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ABSTRACT: Biochar has been touted as a promising sorbent for the removal of
inorganic contaminants, such as uranium (U), from water. However, the molecular-
scale mechanisms of aqueous U(VI) species adsorption to biochar remain poorly
understood. In this study, two approaches, grounded in equilibrium thermody-
namics, were employed to investigate the U(VI) adsorption mechanisms: (1) batch
U(VI) adsorption experiments coupled to surface complexation modeling (SCM)
and (2) isothermal titration calorimetry (ITC), supported by synchrotron-based X-
ray absorption spectroscopy (XAS) analyses. The biochars tested have considerable
proton buffering capacity and most strongly adsorb U(VI) between approximately
pH 4 and 6. FT-IR and XPS studies, along with XAS analyses, show that U(VI)
adsorption occurs primarily at the proton-active carboxyl (−COOH) and phenolic
hydroxyl (−OH) functional groups on the biochar surface. The SCM approach is able to predict U(VI) adsorption behavior
across a wide range of pH and at varying initial U(VI) and biochar concentrations, and U adsorption is strongly influenced by
aqueous U(VI) speciation. Supporting ITC measurements indicate that the calculated enthalpies of protonation reactions of the
studied biochar, as well as the adsorption of U(VI), are consistent with anionic oxygen ligands and are indicative of both inner-
and outer-sphere complexation. Our results provide new insights into the modes of U(VI) adsorption by biochar and more
generally improve our understanding of its potential to remove radionuclides from contaminated waters.

1. INTRODUCTION

Uranium (U) contamination in soil and groundwater systems
from abandoned mine tailings and former nuclear weapons
facilities is a major concern due to its potentially toxic and
carcinogenic effects on human health and aquatic life.1−5 The
chemical composition of the aqueous environment affects the
speciation of U(VI), the oxidized form of U, which, in turn,
can greatly influence its fate and mobility.6−9 The removal of
U(VI) by adsorbents, including clay and metal oxyhydroxides,
is a widespread approach for its remediation in contaminated
systems;10−12 however, most natural adsorbents have relatively
low adsorption capacities.13,14 Hence, developing an efficient
material with a high adsorption capacity to treat U(VI) has
been the focus of recent research studies. Carbonaceous
materials (e.g., activated carbon, carbonaceous nanofibers, and
graphene oxides nanosheets)15−21 have shown a high efficiency
to remove metals including U from aqueous solution, but the
cost of these materials has limited their widespread application
in remediation. Biochar, a porous and carbon-rich material
produced from biomass and biological waste via thermal
decomposition, has attracted attention due to its low

production cost compared to other sorbents and has proven
efficient in metals and organic contaminants removal from
water.22−26 In the case of metals adsorption, biochar is very
efficient because of its abundance of charged surface functional
groups.22−26

Recent studies have reported that biochar exhibits a strong
affinity to adsorb U(VI).27−31 However, these studies only
present bulk U(VI) metal adsorption data, which do not
provide molecular-scale insights into the coordination of
aqueous uranyl species adsorbed to the biochar surface,27−31

and, therefore, they cannot be used to calculate intrinsic
stability constants of U(VI)−biochar surface complexes.32−34

Since U(VI) has a complex aqueous speciation, especially in
the presence of the common calcium (Ca2+), carbonate
(CO3

2−), and hydroxyl (OH−) ions in natural waters, it is
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critical to consider changes in aqueous speciation when
performing adsorption modeling.35−37

Surface complexation modeling (SCM) is a robust and
quantitative approach to modeling metal adsorption behavior,
because it considers the full aqueous speciation of the metal(s)
in question, is based on balanced chemical reactions, and can
account for changes in pH and adsorbent/adsorbate
ratios.32−34,38−40 The SCM approach can be informed with
direct analyses of the surface coordination of adsorbed ions
using approaches such as synchrotron-based extended X-ray
absorption fine structure (EXAFS) studies.15,40,41 Although
SCM complemented with EXAFS is key to understanding the
metal-surface coordination following adsorption, it does not
provide information about the thermodynamic driving force
(e.g., bond formation, dehydration, enthalpy, and entropy) of
these reaction(s). In this regard, isothermal titration
calorimetry (ITC) measurements can provide insights into
the thermodynamic driving forces of adsorption reactions.42,43

