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Abstract

As an alternative to activated carbon, biochar has been considered for removal of organic micropollutants from
water and wastewater via adsorption. This review elaborates on the fundamental basis of adsorption kinetics,
mechanisms, and equilibrium with respect to biochar-based adsorption of micropollutants. The objectives
include: 1) linking biochar surface properties with adsorption abilities, 2) categorizing the kinetics of adsorption
of aqueous-phase organic compounds onto biochar, 3) categorizing the molecular-scale interactions between
organic micropollutants and biochar, and 4) reviewing existing quantitative methods for characterizing
adsorption equilibrium of organic micropollutants from water onto an adsorbent surface. To fulfill these goals,
the relationships among biochar surface properties, adsorption kinetics, mechanisms, and equilibrium were
clarified as current literature often lacks such discussion or may include conflicting descriptions. Due to its
heterogeneous nature, research on biochar’s adsorption potential for micropollutants is ambiguous. By adapting
adsorption theories to biochar application specifically, this review helps to inform future research in terms of
addressing knowledge gaps in characterizing and improving biochar adsorption.

Keywords
Thermodynamics, sorption, emerging contaminants, wastewater; pyrolysis

Nomenclature

Q mass loading of adsorbate on solids (mg/g)

Q. mass loading of adsorbate on solid at adsorption equilibrium (mg/g)
J flux of adsorbate (mg/g/min)

k¢ film diffusion coefficient

A volumetric surface area of adsorbent (m2/m3)

C adsorbate concentration in agueous phase (mg/L)

C. adsorbate concentration in aqueous phase at equilibrium (mg/L)

D, effective surface diffusion coefficient (mm?/s)

ky, k, pseudo first-order (sec) and second-order rate constants (L/mol/sec)

1.0 Introduction

The occurrence of organic micropollutants in the environment is typically associated with increasing population

1

and anthropogenic activities ~. Municipal water resource recovery facilities (WRRFs) are a major source of



organic micropollutant loading to aquatic environments 1 An estimated 300 million tons per year of

micropollutants, including synthetic industrial chemicals, pharmaceuticals, flame retardants, artificial
sweeteners, and hormones enter natural waters via wastewater discharges 1_3. Micropollutants are of concern

because they elicit biological and ecological impacts at very low concentrations (ng/L to pg/L) 4_6.
Micropollutants do not necessarily result in acute toxicity; instead, they are suspected to have long-term effects

on organisms chronically exposed to these compounds 7.8,

As WRRFs process the majority of wastewater stemming from anthropogenic activities, they are a major

collection and release point of organic micropollutants 3. The fate of 51 micropollutants during wastewater
treatment is highly variable, as they can be discharged with the liquid effluent, [bio]degraded, volatilized, or
retained on solid surfaces via adsorption, e.g., adsorption to suspended solids, sludge particles, or filter media

9,10 The adsorptive behavior of organic micropollutants onto solids in engineered and natural environments

substantially affects the fate and removal of micropollutants that are not amenable to biodegradation 11,

Removal of micropollutants from the aqueous phase during tertiary polishing at WRRFs is commonly achieved
using treatment technologies such as adsorption by porous carbonaceous materials. For example, activated

carbon can remove carbamazepine, 17B-estradiol, and sulfamethoxazole via adsorption 12'13. Biochar is
another type of carbonaceous solid material, and is produced by pyrolyzing (thermo-conversion under anoxic
conditions) carbon-based feedstock. To volatilize tars, the lower range of pyrolysis temperature is typically 400°C

14-16 Pyrolysis can produce multiple value-added products such as py-gas, which can potentially offset energy

costs for pyrolysis 17'18, and biochar, which can be used as a soil amendment and adsorbent 16,19,20

Compared to widely-adopted activated carbon, research on biochar as an adsorbent to remove micropollutants

is still in the early stages; however, biochar’s potential for this application is attracting greater attention 21

Studies have tested the feasibility of using biochar derived from biosolids, plant residuals, and animal manure to

adsorb hormones, pharmaceuticals, and pesticides 10,20,22,23 ¢, example, up to 60% adsorption of endocrine

| 10

disrupting compounds such as bisphenol A, atrazine, 17a-ethinylestradiol ~~, and triazine herbicides 24 was

observedusing plant-derived biochar.

Unlike activated carbon, biochar is produced from more diverse feedstocks under less energy-intensive thermal
conditions. Additionally, chemical activation of the feedstock and gas activation during thermal conversion are

required for producing activated carbon, but they are usually not necessary for producing biochar 25,26

Biochar’s unique properties stem from these factors. For example, biochar’s surface area and mechanical
hardness tend to be lower than activated carbon due to production under less energy-intensive thermal
conditions and lack of activation. In spite of the differences, biochar and activated carbon share commonalities
in terms of adsorption functionality, e.g., adsorption via rt- t electron-donor-acceptor interactions

primarily relies on the polycyclic aromatic network of the charcoals 27, Accordingly, the fundamental basis for
adsorption, as described in detail in literature focused on porous adsorbents including activated carbon, is
adaptable to biochar with adjustments in terms of biochar’s properties.

To design and optimize WRRF adsorption treatment processes targeting removal of micropollutants using
biochar, the adsorptive behavior of micropollutants onto biochar must be established. The influence of biochar
surface properties on micropollutant removal is an important consideration for process improvement.



Additionally, adsorption kinetics, mechanisms, and equilibrium are needed to characterize adsorption of
micropollutants from wastewater onto biochar. In the case of aqueous-phase adsorption, kinetics define the
diffusion or reaction rate, reflecting how quickly adsorption occurs. Adsorption mechanisms indicate the type of
intermolecular interactions at play, which depend on the physicochemical properties of the adsorbent and the
adsorbate as well as the bulk solution. Adsorption equilibrium between the solid- and aqueous-phases can be
described using isotherms and thermodynamic parameters.

Adsorption kinetics, mechanisms, and equilibrium are not independent, but relate to one another, making it
important to understand these relationships and their relevance to micropollutant removal efficiency using
biochar. However, previous reviews of aqueous-phase adsorption on biochar have not clearly and consistently

described these relationships 28-32 Thus, this tutorial review focuses on correlations among the adsorption
concepts of adsorbent surface properties, kinetics, adsorption mechanisms, and equilibrium, in the specific
context of biochar. Equilibrium isotherms provide the boundary conditions needed to solve the diffusion rate

equations characterizing kinetics 33'34. Equilibrium isotherms are also used to extrapolate thermodynamic

parameters 35-37, Thermodynamic parameters such as the magnitude of enthalpy change of adsorption
provide good indicators of intermolecular interactions. For example, the enthalpy change of chemical adsorption
involving formation of covalent bonds is on the order of >100 kJ/mol, while smaller changes in enthalpy usually

indicate weak physical adsorption 38,39 The contribution of adsorption mechanisms to total free energy change
is useful in modifying adsorbent surface properties to improve removal of target contaminants. The rate-limiting
step of adsorption kinetics relates to binding mechanisms as well. For physical adsorption, intramolecular
diffusion is more likely the rate-limiting step, while for adsorption involving shared electron pairs via covalent or
ionic bonds, reaction rate-limiting kinetic models, such as pseudo-first and pseudo-second order (PFO and PSO)

