditions.

This study examined and compared the effects of thermal oxidation and simulated
weathering of chars on sorption of different model compounds. The base char is from a
hardwood treated at 500 °C, which is intermediate in the normal temperature range
experienced in fires and used to make biochars. Sorption to this series of chars is assumed
to occur predominantly by adsorption and pore filling mechanisms. One model compound

is naphthalene, representative of compounds associating with carbonaceous materials by
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non-specific driving forces (van der Waals, hydrophobic effect), where surface area and
pore size distribution as well as surface hydrophilicity are important. The other is the
aquatic herbicide paraquat (N,N’-dimethyl-4,4’-bipyridinium, also known as methyl
viologen), which is a permanently charged dication whose sorption depends additionally
on electrostatic forces (Coulombic and charge-dipole). These two compounds were used
as contrasting probes to gage the consequences of changes in the physical-chemical
properties of chars exposed to thermal or ambient oxidation conditions. The results show
profound effects of thermal and ambient oxidation on the structure, chemical properties,
and sorptivity of chars. They reveal sharp contrasts between chars exposed to thermal
compared to ambient conditions, and between neutral compounds versus organocations.

The results provide new insight into mechanism and augment previous conclusions?® 30,

Experimental Section

Sorbents

The base char (hereafter, “original char”’) was made from ~1-mm thick maple wood
shavings placed in the tubular quartz chamber of a temperature- and atmosphere-controlled
three-zone tube furnace (LindbergBlue Model STF55666C) with a continuous flow of
desired gas at 1.5 L/min (Figure S1, Supplementary Information section). The sample was
heated in N> flow to 100 °C (7 °C/min) and held at that temperature for 1 h, then to 500 °C
(25 °C/min) and held for 2 h (Figure S1). The product was allowed to cool to room
temperature in the furnace with continued N> flow. Several batches were combined and

gently pulverized to pass a 0.15 mm sieve.

Thermal oxidation. To simulate thermal air oxidation during charring we employed
two different hot O> exposure conditions: (i) The feedstock was pyrolyzed in the same way
as the original char at 500 °C, except in the presence of Oz at 1% or 2% O in N> (Figure
S1). This treatment is labelled Concurrent-with-Pyrolysis Air Oxidation (CPAO). (ii) The
original char was re-heated in the presence of O; at different concentrations (1%, 5%, or
21% O3 in N) and temperatures (250, 300, 350, 400, or 450°C) (Figure S1). This treatment
is labelled Post-Pyrolysis Air Oxidation (PPAO).!%2
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Ambient weathering. We employed two different accelerated exposure conditions,
starting with the original char. These treatments are labelled Accelerated Ambient Air
Oxidation (AAAO). Soil and microorganisms were omitted to eliminate secondary effects

on sorption from introduced soil and microbial organic matter.

(1) Samples labeled AAAO-H>O, were prepared by treating original char (4 g)
repeatedly with 50-mL portions of hydrogen peroxide (refreshed daily) with tumbling over
ten days at room temperature. The H>O2 was completely consumed after each 24-h period.
This treatment was performed to simulate oxidation by reactive oxygen species (mainly

hydroxyl radical) generated abiotically or through enzymatic activity in soil.

(i) Samples labelled AAAO-O; were prepared by exposing original char (10 g)
contained in a 9-cm diameter petri dish and placed in a desiccator at a slight positive
pressure of O at 100% relative humidity for 180 days at 60°C (see Figure S2). The

conditions were meant to simulate accelerated chemical oxidation by air.

Strong chemical oxidation. For reference, we also examined original char treated by
strong chemical oxidation (SCO) using warm nitric acid (SCO-NA) or ammonium
persulfate (SCO-APS). Nitric acid is widely used to increase the acidity of carbonaceous

surfaces (detailed in Text S1).3!-33
Sorbent characterization

Samples were characterized for the following: electrokinetic (zeta) potential (Malvern
Zetasizer Nano ZS90); CHNO elemental composition (Costech ECS 4010); acidic content
(carboxylic, lactonic, phenolic) by Boehm’s titration;** cation exchange capacity (CEC) at
pH 7.4 (the same pH as sorption) by the ammonium acetate method®; and micropore
(£1.47 nm) surface area and pore size distribution by CO; porosimetry (Autosorb 1Q,
Anton Paar) at 273 K after outgassing at 200°C. 2° Solid-state '3C NMR spectra were
recorded on a Bruker Neo WB400 spectrometer at a *C frequency of 100 MHz, using a
Bruker 4-mm double-resonance magic-angle spinning (MAS) probe head at a rotation

frequency of 14 kHz. The NMR techniques used are described in the SI.
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Sorption