In this study, we constrain the binding environment of U
using a combination of Fourier transform infrared spectrosco-
py (FT-IR), EXAFS, X-ray photoelectron spectroscopy (XPS),
and heat calorimetric measurements and determine the
thermodynamic driving forces of metal sorption. These
measurements, along with potentiometric titrations, are used
to develop surface complexation models, themselves based in
thermodynamics. The SCM approach allows for predictions of
U(VI) removal efficiency, even when system parameters like
pH, sorbent/sorbate ratio, and solution chemistry change.
Although U(VI) adsorption to a number of carbonaceous
materials has been studied using similar approaches,15−19 there
is no such study that elucidates biochar-mediated U(VI)
adsorption mechanisms. Biochar is considerably different from
other carbonaceous materials in its chemical complexity,
comprised of a heterogeneous mix of not only chemically
variable carbon, but can include a considerable mineral (or
ash) component. The novelty of this study is in identifying the
components of biochar and the functional group types on
those components that are responsible for U binding.
Understanding biochar surface properties and its reactivity
for biochar produced from different types of biomass and at
different production conditions is important in developing
generally applicable predictive models of metal immobilization
by biochar. Such models are useful in identifying suitable
biochar to treat contaminated water and allow for optimization
of the physical and chemical properties of biochar to make it a
more efficient sorbent.
The objectives of this study are to (i) identify the U(VI)

adsorption behavior by biochar over a wide range of pH
conditions and water chemistries, (ii) develop a reaction-based
framework through which predictions of U(VI) adsorption
onto biochar can be made across varying solution chemistry,
and (iii) determine the thermodynamic driving forces of U(VI)
reactions at the biochar surface. By integrating these
approaches, we are able to develop, for the first time, a
predictive model of U(VI) adsorption onto biochar across a
wide range of water chemistries. Ultimately, our models can be
used to optimize pilot-scale experiments that could enable
commercial exploitation of biochar in the remediation of
U(VI)-contaminated waters.

2. MATERIALS AND METHODS
2.1. Biochar Preparation and Characterization. Wheat

straw biochar (WS) and wood pin chip biochar (WPC) were

obtained from the Alberta Biochar Initiative (ABI; Vegreville,
Alberta, Canada). A prototype 1.0 batch carbonizer (Alberta
Innovates Technology Futures, AITF) and an auger retort
carbonizer (ABRI-Tech, 1 Tonne Retort system; ABI,
Vegreville, Alberta), respectively, were used to pyrolyze
wheat straw and wood pine chip feedstocks under limited
oxygen conditions, with a residence time of 30 min at 500 to
550 °C.40

The elemental analysis, Brunauer−Emmett−Teller (BET)
surface area analysis, X-ray powder diffraction (XRD), surface
morphological characterizations, and Fourier transform infra-
red spectroscopy (FT-IR) analyses of WS and WPC were
carried out as described in Alam et al.23,26 To determine the
concentrations of acidic functional groups on each biochar, the
modified Boehm titration method44 was used, as described in
Alam et al.23 Zeta potential measurements, X-ray photo-
electron spectroscopy (XPS), and Boehm titrations were also
conducted, and a detailed description of these methods is given
in the Supporting Information (SI).

2.2. Potentiometric Titrations. Potentiometric titrations
were carried out to determine the protonation constants (Ka)
and corresponding site concentrations of proton-active surface
functional groups of WS and WPC.26,40 Briefly, for each
titration, 4 g L−1 biochar was suspended in 50 mL of 0.01 M
NaNO3 electrolyte solution. To maintain a CO2-free solution,
the resulting suspension was purged with N2 gas for 30 min
prior to each titration and throughout. To test the reversibility,
forward titrations (pH 3−11) using 0.1 M NaOH and reverse
titrations (pH 11−3) using 0.1 M HCl were conducted.26,40

Detailed titration methods and the corresponding data
modeling are reported in the SI.

2.3. U(VI) Adsorption Experiments. Batch U(VI)
adsorption experiments were conducted using aqueous uranyl
nitrate UO2(NO3)2 solutions. Experiments were carried out in
15 mL polypropylene test tubes over three sorbent
concentrations (0.2 g L−1, 0.5 g L−1 and 1 g L−1) and three
U concentrations (5 μM, 10 μM and 20 μM) with 0.01 M
NaNO3 electrolyte concentration for both WS and WPC. The
final volume of each experiment was approximately 10 mL, and
experiments were carried out from pH 2.0 to 10, achieved by
adding small volumes of concentrated NaOH or HCl. To avoid
potential precipitation at near-neutral pH, experiments were
conducted at low U concentrations. A speciation diagram
generated at experimental conditions shows that U(VI) may
precipitate at near neutral pH levels (Figure S1); however,
control experiments conducted under identical conditions, but
in the absence of biochar, did not exhibit any loss of aqueous
U(VI) after 24 h. Since equilibrium U(VI) adsorption had
been achieved in 4 h, as observed in kinetics experiments (SI
text and Figure S2), it is clear that equilibrium U(VI)
adsorption was achieved prior to the formation of measurable
uranyl precipitates.
The test tubes were placed on a rotary shaker for 24 h to

ensure that a stable pH and an equilibrium adsorption of
U(VI) onto biochar had been achieved. After 24 h, the test
tubes were centrifuged at 5000g for 10 min, and the resulting
supernatant filtered through 0.20 μm nylon membranes
(Millex HP). The filtered supernatants were analyzed using
ICP-MS/MS (Agilent 8800) to measure the concentration of
U remaining in each solution. The difference between the
initial U concentration used in the experiments and the
remaining U concentration left in solution after equilibrium
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was considered to be the amount adsorbed. All experiments
were conducted in duplicate.
Dissolved Ca2+ and CO3