are more appropriate 40

It follows that quantitative characterization of a batch adsorption system, such as kinetic and isotherm

modeling, is essential to inform design of flow-through filter beds or column operation 4142 However,
misunderstanding fundamental concepts of biochar surface properties and adsorption kinetics, mechanisms,
and equilibrium can lead to inappropriate interpretation and application. Therefore, the goal of this tutorial
review is to introduce and provide a clear overview of the linkages between biochar surface properties and
adsorption potential as well as the theoretical basis and relationships among adsorption kinetics, mechanismes,
and equilibrium. Specifically, this review focuses on clarifying adsorption between aqueous-phase organic
micropollutants and solids materials, which can be applied to biochar adsorption. Critical analysis identifying
knowledge gaps along with research needs to fill these gaps is also presented. Specific objectives include: 1)
linking biochar surface properties with its adsorption abilities, 2) categorizing the kinetics of adsorption of
aqueous-phase organic compounds onto biochar, 3) categorizing the molecular-scale interactions between
organic micropollutants and biochar, and 4) reviewing existing quantitative methods for characterizing
adsorption equilibrium of organic micropollutants from water onto an adsorbent surface.

2.0 Impact of biochar surface properties on adsorption of organic

micropollutants

The adsorption of organic micropollutants onto solid adsorbents is greatly affected by both the nature of the
compounds—e.g., polar vs. non-polar and neutral molecules vs. dissociated ions—and the surface properties of
the adsorbent. For instance, an adsorbent with smaller-sized mesopores can increase steric hindrance for

molecules diffusing into adsorption sites deep in the pores 43. Additionally, an adsorbent with a high ratio of



non-polar organic carbon moieties can attract neutral hydrophobic molecules 44 Accordingly, understanding
adsorption kinetics and mechanisms requires knowledge of the adsorbent itself. In this section, biochar surface
properties are discussed. Biochar surface properties depend on the characteristics of feedstock biomass, the

pyrolysis process, and post-pyrolysis handling/treatment of biochar 14

2.1 Structure geometry and pore size distribution
Unlike coals and cokes that contain crystalline particles composing graphite-like layers, biochar structure is

amorphous 45, Therefore, biochar can include different types of adsorption sites, and the site type distribution
is usually heterogeneous. Biochar’s carbon backbone structure often features slit-shaped pores or honeycomb

structures *©47 _ Biochar pore sizes can range from sub-nanometer to tens of micrometers 45'48, but a large
portion of biochar pores are micropores (<2 nm) inside the pore network, while pores connecting to the biochar

surface are mostly mesopores (2 nm to 50 nm) 24,49 steric hindrance due to pore geometry occurs when the
pore aperture is too narrow for adsorbate molecules to quickly diffuse into deeper micropore sites. This effect is

important when the ratio of pore aperture to the minimum critical organic molecular diameter is below 10 50.

Xiao and Pignatello24 studied biochar-based adsorption of a series of triazines and found that the compounds’

diffusion coefficients into the biochar pores followed the order pyridine>quinolone>prometon, which is the
reverse order of the critical diameter. These results illustrated that steric hindrance affects triazine diffusion into
deep tunnels. The free energies of triazines and benzene on the same biochar also suggested that the

adsorption of the triazine is suppressed by ~6.2 kJ/mol compared to benzene due to steric effects 153 24,

2.2 Surface charge
Biochar’s surface charge is an important property governing adsorption of ionic molecules via coulombic
attraction. Biochar may bear electrical charge deficits due to dissociable functional groups such as —OH, —H and —

COOH in the biochar structure >1. Surface charge can be measured using ion exchange capacity or zeta

potential/isoelectric point. lon exchange capacity for biochar is a term adapted from soil properties 52, where

cation exchange capacity (CEC) measures the negative charge of biochar for retaining cations, and vice-versa for
anion exchange capacity (AEC). Zeta potential is more commonly used to quantify surface charge. Zeta potential
is the electric potential at the hydrodynamic shear surface of a particle, and can be used to predict the

coulombic interaction (repulsion or attraction) between the particle and ions 27. Zeta potential is impacted by
solution pH and ionic strength. The pH at which zeta potential is zero is called the isoelectric point (IEP). The IEP
assesses a particle’s external surface charge in a given solution, as assessed using zetasizer instrumentation,
whereas another commonly reported parameter, the point of zero net charge (PZNC), represents the total net

electrical double layer surface charge 51,53

Interactions between a charged surface and ions are likely affected by coulombic attraction. Both the surface
charge of biochar and the extent of dissociation of organic pollutants as a function of pH, as discussed in Section
4.1.2, should be considered when probing the role of coulombic interaction.

2.3 Organic content of biochar
Aromaticity and polarity are two common indicators of organic content in biochar. Aromaticity is the proportion

of aromatic carbon content relative to total carbon content °4. The aromaticity of biochar is influenced by
feedstock and pyrolysis conditions. For example, using wood as the pyrolysis feedstock can promote aromaticity



because of the inherently high amount of aromatic lignin inherent in wood 55 s for the impact of pyrolysis
conditions, high treatment temperatures are commonly reported for increasing biochar aromaticity. The
hydrogen/carbon (H/C) index is used to indirectly represent the aromaticity—a low value indicates high organic
carbon content and high aromaticity. As pyrolysis temperature increases, biochar’s carbon content tends to

increase, and aliphatic carbons become incorporated into aromatic rings through the loss of a hydrogen 56.

Chen et al.>’ observed that H/C values of pine needle biochar decreased from 1.44 to 0.18 as pyrolysis
temperature increased from 100°C to 700°C. Direct detection of aromatic structures in biochar can be

conducted through nuclear magnetic resonance 58 Negative correlations between biochar aromaticity and the
Freundlich parameter n were observed using biochar pyrolyzed at 100-700°C to adsorb organic contaminants

57'59. The high aromaticity (approximately 78% aromatic carbon) and strong nonlinear adsorption (low n values,
<0.4) observed for plant biochars suggested that low molecular weight aromatic carbon may play a significant

role in the overall adsorption of fluorinated herbicides 53,

Polarity of carbonaceous adsorbents accounts for the aliphatic portion of the biochar and is also related to the
adsorption of organic compounds 60 The proportion of polar functional groups can be indirectly represented

using the oxygen+nitrogen/carbon ((O+N)/C) index 57, High levels of oxygen-containing functional groups, such
as carboxyl groups, may increase biochar’s overall polarity. In general, the polar moiety of biochar has a stronger
adsorption affinity and higher capacity for polar and ionic organic compounds, and a lower affinity for

hydrophobic compounds 60,61 For instance, the adsorption capacity parameter, K, of non-polar phenanthrene

was inversely correlated with the polarity index of humic acid 60, Lian et aI.62 also foundthat adsorption of SMX
increased for biochars produced at low temperatures with more polar functional groups. However, due to the
complexity of biochar materials, the interactions of polar compounds with polar biochar moieties such as O-

containing groups are not always the driving force for adsorption 63,

Due to incomplete carbonization using less intense thermal conversion compared to 204 activated carbon,
biochar’s organic content can be classified into carbonized and non-carbonized portions. Partitioning of organic
compounds into the non-carbonized phase usually demonstrates strong linearity in isotherms, while adsorption

on the carbonized fractions is characterized by isotherms with curvature 64,65 Chen et al.>7 observed

transitional adsorption and partitioning for non-polar compounds on pine-needle biochar, finding that the
partitioning phase evolves from an amorphous polar aliphatic domain to a condensed aromatic core with
increasing pyrolytic temperature. Accordingly, the (non-) carbonized phases align with the aromaticity and
polarity of biochar.