Sorption of naphthalene or paraquat (Sigma-Aldrich) was conducted by the batch method
in 60-mL glass or 15-mL polypropylene vials, respectively. Char (5-40 mg) was pre-wetted
for 48 h with water adjusted to pH 7.4 £0.2 with NaOH or HCI (naphthalene) or buffered
at pH 7.4 with 50 mM phosphate (paraquat). Preliminary tests (Figure S3) showed
polypropylene vials were essential for paraquat, a bio-inhibitor like azide was unnecessary,
and there was no interference by the buffer. Paraquat appeared stable under the conditions
(Text S1). After test compound addition, vials were mixed end-over-end (20 rpm) in an
incubator at 20 °C for 7 d, by which time tests showed uptake had leveled off. A portion
of the supernatant phase was filtered (0.45 um PTFE) and the solute concentration
determined by HPLC, as described in Text S1.

Sorption curves were fit to the Freundlich, Langmuir, or Dubinin-Ashtakhov models

for various purposes.*® The Freundlich is given by:
q=K.C,' (1)

where ¢ (mass-normalized or surface area-normalized units, mg/kg or mg/m?) and Cy
(mg/L) are the equilibrium sorbed and solution-phase concentrations, respectively; Kr
(mg!"L"kg! or mg!""L"m?) is the affinity coefficient; and » is the linearity parameter.
Comparison among different chars is possible at unity solute concentration (1 mg/L), where

Kr is independent of n.

The Langmuir model is given by:

q= % @)
where Q° is the maximum adsorption capacity and K1 is an equilibrium constant.
The Dubinin-Ashtakhov3”-*% (D-A) model is given by:
logg =log O, —(&/Epa )b; & =—RTln[CW/Cfft(L)] (3)
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where Q%a is adsorption capacity; ¢ (kJ/mol) is the effective adsorption potential; Cy*3{(L)
is the sub-cooled liquid water solubility at 298 K (106.6 mg/L for naphthalene*® which
melts at 80 °C); R is the gas constant; 7' (in K) is absolute temperature; b is a heterogeneity
parameter;*’; and Epa is the characteristic adsorption energy (kJ/mol), which includes all
forces of direct interaction between the molecule and the surface.*!#? Epa is independent
of units of normalization, whether mass or SSA. (Note that the D-A model is not suitable
for paraquat since C**(L) is undefined.) Fits to all models were obtained by weighted non-

linear regression using Origin.

When only single-point sorption data were compared, as in the pH-dependence
experiments, the (concentration-dependent) distribution ratio K4 was calculated by:
K,=

49
C. 4

Results and Discussion

Effects on Physico-chemical Properties

Surface area and porosity. The emphasis of this study is on micropores, which contain
the majority of surface area in chars.!”> %} Generally, most (85%-91%) of the CO»-specific
surface area (CO2-SSA) lay in ultramicropores (0.35-0.7 nm) with the remainder in
supermicropores (0.7-1.47 nm) (Figure S4). For PPAO samples, CO>-SSA generally
increases with headspace O content at a given PPAO temperature, and the rate of increase
with pore width trends positively with PPAO temperature. Likewise, microporosity
increased with O2 content and temperature, especially in the supermicropore region
(Figures la and Figure S5). The effect of PPAO depends also on the thermal history of the
char: chars prepared at 500 °C (this study) or 400 °C?° and then treated under identical
PPAO conditions experience a 32% or 100% increase, respectively, in CO2-SSA.

Chars made under CPAO conditions showed trends in the same direction as PPAO-
treated chars: maple wood exposed to 1% or 2% O during pyrolysis had, respectively, 23%
or 25% greater CO2-SSA (Figure S4) and 31% or 34% greater microporosity (Figure S5)

than the original char created in the absence of O,. Hot oxygen attacks pore walls and

9
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entrained substances in the pores, resulting in their volatilization as CO,, CO, H>O, and
small organic molecules.?’ The increase in CO>-SSA during PPAO and CPAO is
attributable to the combined processes of pore wall etching and oxidative removal of

entrained substances, which we refer to as reaming.?’