2− species can form ternary aqueous
complexes with U(VI) that influence its adsorption to
environmental surfaces.35,36 Thus, we conducted a set of
U(IV) adsorption experiments for each biochar in the presence
of Ca2+. To do so, 10 mM CaCl2·6H2O was added to a
solution containing 20 μM U(VI) and 1 g L−1 biochar. The
experimental procedures and samples analysis were carried out
as described for the U(VI) adsorption experiments.
2.4. Surface Complexation Modeling. The stability

constants of U(VI)−biochar complexes were determined using
a least-squares optimization routine, as implemented in
FITEQL 4.0.45 U(VI)−ligand stability constants for individual
U(VI) species were calculated using the following generalized
equation:

=
[ − ]

[ − ]

−

−
+

K
R L a

R L a
(U(VI))i

n

i
U(VI)

1
H

U(VI)n (1)

where R is the biochar particle to which the surface functional
group Li is attached, a represents the activity of the subscribed
species (FITEQL uses the Davies equation to calculate the
activity coefficients, n represents the charge of the uranyl
aqueous species being considered, and [...] represents the
molal concentrations of the biochar surface species. To solve
for the binding constant (KU(VI)) values for each U(VI)−
biochar surface complex, the acidity constants and correspond-
ing site concentrations modeled from potentiometric titration
data for each biochar were used. Our models also considered
reactions that led to the formation of aqueous U(VI)
complexes (see Table S1). We used a nonelectrostatic surface
complexation modeling (NEM) approach to model the
adsorption behavior of U(VI) onto WS and WPC, a widely
accepted approach for low ionic strength solutions.46,47 The
calculated site concentrations and acidity constants of WS and
WPC from the titration models (Table S2), along the with the
measurement of the total adsorbed U as a function of pH,
enabled us to solve for the stability constants for U-biochar
surface complexes for each condition studied.
2.5. X-ray Adsorption Spectroscopy Data Collection

and Analysis. Synchrotron-based X-ray absorption spectros-
copy (XAS) was used to investigate the oxidation states and
coordination environments of U adsorbed to WS biochar. The
XAS data were collected at the U LIII-edge (17.16 keV) at the
06ID-1 Hard X-ray Micro-Analysis (HXMA) beamline of the
Canadian Light Source (CLS) in Saskatoon, Canada. Analyses
were performed on U(VI) adsorption experiments conducted
at pH 5, 8, and 10, and then in the presence of U(VI) and Ca
at pH 7. All experiments had a starting U(VI) concentration of
20 μM. A Si (220) double crystal monochromator was used
during the experiment. To reject higher harmonic components
of the incident X-ray beam, the second crystal of the
monochromator was detuned by 60%. Reference spectra for
uranyl nitrate and chemically precipitated UO2 were recorded
in transmission mode, and also in fluorescence mode using a
32-element Ge solid state detector, respectively.
The graphical interface ATHENA from DEMETER was

used for processing raw data, background subtraction, and X-
ray absorption near edge structure (XANES) linear combina-
tion fitting.48,49 WinXAS (version 2.3) was used to model k-
space and Fourier transformed (FT) spectra. FEFF 7 was used
to generate phase shifts and backscattering amplitude functions

theoretically based on the crystallography data of the crystal
s t r u c t u r e o f t h e U (V I ) m i n e r a l s c h o e p i t e ,
(UO2)8O2(OH)12.12H2O

50, and for UO2
2+, using the Hanning

window function. During fitting with FEFF models, Fourier
transform (FT) k3-weighted EXAFS data were modeled
between R-space values of 1.1 and 2.4 Å, and between a k-
range of 3 and 12 Å−1. The amplitude reduction factor (S0

2)
for all fits was set to 0.99, and the threshold energy (E0) was
allowed to vary for R space fitting.49,51

2.6. X-ray Fluorescence (XRF) Mapping. Synchrotron X-
ray fluorescence (XRF) mapping was carried out on thin
sections of U-sorbed biochar at the Very Sensitive Elemental
and Structural Probe Employing Radiation (VESPERS 07B2-
1) beamline at CLS. The distribution of the U(VI) in the thin
sections was measured using a single-element dispersive silicon
drift XRF detector (Hitachi Vortex-90EX). The fluorescence
data were collected using the “Pink Beam” mode, during which
the sample is continuously exposed to X-ray energy between 2
and 30 keV during mapping. A Kirkpatrick-Baez (KB) mirror
system was used to focus the beam down to 5 μM, and
mapping was carried out using a 3 μm step size resolution,
dwelling 1 s at each analysis point.