2.4 Ash content of biochar

Ash content, or the residual mass remaining after high temperature combustion, can account for 1-80% of total
biochar weight 66'67, depending on the feedstock. A larger proportion of ash occurs for biochar produced with
mineral-rich feedstock such as industrial wastes, grass and wastewater biosolids 16,66 | ower ash proportions

are found in biochar derived from wood 68. Temperature has less influence on ash content relative to the type
of feedstock, with ash content varying by up to 10% as a function of temperature 66'68'69. Biochar ash content

is primarily associated with surface polarity and pore distribution 66'69. Sun et aI.69 observed asignificant

positive correlation (p<0.01) between ash content and surface polarity as quantified by the ratio of (N+0)/C.



However, there was no apparent correlation with bulk polarity. After de-ashing, non-polar moieties such as
aromatic groups tend to be more accessible for hydrophobic or n interactions, which promotes adsorption of

non-polar compounds such as phenathrene and atrazine 69,70, Development of mesopores from micropores is
also affected by ash content. High ash-content biochars such as sludge-derived biochar (73%wt) and distillers

dried grain-derived biochar (45%wt) were found to have well developed mesopore structure 67'71, facilitating
adsorption of small organic molecules as there was less competition from large molecules such as dissolved

organic matter 67.

2.5 Other dissociable functional groups

Increases in other functional groups on biochar (e.g., —COOH, -OH, and —NH2) often relate to post-treatment
steps used to condition biochar after pyrolysis. Post-pyrolysis modification of biochar differs from activation as
the activation step used during activated carbon production is defined as the carbonization of feedstocks in the

presence of chemical reagents 72 Post-pyrolysis additions of H-containing groups can serve as hydrogen donors
to promote adsorption of organic compounds via formation of H-bonds. Post-pyrolysis treatment using
methanol under acidic conditions increased carboxyl content for rice-husk biochar, which enhanced adsorption

of tetracycline 73 Due to biochar’s complexity, it is also possible for the biochar to retain organic hydroxyl

groups such as alcohol or phenolic hydroxyl groups "

Biochar preparation strongly influences the aforementioned properties, as summarized in Figure 1. Properties
such as pore size, functional groups, aromaticity, polarity, and ash (mineral) content subsequently determine 1)
whether or not kinetics are diffusion controlled; 2) the intermolecular forces involved in organic attachment
(mechanism), which are determined by both organic molecules and biochar surface functional groups; and 3)
equilibrium between two phases, which is characterized by isotherms and thermodynamic parameters such as
enthalpy and free energy. As such, a full profile of organic adsorption versus biochar properties can theoretically
be established. However, the complexity and heterogeneity of biochar is currently the biggest obstacle hindering

research. Lattao et al.”> found no obvious simple correlationfor adsorption capacity as a function of the extent
of wood biochar carbonization, surface area, or porosity. The use of model materials accounting for only one
aspect of biochar properties is a feasible approach to isolate a minimal number of factors that can affect

adsorption. For example, graphene mimics fused aromatic rings 63, and humic acid mimics non-carbonized

phases 65,

Figure 1. Biochar preparation affects its backbone structure, surface charge, organic content, and ash (mineral)
content. These factors subsequently affect kinetics and the equilibrium of adsorption.



3.0 Adsorption kinetics of aqueous-phase organic compounds

Adsorption of dissolved molecules or ions onto porous adsorbents such as biochar is typically described as a
mass transfer process (diffusion) followed by adsorbate-adsorbent surface interactions. On this basis, several
mathematical kinetic models have been developed. Based on incorporation of consecutive diffusion-adsorption
steps (or not), the proposed kinetic models fall into two categories: diffusion-controlled kinetics or reaction-
controlled kinetics.

3.1 Diffusion-controlled kinetics

For molecules or ions in water, diffusion into biochar pores includes the following steps 76'77: 1) diffusion in
bulk liquid, 2) diffusion in the water film surrounding the porous adsorbent, and 3) diffusion in the liquid
contained in the pores, in most cases called intraparticle diffusion.

The first step of mass transfer is diffusion of the adsorbate through the bulk liquid. This occurs nearly
instantaneously after adding the adsorbent into the liquid. Its contribution to controlling the diffusion rate is

negligible 76,78 Therefore, diffusion-controlled kinetic models always take the form of film or intraparticle

diffusion in adsorption systems 33,

The second step of mass transfer is film diffusion. Extending from the surface of the adsorbent, liquid forms a
relatively stagnant thin film layer that the adsorbate must traverse before reaching the solid surface. In the case

of liquid/solid adsorption, this thin film layer is sometimes called the hydraulic boundary layer 34 1 film

diffusion is the rate-limiting step, the rate of adsorbate accumulation onto solids over time is driven by the
concentration gradient, and can generally be expressed using the simplified linear driving force model (LDF) 77,
In a well-mixed batch reactor, the concentration gradient in the liquid film is negligible; therefore, film diffusion

is usually not rate limiting. In column systems, however, the concentration gradient could be significant 76,

Sircar and Hufton compared the simplified LDF model with other more rigorous models such as Fickian Diffusion
and Quadratic Driving Force to analyze adsorption column data. They concluded that LDF was suitable for
describing the kinetics for column adsorption, in which film diffusion is the rate-limiting process. Furthermore,
LDF can be applied to predict breakthrough curves of fixed bed operation.

The third step of diffusion includes pore diffusion, (penetration of the adsorbate to the center of the adsorbent
particle) and/or surface diffusion (diffusion of the adsorbate along the interior surface of the pores). These two

types of diffusion are difficult to distinguish in practice 34 |f the adsorbate molecules encounter the greatest
resistance during the third step, pore/surface diffusion will be rate limiting. Therefore, the mass balance will
only characterize the adsorbate in the solid phase since changes of adsorbate concentration in the bulk liquid
and film are negligible. In this case, a control volume is modeled as a thin, annular layer of adsorbent bounded

by concentric spheres at radii of r and r+dr, and the basic mass balance relationship is written as 34,

Rate of change of mass of adsorbate stored in the annulus between the two concentric spheres=flux of
adsorbate diffusing into the annulus at r+dr — flux of adsorbate diffusing out of the annulus at r.



By substituting flux (J) in the mass balance equation with its pseudo-Fick’s law expression 79, the homogenous

diffusion model can provide insight into changes in Q (amount adsorbate per unit mass of adsorbent) in time

and space, as shown in Eq. 180:

0Q _ D5 0 ( 2 aQ)
at  rzor r or Fq.1
where Ds refers to the effective surface diffusion coefficient, which is assumed to be constant for the particle,

and r is the distance to the center of the adsorbent particle.

Many special-case rate models have been developed, including the homogenous surface diffusion model
(HSDM) 81, which considers only surface diffusion, whereas the pore diffusion model (PDM) only accounts for
pore diffusion 42,82,83 gince it is difficult to distinguish between pore diffusion and surface diffusion, the

intraparticle model, a general homogenous diffusion model 80, is commonly used to group pore and surface
diffusion together.