Ambient oxidation also increased surface area (Figure S4) and microporosity (Figure
S5), but less so than thermal oxidation. Samples AAAO-O; and AAAO-H>O» experienced
increases in CO2-SSA of 15% and 11%, respectively, relative to the original char. These
small changes are consistent with the small and variable changes reported in the
literature.?*2> The increases were proportionately greater in supermicropores (21%) than
ultramicropores (18%). By contrast, strong chemical oxidation (SCO-NA or SCO-APS)
had slightly negative effect: the CO>-SSA decreased by 4% and 5%, and the microporosity
by 7% and 6%, respectively.

Acidity, surface charge, and cation exchange capacity. All oxidative treatments
incorporated O into the char, as evidenced by O/C atomic ratio (Table S1) and acidity
(Table S1, Figure S6). Acidity universally followed the order, carboxylic (pKa = 5.15—
6.11) > phenolic (pKa = 10.5-10.8) > lactonic (pKa. = 7.36-8.26) (Figure S6). Acidity after
thermal oxidation, a) increased with headspace O concentration at each PPAO temperature;
b) reached a maximum at the intermediate PPAO temperature of 350 °C at each headspace
O2; and c) increased with headspace Oz during CPAO. Both AAAO conditions, especially
AAAO-H;0,, were considerably less effective than thermal oxidation at introducing

acidity. Both SCO treatments, especially SCO-NA, boosted O/C.

All oxidative treatments introduced negative charges as indicated by zeta potential vs
pH curves between 3 and 7 (Figure S7) and CEC measurements (Figure 1b). At a given
pH, zeta became more negative with increasing headspace O; for both PPAO and CPAO.
Along the PPAO temperature series, zeta reached minimum at 350 °C. AAAO-O; and
AAAO-H;0:; also gave negative zeta, especially the former. SCO treatments gave the most

negative zeta values of all.

The CEC (Figure 1b) after thermal treatments generally increased with headspace O
concentration and reached a maximum at 350 °C along the PPAO temperature series.

PPAO at the highest O level (21%) and SCO-NA were the most effective of all treatments
10
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at introducing CEC. The CEC correlates strongly with titration acidity at pH 7.4 (namely,
the sum of carboxylic and lactonic groups*!), passing through the origin (Figure S8). The
CEC also correlates strongly with O/C atomic ratio (Figure 1c¢), but interestingly intersects
the O/C axis at a positive value (0.073). This suggests that little of the O present in woody
biomass chars formed under anoxic conditions is converted into CEC, and that most CEC
of chars and biochars originates from thermal oxidation when air is present or from

oxidation during environmental weathering. This is confirmed by NMR in the next section.

Functional group composition by NMR spectrometry. '3C NMR spectrometry can be
used to quantify aromatic C, alkyl C and certain O-functional groups (Ar-C-O, Ar-COO,
and Ar-C=0). The PPAO-21%0, temperature series was selected for 3C NMR analysis
(spectra in Figures S9-S10). The dominant signals appear between 100 and 210 ppm,
corresponding to Ar-C=C (95-145), Ar-C-O (145-160), Ar-COO (165-175), and Ar-C=0
(>175), where Ar stands for aromatic. Their relative concentrations are plotted in Figure
S11. All the O-containing functional groups show a clear maximum at 350°C. The non-
oxygenated sp3-C signal (<60 ppm) decreases with PPAO temperature due to oxidation of
alkyl groups. At higher temperature, some of the O groups are thermally removed and
replaced by H, resulting in an increase in alkyl C. These results demonstrate conversion of

alkyl C to CO or COQ, and then the depletion of CO or COO at higher temperature.

The O-functional group composition and O/C ratio estimated by NMR and elemental
analysis for the PPAO-21%0; series appears in Figure 1d. Spectra of 1*C-enriched glucose
char samples were used as an aid to distinguish the contributions to Ar-C-O of phenolic
and aromatic ether,* which cannot be resolved by natural abundance *C-NMR (see Text
S2). Aromatic ether is mostly furan groups. Agreement between the NMR- and elemental
analysis-estimated values of O/C is good (Figure 1d). The original char contains a lot of
furans and some C=0 groups, but hardly any COOH groups. This explains the intersection
of'the CEC curve at a positive value of the O/C axis in Figure 1c. PPAO at or below 350 °C
generates COOH, COOC, C=0, and C-OH and slightly reduces furan content, accounting
for the rise in O/C and CEC. Above 350 °C, COOH, COOC, and phenolic content are lost
by burn-off, which is responsible for the decline in O/C and CEC.