2.7. Isothermal Titration Calorimetry (ITC). ITC
experiments were conducted using a nanocalorimeter (TAM
III) to measure the heat flux between a reference and reaction
vessel as a function of time. The response of the calorimeter to
the heat flow was calibrated by an electrical heating procedure
verified by measuring the heat of protonation of trishydrox-
ymethylaminomethane (TRIS/THAM) at 25 °C.52 Initially,
both reaction and reference cells were filled with 2.5 mL of a
10 g L−1 biochar suspensions in 0.01 M NaCl and placed in the
calorimeter bath. After thermal equilibration with regard to
heat flow in the cells, a cannula from a computer-controlled
250 μL syringe was used to deliver a predetermined number of
individual titrant doses of 0.1 mM UO2(NO3)2, adjusted to the
same pH as the biochar suspension, into the reaction cell while
the heat flow was monitored. The modeling of the ITC data
was carried out as described in Alam et al.40

3. RESULTS AND DISCUSSION
3.1. Characterization of Biochar. SEM imaging indicated

that WS and WPC particles display a flaky and rough surface
(Figure 1A and B), with dimensions ranging from approx-
imately 100 to 1000 μM. XRD patterns (Figure S3) from
analysis of WS and WPC show that quartz and calcite are the
major detectable mineral phases.26,40 The presence of oxygen-
containing functional groups of WS and WPC are demon-
strated by both FT-IR and XPS analyses (Figures 1C and S4).
The infrared vibrational bands at 3425 and 1710 cm−1

correspond to −OH and −CO groups, respectively.16,53,54

Bands at 2929, 1662, and 1425 cm−1 were assigned to
stretching vibrations of C−H, CC, and C−OH bonds,
respectively.16,53,54 According to the zeta potential measure-
ments (Figure 1D), both WS and WPC have isoelectric points
near pH 2, after which their surfaces are negatively charged,
consistent with the deprotonation of their functional groups at
higher pH.
Elemental analyses show that WS and WPC are composed

of 70% and 85% C, respectively (Table S3). WPC has
relatively lower H/C and O/C molar ratios compared to the
WS (Table S3), a difference attributable to the different
feedstocks and the initial C content. The surface area of WPC
is markedly higher (224 m2/g) than that of WS (26.6 m2/g),
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which can be attributed to the differing compositions of the
feedstock biomasses (Table S3).
3.2. Surface Chemistry. To determine the proton binding

constants and corresponding site concentrations for reactive
surface sites of WS and WPC, potentiometric titration and
Boehm titration were used. Potentiometric titration data were
modeled using a nonelectrostatic, discrete site surface
complexation model, using the software FITEQL 4.0.45 A
model that considered three proton-active functional groups
(i.e., three-site protonation model) yielded a better fit than did
modeling with different sites; the variance, V(Y), values were
in the range of 0.1 < V(Y)<20,45 which indicates a good fit to
the titration data.26,40 pKa values in WS and WPC, calculated
from titration modeling, are within the range of carboxyl
groups and phenolic hydroxyl groups (Table S2 and Figure
S5).26,40,53−56 Boehm titrations were also used to estimate the
total reactive sites per gram of biochar for three cumulative pKa
ranges (i.e., pKa 5 to 6.4; pKa 6.4 to 10.3, and pKa 10.3 to
13).44,57 WPC has a higher number of reactive sites (4.72
mmol/g) as compared to WS (1.5 mmol/g; Table S4).
According to Fidel et al.44 and Goertzen et al.,57 NaHCO3
accepts protons from functional groups with pKa< 6.4
(carboxylic acids; silanol group), Na2CO3 accepts protons
from functional groups with pKa < 10.3 (carboxylic acid), and
NaOH accepts proton from functional groups with pKa> 10.3
including phenols and carboxylic acids. The total reactive sites
calculated from Boehm titrations for WS and WPC are higher
than concentrations determined by potentiometric titration,
1.0 mmol/g and 1.23 mmol/g, for WS and WPC, respectively.
This result is consistent with the fact that the Boehm titration
tests a wider pH range (down to pH < 2 and pH ∼ 13) as
compared to that of the potentiometric titrations, which start
from approximately pH 3. Therefore, the difference in pKa
ranges covered by ligands corresponding to surface functional
groups by both the titrations likely caused the observed
differences in total densities of reactive sites. The functional
groups calculated from the titration model correlate well with
FT-IR and XPS analyses, as carboxyl and phenolic hydroxyl
groups appear to be the main functional groups in these
analyses.