Initial and boundary conditions must be considered to solve the intraparticle diffusion rate equations as Q varies

over time 3334, For example, the initial condition for the entire adsorbent particle at time 0 is Q=0 (zero uptake
of adsorbate). The boundary conditions can include 1) no gradient of Q at the center of the particle and 2)
equilibrium conditions between solid and solution phases, i.e., equilibrium isotherm (Qe=f(Ce)) **.

In the case of biochar adsorbents, diffusion-controlled kinetics are appropriate when adsorption of organic
chemicals is limited by steric hindrance, i.e., the minimum critical diameter is close to the biochar pore aperture

) 24,49

(2 nm to 50 nm , as exemplified in Section 2.1.

3.2 Reaction-controlled kinetics

Another case to consider is the “adsorption reaction”, wherein adhesion of the adsorbate onto the solid
surface’s adsorption sites is rate limiting, thereby controlling the overall adsorption rate. Accordingly, reaction-
controlled kinetic models characterize only the last step of adsorption, treating the rate of diffusion as
negligible. The reaction rate-limiting kinetic approach is more appropriate for binding with adsorption sites via

ion exchange or sharing electron pairs via covalent or ionic bonds 40

)84

The mathematical expressions of pseudo first-order (PFO and pseudosecond-order

(PSO) rates 85,86 4re jllustrated in Eqg. 2 and Eq. 3, respectively:

=2 = k1(Qe — Q) Ea.2

2 = k2(Qe — Q) a3

where Q (mass adsorbate/mass adsorbent) is the mass adsorption capacity at time t, Qe is the capacity at
equilibrium, and k1 and k2 are the pseudo first-order and second-order rate constants, respectively.



These two adsorption reaction models are used when adsorption itself is the rate-limiting step during the entire
transport-adsorption process. For example, formation of a covalent bond between adsorbate and adsorbent or
strong physical adsorption, such as ion exchange processes, are usually considered reaction rate-limited. The
adsorption of positively ionized methyl violet on canola straw biochar at pH 7-8 is an example of first-order
kinetics, as it was reportedly dominated by ion exchange due to the opposite charge of the biochar’s oxygen-

containing functional groups 87 Misuse of PFO kinetics can lead to inappropriate interpretation of the relation
between kinetics and mechanisms. For example, weak physical adsorption was observed in a study on estrone

adsorption to activated carbon 88. The researchers postulated that hydrophobic interactions were the dominant
adsorption mechanism. However, the kinetic rate of adsorption was characterized using the PFO model, which is
more suitable for reaction rate-limited processes such as covalent/coulombic binding.

Kinetic models provide direct information on the rate of diffusion or reaction. A higher diffusion or reaction rate
constant indicates faster uptake of the adsorbate. Besides providing straightforward information, adsorption
kinetics derived from batch tests are important in modeling the fate and transport of adsorbates through porous
media such as soil, subsurface aquifers, and other engineering environments because dynamic fate and

transport models all include terms for adsorption 33,76 Erom the perspective of water treatment engineering,
kinetic models are a prerequisite for predicting fixed bed adsorption performance. While fitting experimental
data to kinetic models is necessary, it is not sufficient to extrapolate mechanistic information. To achieve deeper
comprehension of adsorptive behavior, batch kinetic studies combined with other approaches may be necessary

to elucidate the underlying mechanism of adsorption (e.g., covalent binding or physical adsorption) 33,89
Complimentary studies on adsorption kinetics, isotherms, thermodynamics, and characterization of surface
properties, accompanied by adequate numerical analysis are needed to elucidate adsorption mechanisms.

4.0 Adsorption mechanisms of organic micropollutant binding to biochar
In this section, the binding mechanisms of organic micropollutant adsorption onto porous biochar are described.
In this review, the “mechanism of adsorption” refers to the mechanism of actual attachment, regardless of

molecule/ion diffusion. Therefore, “pore filling”, which is mentioned in some articles as an adsorption

31

mechanism ~-, is excluded from this discussion because it does not characterize attachment. Likewise, in the

context of this review, absorption is not considered as an independent category of interaction. Schwarzenbach

et al.%0 describes the partitioning of organic compounds as intermolecular interactions that are weakened in
one phase and formed within (absorption) or on the surface (adsorption) of a new phase. Therefore, the
fundamental difference between absorption and adsorption is the location where the intermolecular
interactions between organic molecules and phases occurs.

Attachment via adsorption is a process that takes place spontaneously since the associated free energy is
negative. The driving force of attachment is the sum of a number of forces contributing to the total free energy

of adsorption 91. Driving forces include intra- and inter-molecular interactions due to electrostatic attractions
such as covalent bonding, coulombic attraction, and dipole interactions. Dipole interactions can include
hydrogen bonding (H-bonding), m-interaction, dipole-dipole interaction (Keesom interactions), dipole-induced
dipole interaction (Debye interactions), charge-dipole interactions, and fluctuating dipoles (dispersive
forces/London Forces).



For adsorption of organic molecules onto carbonaceous materials, van der Waals forces have been included as

one type of non-coulombic interaction, in addition to H-bonding and n/dipole interactions 92'93. However, this
classification is problematic because “van der Waals forces” is used by some to describe the totality of all

intermolecular non-covalent forces, while others use it to describe subsets of intermolecular forces 94. Since
this term is lacking in physical meaning and is insufficiently descriptive, the use of “van der Waals forces” to
describe adsorption mechanisms should be avoided.

Hydrophobic interactions between non-polar moieties has also been considered a mechanism for adsorption

attachment 31. However, hydrophobic interaction is not an intermolecular force. It is a non-specific interaction
that has more to do with decreasing entropy related to chemicals leaving water as opposed to being attracted to

adsorbents 94.

Figure 2 summarizes the potential mechanisms for aqueous-phase organic compound adhesion onto biochar,
each of which are described in the following sections.

Chemisorption l l Physical Adsorption
Coulombic Attraction | H-bonding § w-interaction | Dipole Interactions Hydrophobic Interactions
Increase of Intermolecular Force Strength

Covalent Bond

Intermolecular Force Intermolecular Interaction

Non-specific
Figure 2. Classification of adsorption mechanisms.