11
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In summary to this point, thermal oxidation causes pore size expansion and introduces
acidic groups. Along the PPAO thermo-series, changes in acidity, elemental O, zeta
potential, CEC, and various O functional group NMR intensities peak at 350 °C. Such
results are consistent with dual processes of O-incorporation by the hot gas, opposed by O-
removal via thermal decarboxylation and decarbonylation reactions.>> AAAO treatments

lead to O-incorporation, but only slight pore modification.
Effects on Naphthalene Sorption

Sorption isotherms appear in Figure S12-S16 and model parameters in Tables S2-S4.
Thermal and ambient oxidation have very different effects on naphthalene sorption (Figure
2a). For PPAO-treated samples, CO2-SSA-normalized Krnap at unity concentration trends
upward with both headspace Oz concentration and PPAO temperature, reaching a
maximum for the PPAO-450-21%0- sample of 20.7 times the KFnap of its control, PPAO-
450-N;. (Note that Krnap for the controls at each PPAO temperature differed little from
each other and from the original char and showed no trend.) For CPAO samples, Kg nap
exceeds that of the original char by a factor of 12 for CPAO-2%0, and 10.4 for CPAO-
1%0:> char. The corresponding mass-normalized values (Figure S17) show the same trends,
which indicates that surface area is not the only underlying cause of naphthalene sorption

enhancement by thermal oxidation.

In contrast to thermal oxidation, ambient oxidation suppresses naphthalene sorption
relative to the original char (Figure 2a). Kr nap Was decreased by a factor of ~11 for AAAO-
H>O>2 and ~4 for AAAO-O> compared to the original char. Strong chemical oxidation
(SCO-NA and SCO-APS) also reduced Kr nap of naphthalene, by ~4-fold in each case.

We pose a unified mechanism to account for the effects of thermal and ambient
oxidation on naphthalene sorption, which is discussed in this and the next two paragraphs.
Thermal oxidation acts to ream pores by etching pore walls and volatilizing entrained
organic matter within the pores.?” 3® As a consequence, it causes a general increase in
surface area and porosity. Reaming creates additional sorption space and acts to remove
obstructions from pore throats, thereby improving access to sorption sites. To test the pore-
obstruction hypothesis, rates of naphthalene uptake were measured for the PPAO-450

series (Figure 2b). Mass taken up was normalized by mass finally taken up (m/mmax) to

12
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allow direct comparison among chars having different equilibrium affinity for
naphthalene.*® Rate of uptake below mi/mma of 0.9 follows the order in headspace O
content: 0%02 < 1%02 < 5%02 = 21%0,, which is the same as the order of change in
cumulative pore volume of the micropores relative to the control (Figures 1a and S5). This
result implies that pore reaming enhances pore diffusion of naphthalene and/or alleviates

steric hindrance at previously obstructed pore openings.

By contrast with thermal oxidation, ambient oxidation has a weaker effect on surface
area and pore volume, which suggests it does not ream pores or remove obstructions as
effectively. Nevertheless, ambient oxidation substantially increases acidity (Figure S6),
surface charge (Figure S7), O/C ratio (Table S1), and CEC (Figure 1b) relative to the
original char, and thus leads to materials that retain the chemical effects of O introduction.
SCO can be regarded as the extreme case of ambient oxidative weathering in this regard.
We propose that introduction of O by AAAO and SCO suppresses naphthalene sorption by
attracting water molecules, which cluster around polar groups, reducing the surface
area/pore volume available for sorption.*’->* This “crowding-out” hypothesis is backed by
molecular simulations of methane and water adsorption on hydrophobic surfaces populated

by different densities of polar sites.’!: >

The pH dependence of naphthalene sorption
supports it: Figure 2c shows that Kqnap for the PPAO-400 series decreases as pH increases
from 1.5 to 11.5, especially at the extreme ends of this range. The change is small—Iess
than 3-fold—but greater at the higher than at the lower headspace O, concentration. A
reasonable explanation consistent with the crowding-out hypothesis is that ionization

favors hydration.