3.3. Binding of U(VI) Species to Biochar. Maximum
U(VI) adsorption occurs between pH 5 and pH 6 (Figure 2),

then decreases at higher pH (pH > 6), consistent with previous
studies.16,21,50 The adsorption edges for WS and WPC show
similar features at all three U loadings and sorbent ratios.16,21,54

The maximum U(VI) loadings observed under our exper-
imental conditions (0.2 g L−1 biochar) are 25 mg/g and 35
mg/g for WS and WPC, respectively. WPC has a higher U(VI)
adsorption capacity than WS, attributed to its higher surface
area and more reactive sites as compared to WS (Tables S2
and S4).
WS and WPC have negatively charged surfaces at pH > 2 to

3 (Figure 1D), and positively charged U(VI) species (e.g.,
UO2

2+, UO2OH
+, and (UO2)2(OH)2

2+) dominate the aqueous
speciation at pH < 6 (Figure S1).16,21,50,55 Therefore, the
strong electrostatic attraction between negatively charged
biochar and positively charged U(VI) species causes the
increasing trend of U(VI) adsorption from pH 2 to pH 6. The
observed decrease of U(VI) adsorption on WS and WPC at
pH > 6 was due to the electrostatic repulsion between
negatively charged U(VI) species (e.g., (UO2)3(OH)7

− and
UO2(OH)3

− and (UO2)3(CO3)6
6−) that are dominant at pH >

6 and negatively charged WS and WPC surface sites. The
occurrence of dissolved inorganic carbon and formation of
carbonato−uranyl complexes (e.g., UO2(CO3)2

2− and
(UO2)3(CO3)3

4−) also dramatically decrease the adsorption
U(VI) at pH > 6.5.15,58

Natural systems are considerably more complex as they
contain a larger variety of inorganic and organic competing
ions.5,11 As Ca2+ is one of the key components of ternary
complexes with U(VI), Ca2+ was used to investigate how the

Figure 1. Characterization of WS and WPC. (A and B) SEM images,
(C) FT-IR, and (D) zeta potential.

Figure 2. Adsorption of U(VI) onto WS and WPC and models of
U(VI) adsorption onto the first two sites of the three-site protonation
model: (A) 0.2 g/L WS, (B) 0.2 g/L WPC, (C) 0.5 g/L WS, (D) 0.5
g/L WPC, (E) 1 g/L WS, and (F) 1 g/L WPC. Open symbols and
solid lines represent experimental data and models, respectively.
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presence of a divalent cation could affect the U(VI) adsorption
capacity of WS and WPC. For both biochar samples, U(VI)
adsorption was lower in the presence of Ca2+ (Figure 3),

presumably because the presence of Ca2+ causes the formation
of dominant uranyl−calcium−carbonato ternary complexes
above pH 7 (e.g., Ca2UO2(CO3)3

0 and CaUO2(CO3)3
2−).35,36

The adsorption of U(VI) was reduced dramatically above pH 7
since Ca2UO2(CO3)3

0 (aq) species become prominent at that
pH value.35,36 It is also evident that dissolved Ca2+ also
influences U(VI) adsorption at pH < 7, i.e., Ca2+ reduced
U(VI) adsorption at by approximately 20%. Slightly acidic
waters are typical of freshwater systems, including many U
contaminated aquifers,35,37 and thus it is important to account
for the effects of divalent cations, especially Ca2+, on U(VI)
aqueous speciation in order to predict more accurately the
sorption behavior of U(VI) onto biochar.
3.4. U(VI) Adsorption Analysis. XANES of WS loaded

with U(VI) indicate no reduction of adsorbed U(VI) species
by WS (Figure 4), although it is possible that reduced U(IV)
species were rapidly reoxidized in the presence of oxygen
during the analysis at CLS. The k3 U LIII-EXAFS spectra show
a low signal-to-noise ratio at k > 7 Å−1 for most samples. This
may be attributed to the relatively low U(VI) concentration
used in our experiments.15,16 The bond distance (R + ΔR) in
Fourier-transform (FT) peaks revealed the existence of U-Oax
and U-Oeq shells. The shell at distances between ∼1.3 and
∼1.8 Å in the FT data can be satisfactorily fitted by two axial
oxygen atoms (Oax-U-Oax; Table 1), which is consistent with

previous studies.15,16,59−61 The FT feature at a distance ∼1.9
Å, corresponding to equatorial U-Oeq shells, can be fitted by
U-Oeq at ∼2.4 Å, revealing the possibility of a OUO
transdioxo structure. The splitting of the U-Oeq shell itself can
be attributed to the presence of inner-sphere surface
complexes. The similarities of EXAFS spectrum of WS at pH
5 and 8 to UO2

2+ indicate the formation of outer-sphere
surface complexes at pH 5 and 8. The FT feature at
approximately 3.0 Å in the samples can be fitted with a U−
C shell, indicative of inner-sphere surface complexation.15,16