4.1.1 Covalent bonding

Covalent bonding is irreversible chemisorption through shared electron pairs and is stronger than any form of
non-covalent intermolecular forces. Conversely, adsorption involving non-covalent interactions is usually
considered to be physical adsorption (or physisorption). No studies were found showing adsorption of organic
compounds to biochar due to covalent bonding (under typical operating temperatures and pressures and in the
absence of a catalyst). However, functionalization of carbonaceous biochar with covalent modification is
commonly achieved via reactions such as carboxylation, amidation, fluorination, and free radical chemistry
95,96

4.1.2 Coulombic interaction

Coulombic interactions occur between two charged moieties, wherein opposite charges on the adsorbate and
adsorbent induce coulombic attraction. In the case of adsorption of organic compounds from aqueous solution,
coulombic interaction relates to the dissociable functional groups of the organic adsorbate and on biochar’s
surface. Water quality parameters such as pH and ionic strength are critical to the dissociation of these
functional groups for agueous adsorption. This is reflected in pKa (acid dissociation constant) values of both
adsorbate and biochar functional groups. For example, methyl violet dye (pKa=8.64) carries a positive charge at
pH values below 9, while plant-derived biochar carries a negative surface charge (large cation exchange



capacity) in slightly alkaline water. The dissociation of methyl violet molecules and oxygen-containing functional
groups on the surface of canola straw biochar was reported to facilitate coulombic attraction at pH ranges from

7t08 87. In some reports, coulombic interactions are referred to as “electrostatic interactions” 97'98, which is

inaccurate because electrostatic interaction is the fundamental basis for all non-covalent intermolecular forces
99

4.1.3 Hydrogen bonding
Hydrogen bonding (H-bonding) is a special case of strong dipole interaction occurring between a hydrogen
donor and acceptor. The hydrogen donor is usually bonded to hydrogen acceptor atoms such as nitrogen (N),

oxygen (0), or fluorine (F) >#2:100 yithin a functional group, such as ~COOH, -OH, ~NH2, and electron-rich n-

systems. These hydrogen donor/acceptor functional groups on either biochar or organic molecules can form H-
bonds. For example, sludge-derived biochar that is rich in hydroxyl groups demonstrated a high affinity for

atrazine’s amino group 101.

Charge-assisted H-bonding (CAHB) is stronger than conventional H-bonding. CAHB includes three categories:
double charge-assisted ((+)CAHB), positive charge-assisted ((+)CAHB), and negative charge-assisted ((-)CAHB) H-

bonding 102 Among these categories, (-)CAHB is often observed for adsorption of dissociable organic

compounds onto adsorbent functional groups; therefore, it is highly pH and pKa dependent 62,103 Gillj et

aI.102 defined (-)CAHB as strong H-bonding between proton donor/acceptor pairs (base as donor and acid as

acceptor), e.g., between a carboxyl group and its conjugate acid ([R-COO - H - OOC-R]") or different acid/base
pairs. The more similar the pKa values of the groups at either end of the H-bond, the stronger the (-)CAHB

93,104 Therefore, the strongest (-)CAHB occurs between an acid and its conjugated base. Teixido et al.103
postulated formation of (-)CAHB between sulfamethoxazole and the carboxylate group on biochar’s surface at
pH 3-7, where sulfamethoxazole is primarily present as a neutral molecule (Figure 3). The small pKa difference

(ApKa) between sulfamethoxazole and COO- allows close sharing of the proton for this type of H-bond 103'105_
For weak organic adsorption on an oxygen rich-biochar surface, CAHB can play a more important role than n- or

hydrophobic interactions. For adsorption onto a weak acidic maple wood char, Xiao and Pignatello104 studied

competition of the weak acid 2,4-dichlorophenoxyacetic acid (2-4-D) in comparison to 4-toluic acid or 4-tolyl
acetate. They reported that 4-toluic acid had 5 times stronger adsorption than 2,4-D via CAHB, whereas 4-tolyl
acetate’s affinity was due to hydrophobic interaction. The displacement of 2,4-D on the biochar was ~0.28
mol/mol 4-toluic acid (~0.02 mol/mol 4-tolyl acetate), which suggested that displacement unlikely occurs for

compounds that have different adsorption mechanisms, i.e., CAHB and hydrophobic interaction. Ni et aI.93
studied the adsorption of allelopathicaromatic acid ions on biochar. They postulated that biochar’s carboxyl acid
groups can undergo proton exchange with water molecules, and that the allelopathic aromatic acid ions
subsequently form hydrogen dicarboxylate conjugate pairs (low ApKa). Therefore, CAHB provided covalent-like
interaction with an enthalpy value ~100 kJ/mol.
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Figure 3. Sulfamethoxazole interaction with a COO- group on biochar’s surface via negative charge-assisted
hydrogen bonding ((-)CAHB). The dashed line denotes H-bonding.

4.1.4, nt-interaction

Another type of dipole interaction is n-interaction, which is weaker than H-bonding. This term is used to
interpret attractions between neutral organic molecules and electron rich rt-systems. A rti-system is usually a
functional group with n-bonds, which result from the overlap of diffusive electron orbitals. n-systems such as
C=C double bonds or aromatic rings can be attractive to polar molecules and other n-systems. The aromaticity of
biochar usually increases with pyrolysis temperature, since most of the aliphatic structures are destroyed

106'107. Polymeric hybrid adsorbents such as ion exchange resins also contain aromatic rings 108. An aromatic
Ti-system is electron rich and can either enhance existing H-bonds or behave as proton acceptors. Mahmudov et

al.109 found that a graphite-like activated carbon with an aromatic sheet structure favored perchlorate

adsorption due to n-system facilitation 107'109. Due to the highly electronegative nature of m-systems, cation
attraction is also favorable.

Intermolecular attractions between n-systems, known as ni-mt interactions, occur as well. r-it interactions
occur between oppositely polarized quadrapoles of arene systems oriented in a parallel-planar fashion

(“stacking”) 103 for instance, when the p-aminosulfonamide rings of sulfamethazine are present as r-electron

acceptors, they can attach to the aromatic sheet structures (rn-electron donor) of hardwood litter biochar 103,

Opposite polarization of aromatic systems induces their opposite preference for electrons. Therefore, the most
widely adopted conceptual model to describe - interaction is the m-electron donor-acceptor model (EDA)

100,110 tpe conjugated ring system of the graphene subunit on biochar’s surface makes it an electron-rich -
electron donor, which can pair electron-withdrawing substituents with organics with electron-poor ring systems,

such as heteroaromatic rings or benzene rings. Sander and Pignatello111 found the adsorption affinities
associated with graphene units of wood biochar showed a trend of nitrobenzene>toluene>benzene. This trend
attributes to the strongest electron- withdrawing effect of the nitro group, making nitrobenzene the most
electron deficient among the three compounds tested. Organic compounds with ni-electron donor properties

can also be attracted to electron-depleted regions on biochar, such as the center of the graphene unit 27'112.

Using charge-transfer absorbance in the UV-visible absorption spectrum, -t EDA interactions can be

characterized 110,113, Raman, nuclear magnetic resonance (NMR) spectroscopy, and fluorescence techniques

are also applied to characterize other 1t interactions 96.

4.1.5 Other dipole interactions
Other dipole interactions include permanent dipole interactions (also known as Keesom interactions), dipole-
induced dipole interaction (Debye interactions), and fluctuating dipoles (dispersive forces or London Forces).



These intermolecular forces may be applicable for adsorbates containing polar functional groups such as alkyl

halide, ether, nitrile, etc. 96'100. As the temperature of heat treatment increases, dipolar forces should
decrease due to the development of aromaticity and non-polarity on biochar caused by ring fusion, which forms

clusters with high carbon content. Alternately, -t EDA forces vary in the opposite manner. Lattao et al.’>

observed consistency in the free energy contribution of combined nt-t EDA and dipole interaction to 1,4-
dinitrobenzene adsorption on wood biochar over a range of fused ring sizes.