Figure 2d (red points, right scale) shows that the Dubinin-Ashtakhov characteristic
sorption energy (Epa) of naphthalene increases with thermal oxidation for the PPAO and
CPAO samples relative to the respective control. By contrast, Epa values for AAAO and
SCO samples are unchanged from the control. A recent experimental and theoretical study
identified two properties of char that potentially lead to an increase in Epa: i) the degree of
aromatic condensation (related to aromatic ring cluster size), which affects dispersion

forces with sorbates; and ii) an increase in microporosity in (slit-shaped) pores bounded by

13
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aromatic sheets, which favors monolayer or bilayer sorption in pores over sorption to an

open surface.

Degree of aromatic condensation is not a viable explanation for the increase in Epa
with thermal oxidation because the NMR-determined fraction of bridgehead aromatic
carbon (yp), which is a measure of ring cluster size,*? is not affected by PPAO treatment
(Table S5). An increase in microporosity, however, is a plausible explanation. For phenol,
the computed molar binding energy between parallel-planar polyaromatic sheets is
strengthened for inter-sheet widths above ~0.59 nm: widths between 0.59-1.0 nm favor
monolayer sorption in the pore over monolayer sorption on an open sheet; whereas widths
above ~1 nm (an upper width was not defined) favor bilayer sorption over monolayer
sorption in the pore. Similar behavior should be expected for naphthalene, although the
widths may be slightly different. Figure 1a and S5 show that cumulative microporosity in
0.59-1.47 nm pores increases more steeply relative to the control in thermal oxidized
compared to ambient oxidized samples, with the thermal oxidized samples showing an
upward trend as headspace O; and PPAO temperature rise. Figure 2d displays stacked bars
showing the difference in cumulative micropore volume within a desired interval (AV)
relative to the control, AAV = AV(sample) - AV(control), in each of the two intervals, 0.59-
1.0 nm and 1.0-1.47 nm. The overall (AAVo.s9.1.47) and each sub-interval (AAV.59-1.00 and
AAV1.00-147) trends with Epa, although the correlation is not strong in any case. The trend
suggests that the increase in microporosity due to pore reaming by thermal oxidation

increases the energy of sorption, while just populating the surfaces with O groups does not.
Effects on Paraquat Sorption

Figure 3a shows that, like naphthalene, CO2-SSA normalized Kr para, @) increases after
thermal oxidation, b) trends positively with headspace O concentration at a given PPAO
temperature, and c) trends positively with PPAO temperature at a given headspace O:
concentration. Also, like naphthalene, the CO>-SSA-normalized Kgpara is much more
strongly affected by thermal than by ambient oxidation. Those conclusions are unchanged

by normalizing Kr para to char mass units (Figure S18).
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In contrast to naphthalene, paraquat is ionic and expected to be more sensitive to
surface charge density. Figure 3a and S18 show that Kr para maximizes at PPAO of 350 °C,
where O/C and CEC maximize (Figures 1b and 1c) and zeta potential minimizes (Figure
S7); thus confirms the importance of charge pairing for paraquat. The maximum observed
value of Kgpara is ~700 times greater than Krpara of the control. Ambient oxidation also
caused a slight increase in K para (AAAO-O2 > AAAO-H>0») in step with an increase in
CEC and a decrease in zeta potential, but the changes are far less than caused by thermal
oxidation. Strong chemical oxidation increased Kr para by a factor of 90 for SCO-NA and
16.6 for SCO-APS, consistent with increases in CEC and decreases in zeta. Lastly, Figure
3b shows that Kg para for the PPAO-400 series is highly sensitive to pH, increasing by up to
1000 fold over the test range (pH 1.5 to 10-12)—far greater than the changes observed for
naphthalene. The steepness of the Kqpara vs pH curve follows the order in CEC at pH 7.4,
1% 02 < 5% O3 <21% O, chars (Figure 1b). These results demonstrate that the increase in

Ka,para 18 due to the buildup of surface charge as acidic groups become deprotonated.

Nevertheless, sorption maximum capacity (Q°L para) correlates quite poorly with CEC
and gives an unrealistic (negative) intercept: Q° para = 0.81-CEC — 11.60 (r>=0.51) (Figure
S19). This can be rationalized by considering multiple modes of interaction. We postulate
that paraquat sorbs simultaneously as: the neutral ion triplet PX, composed of P?* and its
two (monovalent) counterions X~ (eq 5); the monocation ion pair PX" (eq 6); and the

dication P** (eq 7).