Finally, the FT shell found in samples prepared at pH 8 and 10
were fitted with a U−U shell at a distance of 3.4 to 3.7 Å
(Table 1). The fitted U−U shell is comparable to the
parameters of the first U−U shell (i.e., R = 3.80 Å and CN =
∼0.5) of schoepite ((UO2)8O2(OH)12·12H2O), suggesting
that this U(VI) mineral, or a similar mineral phase, may form
at pH 7 or above,16 and besides inner and outer sphere
complexes, and there was limited surface precipitation of
U(VI) at high pH.58

The adsorption mechanisms of U(VI) to WS and WPC were
also investigated by XPS analysis (Figure 5). The relative
intensity of the O 1s spectra for U(VI) sorbed onto WS and

Figure 3. Effect of 10 mM Ca2+ on the adsorption of U(VI) onto WS
(A) and WPC (B) at 20 μM U(VI) and 1g/L biochar concentrations.
Open symbols and solid lines represent experimental data and models,
respectively.

Figure 4. XANES and EXAFS spectra of U(VI) adsorbed onto WS. (A) XANES spectra of U(VI) adsorbed samples and uranyl reference. (B)
EXAFS signals weighted by k3 spectra. (C) R space curve fitting results. Solid lines are experimental data, and dotted lines are fitted data.

Table 1. EXAFS Fit Results for U(VI) Adsorbed onto Wheat
Straw Biochar (WS)

samples paths CN R (Å) σ2 (Å2)

UO2
2+ U−Oax 2.0a 1.86 0.0028

U−Oeq 6.0a 2.45 0.0100a

pH 5 U−Oax 2.0 1.77 0.0028
U−Oeq 6.0 2.36 0.0100a

U−C 3.1 2.95 0.005
pH 8 U−Oax 2.0a 1.79 0.0050

U−Oeq 6.0a 2.40 0.0100a

U−C 2.9 2.95 0.0050
U−U 1.6 3.40 0.0090

pH 10 U−Oax 3.1 1.80 0.0040
U−Oeq 2.2 2.40 0.0100a

U−C 2.4 3.01 0.0050
U−U 0.5 3.44 0.0090

U−Ca U−Oax 4.0 1.80 0.0050
U−Oeq 4.0 2.4 0.0030
U−Ca 1.6 3.04 0.0050
U−C 4.7 3.13 0.0050
U−U 1.0 3.72 0.0010a

aHigh limit for of parameter floating.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b01715
Environ. Sci. Technol. 2018, 52, 13057−13067

13061

http://dx.doi.org/10.1021/acs.est.8b01715


WPC decreased, and the binding energy shifted to higher
energy compared to WS and WPC. This indicates that a variety
of oxygenated functional groups, including −OH, −O−, and
−COOH, were responsible for U(VI) adsorption.34 FT-IR
analyses (Figure S6) show that the intensity of band at 1710
cm−1, assigned to the −CO stretching vibration of the
−COOH group, decreases significantly after U(VI) bind-
ing.41,46−48 The reduction in the intensity of the band is likely
due to the interaction of uranyl species with this functional
group.58 XRF mapping of U(VI)-laden biochar shows that the
distribution of U(VI) on the biochar grains is highly
heterogeneous (Figure 6), presumably related to varying
local concentrations of available U(VI) biding sites.
The zeta potentials of U(VI)-sorbed biochar samples are

more negative than bare biochar particles at 3 < pH < 10. This
observation is somewhat counterintuitive as one would expect
sorption of U(VI) cations to render the biochar surface more
positively charged (Figure S7). We speculate that the behavior
observed arises from cation bridging by UO2

2+ and aggregation

of UO2
2+ coupled biochar particles and their subsequent

separation from the suspension during centrifugation, leaving
only highly negatively charged biochar particles in the
supernatant. At the same time, bare biochar particles would
remain polydispersed, yielding a lower zeta potential.

3.5. Surface Complexation Modeling. A nonelectro-
static surface complexation model was developed using U(VI)
adsorption data for both biochar samples in order to predict
U(VI) adsorption across a wide range of pH, water
composition, sorbent ratios, and U(VI) loading. The
adsorption data were modeled using EXAFS structural
investigation, which showed that U(VI) was adsorbed on
WS mostly through −COOH and −OH functional groups by
forming inner- and outer-sphere complexes. EXAFS also shows
direct evidence of U(VI) surface precipitation at pH > 8,
possibly as schoepite.
UO2

2+ dominates the aqueous U(VI) speciation at pH < 5,
and it is expected that UO2

2+ adsorption at low pH would be
primarily due to the availability of deprotonated site 1, which
corresponds to carboxyl groups in both WS and WPC.
Consequently, at site 1 corresponding to −COOH and pH <
5, the following adsorption reaction and corresponding mass
action expression are used to describe the binding of the uranyl
cation to biochar as a monodentate complex and the resulting
stability constant, respectively:

− + ↔ −− + +R L UO R L (UO )1 2
2

1 2 (2)

=
[ − ]

[ − ]

+

−+
+

+
K

a
a

R L UO
R LUO

1 2 H

1 UO
2
2

2
2 (3)

where L1 is the discrete surface functional group attached to
biochar particle R, a represents the activity of subscribed
species (FITEQL uses the Davies equation to calculate the
activity coefficients), and [...] represents the molal concen-
trations of the biochar surface species.
Invoking only the first site in the biochar three-site

protonation model for U(VI) adsorption results in a model
that fits U(VI) adsorption data well up to pH 4 but does not
adequately describe U(VI) adsorption between pH 4 and 8
(Figure S8). Consequently, we infer that additional U(VI)-
bearing surface complexes are present at higher pH, and they
can sorb in site 2 and/or site 3 in three-proton active sites.
Aqueous uranyl hydroxide and uranyl carbonate species
become dominant between pH 5 and 8.16,21 For this reason,
we tested the adsorption of uranyl hydroxide and uranyl
carbonate aqueous species in site 2 and found that allowing for
the adsorption of UO2CO3

0 provides the best fit to the
experimental data (Figure 2), as follows:

− + ↔ −− −R L UO CO R L UO CO2 2 3
0

2 2 3 (4)

=
[ − ]

[ − ]

−

−
+

K
a

a
R L UO CO

R LUO CO
2 2 3 H

2 UO CO
2 3

0

2 3
0 (5)

This two-site adsorption model, invoking U(VI) adsorption
to the first two sites (i.e., UO2

2+ to site 1 and UO2CO3
0 to site

2) using the first two pKa values and corresponding site
concentrations from the three-site protonation model,
provided the best fit to the experimental data. The
contribution of the first and second sites to the total modeled
U(VI) adsorption is presented in Figure S9. The stability
constants calculated from this model (Table 2), based on
reactions 4 and 6, provide the best fit to the experimental data

Figure 5. XPS analysis of the WS and WPC. (A) Survey scans of WS,
WPC, and U(VI) adsorbed to WS. (B, C) High resolution U 4f of
U(VI) adsorbed WS and WPC, respectively.

Figure 6. Synchrotron-XRF map of U(VI) distribution onto WS at
pH (A) 5, (B) 7, and (C) 10.
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up to pH 8. However, the model underestimates the observed
U(VI) adsorption at pH > 8. Duster et al.21 noted that the
adsorption of one uranyl tricarbonate species (e.g., (UO2)-
(CO3)3

4−) could contribute to the better fit at a higher pH.16

Therefore, we attempted to invoke an additional reaction to
allow for the adsorption of such a uranyl tricarbonate species,
but this did not result in an improved fit. The misfit at pH > 8
is probably due to the precipitation of a U(VI) phase as
discussed above and evidenced by the EXAFS results. We
additionally tested bidentate (eq 6) and tridentate surface
complexes (eq 7), according to the reactions:

− + ↔ −− + +R 2L 2UO R 2L (UO )1 2
2

1 2 (6)

− + ↔ −− + +R 3L 3UO R 3L (UO )1 2
2

1 2 (7)

Invoking bidendate surface complexes to fit the experimental
data provided the same goodness of fit as for the monodentate
models (Figure S10), and models that used tridentate surface
complexes did not converge. Because EXAFS modeling was
consistent with formation of monodentate bonding, we used
that coordination for surface complexation modeling. There is
no evidence that functional groups having lower pKa values
exist in the biochar types tested; indeed, the zeta potential
measurements (Figure S7) show that in all cases, a potential of
zero is achieved at approximately pH 2.2. While we believe our
model accurately represents the proton binding behaviors of
the biochar, the SCM approach may not capture low
concentration surface functional groups that, nonetheless,
may have a high affinity to bind metals as compared to more
abundant −COOH and −OH surface groups. Due to the low
concentration of those groups, potentiometric titrations and X-
ray absorption spectroscopy may be unable to capture their
presence without chemical site blocking techniques.62,63

The binding constant (K) values for uranyl sorption to site 1
are consistent across varying U(VI) loadings and sorbent
concentrations for both WS and WPC, except at lower sorbent
concentrations (0.2 g L−1; Table 2). The K values for site 2
vary with the U(VI) and sorbent concentrations, which may be
attributed to the sorption of additional U(VI) species to site 2,
due to the complex speciation of uranyl at circumneutral pH.
Overall, the three-site protonation model that invokes U(VI)
adsorption to the first two sites provides a reasonable fit to the
observed U(VI) data at all three sorbent concentrations and
U(VI) loadings tested in this study.
The effects of Ca2+ on U(VI) adsorption were also modeled

using both reactions 1 and 3 and the aqueous U(VI)
complexation reactions (Table S1). In the presence of Ca2+,
the model fits the experimental data well except at pH > 7,
similar to what was observed in the models of U adsorption in
the absence of Ca2+ (Figure 3).