4.1.6 Hydrophobic interaction

Hydrophobic interaction is a type of non-specific interaction that is primarily driven by entropy. While its
underlying basis is not fully elucidated, hydrophobic interactions are widely believed to occur due to the
tendency of non-polar groups to aggregate in water to minimize their contact with water molecules. Since this
non-specific interaction is not driven by intermolecular forces with adsorbents, it is inappropriate to use the

term “bond” for hydrophobic interactions 44,94,113 The octanol-water distribution coefficient (Kow) is an
indicator of hydrophobicity of organic chemicals. If hydrophobic interaction is the dominant mechanism,
adsorption of non-polar chemicals on porous materials would be proportional to Kow values '®. In the case of
phenanthrene adsorbing on a plant residual-derived biochar, this correlation is generally not observed, implying
that hydrophobic interactions are not the dominant mechanism of attraction.'4

5.0 Quantitative methods for characterizing adsorption equilibrium of
agueous-phase organic micropollutants

5.1 Isotherms

An adsorption isotherm is a quantitative method to characterize adsorbate equilibrium between aqueous and
solid phase at a constant ambient temperature. Typical isotherm models used for organic contaminants include

Langmuir, Freundlich, Toth 115, Tempkin 116, Dubinin—Radushkevich 117, and others. The derivations of
isotherm models for certain chemicals are based on the binding affinity/strength distribution on the adsorbent

surface 34, Assuming one adsorbate molecule binds with a single site on the adsorbent, and the total number of
adsorption sites on the surface is limited, binding affinity of the chemical to the adsorption site is usually
indicated by a partitioning or distribution coefficient, K, expressed as shown in Egs. 4 and 5:

=S + A(aq) &= SAEq.4

C=
— __—=SA Eq.5
C=54CA(aq)

where = § is the adsorption site on the surface, A(aq) is the adsorbate molecule in the aqueous phase, = S'is
adsorbate-adsorption site complex, K is the distribution coefficient, and C represents the concentration of the
respective species.

The derivation of the Langmuir isotherm assumes that a surface has a uniform K value, i.e., all adsorption sites
are identical and have the same affinity for a certain adsorbate. Also, the binding of a single adsorbate does not
interfere with the binding of other molecules. The sites on the adsorbent can be classified as Q-sa, the occupied
sites per unit mass of adsorbent (adsorption capacity), or Q-s, the unoccupied sites. The total adsorption sites



per unit mass of adsorbent is Qmax. By substituting these values into the expression for K, the Langmuir
isotherm model is generated (Eq. 6):

Q — QmaxKCa
=54 KCa+1

KCy4
KCA+1
Q=s4

is also called the fractional coverage of the sites with a distribution value of K 34 because it

The term

equals . Artificial polymeric adsorbents, such as ion exchangers are considered to have adsorption sites with

max

a single binding affinity K 118, which is usually denoted as KL in the case of the Langmuir isotherm. Therefore,

the Langmuir isotherm is often a good choice for modeling removal of inorganic ions 119'120. However,
equilibrium data for adsorption of organic compounds on biochar and other carbonaceous materials is rarely fit
to the conventional Langmuir isotherm.

In the case that multiple types of sites having different K values are present on the adsorbent surface, the
Langmuir isotherm model for each type of adsorption site can be summed to obtain the multi-site Langmuir
isotherm (Eq. 7):

_ n Qmax,jKjC
Qtotar = 2j=1 Eq.7

1+KjC
where K; is the binding affinity of each type of adsorption site (j). The multi-site Langmuir isotherm has been

applied, e.g., in the adsorption of phosphate onto soil via ion exchange, where the soil samples may have two to

three types of adsorption sites 121'122.

For many adsorbents, the distribution of site types is variable and sites with single-value or multiple-value Ks are
difficult to find. This necessitates use of the Freundlich isotherm, in which site distribution is described as semi-
continuous. The adsorbent comprises a small number of sites with high affinities (larger K values) and an
exponentially increasing number of sites with steadily decreasing K values. A small group of sites is considered to
have nearly uniform K values (between K and K+dK). In this differential area, it is assumed that the

concentration of total adsorption sites can be described as a distribution associated with K (Eq. 8) 34,123,
chiff =aK™™ Eq. 8

where @ ;¢ is the distribution function and a and n are constants (0 < n < 1). The differential adsorption
capacity, Qs for this area can be characterized by the Langmuir isotherm, modified as shown in Eq. 9:

KCy
KCyq+1

Qairr = Pairr Eq.9

By substituting Eq. 8 into Eq. 9, and integrating the adsorption capacity over all sites (K from 0 to o), Eq. 10 is
obtained to describe adsorption capacity:

oo a1l
Q=] K CA K £q. 10

0 KCy4



Halsey and Taylor123 developed the solution for Eq. 10, yielding the Freundlich isotherm (Eq. 11):
Q = KfC} Eq. 12

Where K is the Freundlich parameter, which is usually denoted as Kf in this case, reflecting adsorption capacity.
The n term ranges from 0 to 1, and is an indicator of distribution of binding affinity or binding energy on the
adsorbent surface. The more drastically the binding affinity changes (indicating the existence of remarkably
strong affinity sites) across the adsorbent surface, the smaller the n value. For carbonaceous materials such as
biochar, the adsorption of organic contaminants from dilute solution (C <500 ug/L) is often characterized by an n

value between 0.2 and 0.7 3%, Compared to the Langmuir isotherm, the Freundlich isotherm often fits better in
the case of adsorption of organic chemicals onto carbonaceous materials, possibly because of the uneven
distribution of adsorption sites. For example, in a study adsorbing the acidic herbicides dicamba and 2,4,5-T on

carbon nanotubes, Pyrzynska et al.124 found that the Freundlich isotherm provided a better fit than Langmuir
for describing adsorption equilibrium.

The Freundlich isotherm was incorrectly described as an empirical model in some literature 125,126 However,
as shown here, the Freundlich isotherm has a theoretical basis and is related to the Langmuir model, i.e.,

integration of the Langmuir isotherm yields the Freundlich equation 118 several studies found that the
adsorption/exchange of fluoride and cobalt onto ion exchange resins can fit both Langmuir and Freundlich at
certain Caq ranges 2%, which supports the inherent relationship between these two isotherm models.

In cases when a single organic compound is present at trace amounts in water, simple isotherms such as the
Freundlich model can be used to model adsorption (providing a good linear fit when plotted on log-scale

coordinates) 111. However, in the case of single-solute adsorption, there is a maximum threshold of initial
organic concentration, beyond which more complex isotherm models are needed to better predict adsorption

behavior 128'129. Shimubuku et aI.129 found that the concentration threshold correlated negatively with the
compounds’ adsorbability, but correlated positively with the competing dissolved organic matter by adopting
the Ideal Adsorbed Solution Theory-Equivalent Background Compound model (IAST-EBC), which is

based on Freundlich parameters.

An isotherm is a useful tool to aid in numeric characterization of adsorption behavior as isotherm equations can
predict adsorption capacities on solid phases at different equilibrium aqueous-phase concentrations. The
Langmuir constant Qmax is the measure of amonolayer’s maximum adsorption capacity, and the Freundlich
parameter Kf can also roughly reflect adsorption capacity when comparing multiple adsorbent-adsorbate
systems. Besides providing straightforward information, such as illustrating the equilibrium status of adsorbate
molecules between aqueous and solid phases, isotherm equations are also an important boundary condition to

solve transport equations for an adsorbate in fixed bed reactors 34,130

The distribution coefficient K used in derivation of isotherms is related to the thermodynamic equilibrium
constant (Kc=exp (-AG%/RT)), and the surface site distribution function D55 is also related to K. These

underlying thermodynamic bases of isotherms can provide insight into adsorption mechanisms, adsorbent

surface properties, and the degree of adsorbent affinity 131



5.2 Thermodynamics of adsorption
Thermodynamics, like isotherms, play an essential role in characterizing adsorption
equilibrium and mechanisms. Important thermodynamic parameters for adsorption include the 601 change of

enthalpy/heat (AHO), change of entropy (ASO), and the standard change in Gibb’s free 602 energy (AGO), which
are related as shown in Eq. 12:

AG® = AH® — TAS%eq.12
where T is the ambient temperature (K).