P +2X +s= PXyis (5)
P2+ X~ + Mis= PX:is +M* (6)
P>*+ 2M:s & P:ss +2M°" @)

where s represents a site and M" is the native exchangeable cation (Na* here, as sodium

phosphate was the background electrolyte).

Sorption of PX> (eq 5) may be regarded as driven primarily by non-specific (NS)
forces such as van der Waals and the hydrophobic effect, subject to steric constraints that
govern efficient packing in pores. Sorption of PX; in this way is congruent with the

tendency of organocation salts to sorb maximally to environmental sorbents in excess of
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the CEC, which has been explained in terms of a “hydrophobic” component of the total
sorption free energy due to the ion’s vicinity to the surface.’® In the thermodynamic

formalism of the Langmuir model it is to be regarded as a competition between solute and

S
para *

water molecules for NS-type sites, with maximum capacity

The PX" and P?* species are regarded to sorb by ion exchange. According to diffuse
double layer theory, ions considered sorbed occupy a thin water layer near the surface
(vicinal water). While this concept may reflect reality for open, unhindered mineral
surfaces, ions confined in the nanopores of chars, where van der Waals/hydrophobic effects
are experienced in addition to Coulombic forces, may more closely associate in space with
surface charges. Thus, PX* and P?" would interact, respectively, via monodentate ion
pairing (MIP; eq 6)) and bidentate ion pairing (BIP; eq 7). The BIP interaction is depicted

here,

) )

BIP is expected to be energetically more favorable than MIP, but requires that surface
charges be appropriately spaced. Theoretical studies have revealed preferential BIP of the

analogous dication, 4,4’-bipyridinium, to charges in the nanopores of H-ZSM-5 zeolite.>

Langmuir expressions for sorption of PX* and P?>* may be derived based on
thermodynamic competition between solute and M" for coulombic sites (Text S3).
Assuming the site density is equal to the CEC, it can be shown (Text S3) that the respective

Langmuir maximum capacities are,

_ CEC

Qr;::a o [M+] (8)
BP f'CEC

= ©)
L,para [M ]

where [M] is the aqueous native metal ion concentration and f'is the fraction of CEC sites

spaced suitably to undergo BIP with paraquat.

The total Langmuir maximum capacity of paraquat can then be written,
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0 S IP 1P
QL,para = para + ,para + ,para (10)

Since paraquat has similar electronic and steric properties as naphthalene except
for charge, we may consider naphthalene as a reference for NS forces governing paraquat

sorption and write,
Qli\fara :a'QB,nap (11)
where a is a proportionality factor.

The fraction f/ in eq 11 is not a constant but is proportional to the probability P that
paired charges are spaced apart by d + x or d - y where d is the interatomic distance between
charge centers and x and y are tolerance distances. Thus, P is a function of charge density
(CEQC), d, x, and y. If we assume randomly distributed point charges, P can be estimated
by the Poisson distribution, which in turn can be expressed as a power law with respect to

CEC for various x and y (Text S3):
f o« P=const-CEC" (12)

where const is a constant and n is an exponent (Text S3, Figure S20). Given the
experimental range of SSA-normalized CEC (0.0214 to 0.42 nm%; Table S1) and the
computed d between N atoms in the longitudinally-rigid paraquat of 0.711 nm,>* and
choosing reasonable values for the tolerance (x =0.01-0.6 nm; y = 0.01-0.4 nm), # is found
to vary from 0.7602-0.9951. In other words, f'is close to being linearly dependent on CEC
in this hypothetical system. A different range in » might be obtained if the surface charge
distribution were not random, or if the charge densities were higher or lower than those in

this range.

Substituting eqs 8,9 and 11 into eq 10, taking » = 1, and assuming constant pH and

[M*] gives an expression of the form:
Qﬁpm = a~Qﬂnap +b-CEC+c-CEC? (13)
where a, b, and c are regression coefficients.

Accordingly, we performed multiple linear regression, equating Q°L para with terms for

CEC, CEC?, and QP nap (all in units of 10-3-mol/kg) (Table S6). Considering the p-value of
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terms (<0.05 indicating a significant predictor) and the R-square in regression analysis, the
best correlation obtained for all chars subjected to PPAO, CPAO, AAAO-O;, or AAAO-

H>O; treatment is:
QL para = 0.12 QL nap + 0.0023 CEC?  R?=0.875 (14)

Regressions combining CEC with just CEC?, or CEC with both CEC? and Q°_ nap terms,
gave poorer fits, and the latter combination gave an unrealistic negative coefficient for CEC.
Figure 3¢ plots the predicted (based on eq 14) vs experimental values of Q%L para. Including
SCO-NA and SCO-APS data invariably worsened the correlation (Figure S21);
nevertheless, the best correlation (eq S7; R? = 0.757) is analogous to eq 14 with slightly
different coefficients. Regressions based on eq 14 but increasing the exponent of CEC n to
1.75 or 1.9 gave slightly different value of @ (0.11) but did not substantially change the R?
value (0.865 and 0.872, respectively). The insignificance of the »-CEC term in eq 13

implies that bidentate association is stronger than monodentate association.

The results clearly show that paraquat sorption capacity is predominantly a function
of dication-charge pair forces in addition to non-specific driving forces proportional to
those of the reference, naphthalene. The CEC plays a growing role in paraquat sorption as
CEC increases. For example, dication-charge pair interaction contributes only 5% of
QO para for the PPAO-450-21%0- sample (CEC = 69.2 mmolc/kg), but 82% of QL para for
the PPAO-350-21%0; sample (CEC = 407 mmolc/kg). This is apparently the first report
showing experimentally that organo dications interact predominantly in a bidentate fashion
with pairs of charges on a carbonaceous surface and that their sorption obeys a square
dependence on CEC. Finally, the coefficient of Q% nep indicates that driving forces
controlling naphthalene sorption collectively are only ~12% as effective for paraquat
sorption, certainly due to the great difference in polarity, which favors partitioning of

paraquat into water.

A detailed analysis has revealed how thermal and ambient oxidation alter surface
chemistry and rebuild pore structure in ways that impact sorption of hydrophobic and
charged compounds. Thermal oxidation causes pore enlargement, while ambient oxidation
has little effect on pore physical properties. Pore reaming increases available sorption space,

enhances the sorption strength, and removes steric barriers to equilibrium. While all
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oxidative treatments incorporate O into chars, ambient oxidation is much less effective at
introducing cation exchange capacity. Incorporation of O and CEC during thermal
oxidation reaches maximum values at 350°C due to opposing generation and burn-off
processes. The base char has little O in CEC functional groups, whereas O acquired through
thermal or ambient oxidation is efficiently incorporated into CEC. This finding will prove
useful for designing biochars with enhanced CEC. Populating surfaces with O groups also
has an inhibiting effect on sorption. Inhibition is due to competition by water molecules.
In the case of thermal oxidation, inhibition due to water competition opposes enhancement
due to pore reaming. Paraquat responds strongly to CEC. Paraquat sorption capacity is
proportional to CEC? due to its preferred bidentate association with dual charged sites.
Nonspecific driving forces also play a role. The findings of this study not only have
implications for the mobility of organic compounds in the environment, but also for
tailoring adsorbents in remediation or stabilization of contaminated soils. PPAO is a simple
and effective way to modify engineered biochars for greater sorption affinity. CPAO can

be a potential production process for biochar.
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Figure 1. Select char characteristics: (a) cumulative micropore volume; (b) cation
exchange capacity (CEC, pH 7.4); (c) CEC as a function of O/C ratio; (e) contribution to
O/C ratio by different functional groups, calculated from NMR and titration data (red line
represents O/C from elemental analysis). Other data are given in the SI.
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Figure 2. Collected data for naphthalene sorption: (a) Kgnap at unity concentration
normalized by micropore surface area; (b) normalized rates of naphthalene uptake by chars
treated by PPAO at 450 °C in different O, concentrations ([char] = 5 mg/60 ml;
[naphthalene]o =20 mg/L); (c) effect of pH on adsorption distribution ratio by chars treated
by PPAO at 400 °C in different O> concentrations ([char] = 10 mg/60 ml; [naphthalene]o =
20 mg/L); (d) Dubinin-Ashtakhov characteristic sorption energy (Epa, lines) compared
with microporosity changes in the indicated region relative to the original char (bars).
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Figure 3. Collected data for paraquat sorption: (a) Krpaa at unity concentration
normalized by micropore surface area; (b) effect of pH on distribution ratio by chars treated
by PPAO at 400 °C in different O> concentrations ([char] = 10 mg/15 ml; [paraquat]o =
28.6 mg/L); and (c) Experimental versus predicted values of QL para according to eq 14
(SCO values are excluded from the model of eq 14 but their predicted values are indicated
by the stars).
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