The dimensionless equilibrium constant of adsorption, K, is related to AG® (Eq. 13):

AG® = —RTInK . €q.13
where R is the ideal gas constant.

The equilibrium constant can be derived from the constants in the Langmuir, Freundlich, and other isotherm

models 78. Therefore, the two-phase equilibrium model of adsorption, i.e., an isotherm, is related to the
thermodynamic properties of the adsorption system (both adsorbate and adsorbent). In this section, an
overview of the thermodynamics of adsorption is provided, yielding additional quantitative insights into the
equilibrium of organic micropollutant adsorption and the related binding mechanisms.

5.2.1 Isosteric heat of adsorption

Isosteric heat of adsorption is the differential heat of adsorption at a fixed surface (or adsorption capacity, Qe)

132-134

at equilibrium. This term was originally introduced for quantifying gaseous-phase adsorption , and was

adapted for adsorption from aqueous solution 36'135. It is defined according to the Clausius-Clapeyron equation
(Eq. 14):

__ pdlnc,
AHg = R L Q. Eq. 14

where AH, is the isosteric heat of adsorption (kJ/mol), R is the ideal gas constant (J/moliK), Ce is the aqueous
phase concentration at equilibrium (mol/L), and T is temperature (K).

Accordingly, isosteric heat of adsorption at certain adsorbent coverages can be experimentally determined by
obtaining Ce values using isotherm curves at multiple ambient temperatures, and calculating the slope of the
InCe versus 1/T curve. Figures 4A and 4B are typical profiles of isosteric heat as a function of adsorbent surface
coverage.



100-
— o —eo——*p
80 .’4.’.,’—-—/'
o
= 60
2
k] - AO
T 40
< -=- R6G
20-
0 T T 1
0 10 20 30
Qe (mg/g)
140+
120+ B

100

AH kJ/mol
(=1]
T

0 1x1ll)‘12 2><1I0'12 3x1ll‘.l‘12 4x1|(:l'12 5=!1l(l‘12
C o1 molipl

Figure 4. A) Isosteric heat of adsorption of the organic dyes acridine orange (AO) and rhodamine 6G (R6G) using
foodwaste-derived biochar with varying surface loading, adapted from Parshetti et al.136, and B) Isosteric heat

change of lysozyme adsorption using a sepharose 631 ion exchange resin, adapted from Chen et al.137.

Differences in the trends of isosteric heat change as a function of surface loading stem from different adsorption
site properties. Since isosteric heat is a widely used term that is indicative of energy and strength of binding

interactions 138139, the adsorption site distribution of an adsorbent can be postulated from the AH,, versus
Qe profile. For adsorption of organic dyes on biochar, Figure 4A shows isosteric heat changing with surface
coverage. Since foodwaste-derived biochar has highly heterogeneous adsorption sites due to the intrinsic
variability in the feedstock, the organic dye binding energy is highest for the left-hand part of the curve, because
low-energy binding sites are more favorable. As low-energy sites are gradually occupied, high- energy sites bind

with dye molecules, absorbing more heat at high surface coverage 136. This type of isosteric heat distribution
aligns with equilibrium isotherm models describing multi-type site distribution, such as the Freundlich isotherm

34, Figure 4B shows the isosteric heat of lysozyme binding with SP-Sepharose ion exchange resin. Lysozyme
binding using the ion exchange resin is well characterized using the Langmuir model, which assumes adsorption
sites have a fixed binding affinity and no interaction among adsorbed molecules. The isosteric heat of adsorption

should therefore not change with surface adsorbate loading 34,140

Weber and Talapatra®® proposed a relationship between isosteric heat (dss = AH,;) and binding energy (Eb), as
shown in Eq. 15:

qst = Ep + 2kT Eq. 15



where Eb is the binding energy of the adsorbate molecule adsorbing to a certain type of adsorption site (J), k is
the Boltzmann constant (J/K), and T is the temperature (K).

This equation shows that the binding energy can be extracted from isosteric heat, which is derived from

adsorption isotherm measurements 139'140.

5.2.2 Enthalpy change of adsorption
Use of the term “enthalpy change of adsorption” and the related, but different, “isosteric heat of adsorption”, is
often confusing, and in many cases the isosteric heat of adsorption is incorrectly described as heat/enthalpy of

adsorption 135,141 Ideally, the enthalpy change of adsorption can be obtained by integrating the isosteric heat

from zero to the maximum surface coverage, and the integral of enthalpy should be used to estimate free

energy change of adsorption 142'143. However, this approach can be difficult as isosteric heat values can be
unpredictable and it is difficult to determine the maximum coverage (Qe).

Another approach to estimating the enthalpy change of adsorption is based on the van’t Hoff equation at a
constant pressure (Eq. 16):

danC
d(1/T)

AH® = —R Eq. 16

which can also be written in the form of Eq. 17:

AH® = AS°
InK, = —+ —€q.17
RT R

This equation is derived from Egs. 12 and 13. By plotting InKc versus 1/T, AH® is obtained from the slope (noting
that enthalpy change of a given system is not impacted by ambient temperature), and AS can be derived from
the intercept. Therefore, knowing Kc, the thermodynamic equilibrium constant, is critical for the estimation of
enthalpy and free energy change of adsorption. According to the expression, Kc is a dimensionless constant.
here are a number of studies simply using the partitioning coefficient K, = C/Ce, as the thermodynamic
equilibrium constant, where Cs is the adsorbate concentration on the solid (mg/g) and Ce is that in liquid (mg/L)
135144145 However, in this relationship, Kp is apparently not dimensionless based on the units of Cs and Ce.
Additionally, at a fixed temperature, the partitioning coefficient is not constant for an adsorption system that
behaves as a non-linear isotherm. Therefore, Kp cannot be directly used for estimating the enthalpy of

| 146

adsorption. Kumar et a incorrectly applied partitioning coefficients, which varied with equilibrium aqueous-

I.78 corrected the mistake

phase concentration, as adsorption thermodynamic equilibrium constants. Tran et a
and generated a single K¢ value at a fixed temperature. Adsorption equilibrium constants can be derived from

isotherm parameters, such as the Langmuir constant (KL) ¥2*¢ and the Freundlich constant (Kf) 7814,

The sign of the enthalpy change indicates whether the reaction is endothermic (positive) or exothermic

(negative). Vithanage et al.3° used van’t Hoff's equation for estimating enthalpy of tea waste-derived biochar

adsorbing carbofuran from the aqueous phase. They found AH° to be approximately -46 kJ/mol. The negative
value indicates that adsorption was an exothermic process. Endothermic adsorption of organic pollutants from

the aqueous phase onto carbonaceous materials has also been observed 135'150'151. For example, Chen et



al.150 estimated the change of enthalpy for 1,3-dinitrobenzene adsorption on pine needle-derived biochar as 14

kJ/mol, and the value for naphthalene adsorption as 16 kJ/mol.

Endothermic adsorption can be attributed to the roles of adsorbate-solution or adsorbent-solution interactions
or the formation of covalent bonds during adsorption. A large absolute value for change of enthalpy, i.e., greater

than 100 klJ/mol, is indicative of chemisorption via formation of covalent bonds 39,152 1pe enthalpy of H-bonds
is ApKa-driven; the strongest H-bonds are those in which the difference between the pKa of the H-donor and the

pKa of the H- acceptor is minimum192, Intermolecular forces such as CAHB, which equally or nearly equally
share the proton, have “considerable covalent character”, with enthalpy changes at values upward of 37 kJ/mol

43 (the reported largest among H-bonds). In the case of aqueous-phase adsorption, endothermic adsorption
occurs when adsorbate-water or adsorbent-water interactions are overcome before the adsorbate adheres onto
the adsorbent. The heat-consuming steps include:

1) adsorbate diffusion in the water matrix, which requires breaking hydrogen bonds formed among water

molecules 151,

2) adsorbate diffusion in adsorbent pores 153'154,

3) adsorbate replacing pre-adsorbed water molecules, which also requires breaking hydrogen bonds
between water molecules and adsorbent.

Increasing adsorption temperature promotes external heat input and therefore has a positive
impact on endothermic adsorption capacity.

5.2.3 Free energy change of adsorption

The ability of an adsorption interaction to proceed spontaneously is energetically described by the change in
Gibbs free energy of the process, AG°. When diffusion-adsorption can be driven or hindered by a collection of
factors such as concentration gradient, coulombic forces, or other non-coulombic interactions, AG° reflects the
balance between these driving/hindrance forces. The absolute value of AG° reflects the degree of spontaneity,

where more energetically favorable adsorption usually has a higher absolute value 148. A negative AG®value
indicates that the driving forces promote adsorption rather than hinder adsorption. Physical adsorption is

usually spontaneous, with an overall negative AG° value 8, Experimentally determined |AG°| of spontaneous
organic micropollutant adsorption on biochar can be on the order of 10 kJ/mol or less, and rarely exceeds 50
k)/mol 150,155,156

Similar to the standard enthalpy change, AGY is also related to Kc (Eq. 16). Therefore, the estimation of AG°
depends heavily on an accurate understanding of Kc, which is a strictly dimensionless value, as mentioned
earlier. It is relatively straightforward to experimentally derive the overall free energy change of adsorption from
adsorption isotherms. However, partitioning overall free energy change into multiple contributions stemming
from different mechanisms (coulombic and non-coulombic driving forces) requires molecular dynamic

157 27,75

simulation or thermodynamic models derived from experimental approaches



6.0 Conclusions and Future Directions

The fate of organic micropollutants in natural and engineered environments is strongly impacted by their
adsorptive behavior. Accordingly, for design of effective biochar-based WRRF treatment processes, insight into
the adsorptive driving forces, molecular-scale interactions, and equilibrium is helpful for achieving engineering
aims including improved prediction, validation, and removal performance using this emerging adsorbent
material.

Specific findings from each of the review’s four objectives are summarized together with research needs to
address current knowledge gaps using biochar as a micropollutant adsorbent.

1) Link biochar surface properties with its adsorption abilities.
Biochar’s morphological and pore structure, surface charge, organic content, and the presence of
dissociable functional groups on both biochar and adsorbates are key factors affecting kinetics and
binding mechanisms of adsorption. The wider range of biochar feedstocks in comparison to activated
carbon feedstock leads to greater heterogeneity in biochar surface properties, which can lead to a range
of disparate interactions with organics. For instance, biochar’s graphene-like unit can increase
adsorption efficiency with either nt-electron donor or acceptor properties via m-EDA interactions.
Additionally, high ash content in biochar is more favorable for adsorption of polar organic compounds.
Enhanced adsorption of dissociable organic compounds can result from the presence of dissociable
biochar functional groups, which either occur naturally or are supplied by post-pyrolysis treatment. It is
therefore difficult to claim that biochar can specifically adsorb any given group of compounds, nor is it
feasible to ascertain adsorption capacity of a certain compound as a function of surface properties
without a full spectrum of biochar characterization. Thus, future biochar research focused on linking
surface properties with adsorption capacities should incorporate a full spectrum of surface property
characterization with the use of homogeneous model adsorbents, such as graphite, to model non- polar

moieties in biochar 27, Establishing these correlations will enable better extrapolation of adsorption
kinetics and mechanisms for a range of biochar/micropollutant combinations.

2) Categorize the kinetics of adsorption of aqueous-phase organic compounds onto biochar.
The kinetics of agueous-phase adsorption can be categorized in terms of the rate-limiting step.
Diffusion-controlled kinetics are usually observed for weak physical adsorption, whereas reaction-
controlled kinetics most often characterize chemical adsorption or strong physical adsorption such as
coulombic attraction, which stems from charged functional groups on both the biochar’s surface and on
micropollutant molecules. Future biochar adsorption research should always incorporate mechanistic
analysis in order to select proper kinetic models.

3) Categorize the molecular-scale interactions between organic micropollutants and biochar.
The intermolecular forces discussed in this review include those associated with organics and biochar,
including hydrophobic interaction, dipole interaction, m-interaction, H-bonding, coulombic attraction,
and covalent bonding. Binding mechanisms are closely related to the molecular structures of the organic
micropollutants and surface properties of biochar. Qualitative categorization of mechanisms is essential
for calculating the contribution of each mechanism to total free energy change of adsorption in

thermodynamic models 27. The engineered solid surface properties can be improved to facilitate
dominant binding accordingly.



4) Review existing quantitative methods for characterizing adsorption equilibrium of organic micropollutants

from water.
Adsorption equilibrium can be characterized using isotherm models. Experimental isotherm data can be
used to derive fundamental thermodynamic properties characterizing adsorption, including the isosteric
heat, enthalpy change, entropy change, and free energy change of adsorption. With this quantitative
information, kinetics and mechanisms of adsorption can be further elucidated. For example, diffusion-
controlled adsorption has a high chance of being endothermic, and the extent of total free energy
change can indicate whether a reaction is chemisorption or physical adsorption. Therefore, continued
work establishing adsorption isotherms is essential for researching adsorptive behavior, as it builds
bridges between qualitative and quantitative interpretation of adsorption equilibrium, between
molecular interaction and pilot-scale operation, and between batch and continuous-flow reactor
performance.

The thermodynamics and mechanisms of adsorption are closely related concepts describing adsorption
equilibrium. Elucidation of adsorption mechanisms is not possible without accurately characterizing the
thermodynamic profile, and vice-versa. Biochar research to-date is ambiguous with respect to which interactions
are involved in binding, resulting in contradictory characterization of adsorption mechanisms and their relation
to kinetics or thermodynamics. Future studies would benefit from consistent usage of appropriate terminology
for describing adsorption mechanisms. Furthermore, additional biochar-specific thermodynamic modeling is
expected to better categorize contributions to energy changes during the adsorption process stemming from
different mechanisms.
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