3.6. Titration Calorimetry Data Analysis. The bulk
corrected heats values for WS and WPC showed different
trends in heat produced as U was complexed. These corrected
heats are model-independent and illustrate bulk trends in U
adsorption onto the biochar. Overall heats of U complexation
onto WS were exothermic, while WPC produced endothermic
heats (Figures 7 and S11). Despite these different overall heats

for WS and WPC, one similar trend in both systems is that
heats become more endothermic as pH increases. The pH
values for the ITC experiments were chosen between 5 and 6
as the U(VI) adsorption was highest at these pH values for the
experimental conditions tested (Figure 2). As pH increased
from 5.1 to 5.9 for WS, heats of U complexation became about
70% more endothermic (though still exothermic overall). As
pH increased from 5.2 to 5.8 for WPC, heats of U
complexation became about 60% more endothermic. This
trend may be related to changes in U speciation as pH
increases. From pH 5.1 to 5.2, U speciation is dominated by
the UO2

2+ under calorimetric conditions, while at pH 5.9 the U
speciation is dominated by hydroxyl and carbonate complex-
ation. Experimental and theoretical modeling studies show that
as U speciation changes, the hydration sphere of the U also
changes.64−66 Desolvation of metal ions and ligands is an
endothermic process,67−70 and changes in U speciation
hydration impact the extent of desolvation as adsorption
occurs. Desolvation in addition to other reactions (e.g.,

Table 2. Stability Constants Obtained from U(VI) Adsorption onto the First Two Sites of the Three-Site Protonation Models
of WS and WPC

biochar concentration U(VI) concentration log K1 WS log K2 V(Y) log K1 WPC log K2 V(Y)

1 g L−1 10 μM U 4.30 6.13 1.30 4.95 6.42 1.4
20 μM U 4.31 6.40 7.0 4.80 7.0 10.0

0.5 g L−1 5 μM U 4.62 7.16 0.36 4.83 4.32 0.3
10 μM U 4.64 6.28 2.5 4.60 6.48 3.7
20 μM U 4.45 6.75 5.0 4.30 7.76 3.0

0.2 g L−1 5 μM U 5.25 6.66 0.83 5.42 6.85 0.6
10 μM U 4.81 6.86 1.20 4.08 9.52 3.7
20 μM U 3.16 8.44 7.82 3.75 9.50 7.8

Figure 7. Corrected heat generated from 10 μM U(VI) adsorption
titrations with (A) WS and (B) WPC at 1 g L−1 concentration. The
scattered curve and solid line represent the experimental data and fit,
respectively.
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redistribution of protons on the surface, aqueous U complex-
ation, etc.) collectively contribute to the bulk corrected heats.
Consequently, the trends in the bulk corrected heats as pH
increases will be influenced, in part, by the breaking of the
hydration bonds of aqueous uranyl complexes that are
adsorbing onto the biochar surface. To deconvolve these
reactions and determine the U-surface complex contribution to
the measured heats, a surface complexation model must be
applied to the data to speciate the system. Consequently, site-
specific enthalpies of complexation are dependent on the
surface complexation model.
Site specific enthalpies of U adsorption onto WS were

strongly exothermic. U complexation onto L1 produced
exothermic enthalpies of approximately −100 to −120 kJ/
mol, while complexation onto L2 produced smaller exothermic
enthalpies around −50 kJ/mol (Tables 3 and S5). Comparing
enthalpies with −TΔS values shows that the thermodynamic
driving force of U complexation onto WS is enthalpically
driven by the U-biochar bond. Entropies of U adsorption are
substantially negative for the L1 site and moderately negative
for the L2 site. Typically, small entropies of complexation are
interpreted as outer sphere complexation with the hydration
shells remaining in place imparting more order within the
solution.67−71 However, the EXAFS results indicate the
formation of both inner sphere and outer sphere surface
complexes. While entropies of complexation are highly
dependent on hydration, they are also dependent on statistical
and physical effects.72,73 These influences can include the
formation of H-bonds that would cause enthalpies of
complexation to become more exothermic while entropies
become smaller. Nash et al.74 observed these effects for EuIII

complexation with 1-hydroxyethylidene-1,1-diphosphonic acid,
which was confirmed to be an inner sphere complex by
fluorescence spectroscopy. The WS biochar surface may be
conducive to forming an extensive H-bonding network to
equatorial hydrating water molecules of the uranyl ion bound
to L1, hence, the very small entropy yet the possibility of inner
sphere formation. The larger entropy of the L2 surface complex
may suggest the partial or complete lack of H-bond
stabilization, and retention of hydration sphere typical of
outer sphere complexes.
Site specific enthalpies of U complexation onto WPC were

mildly exothermic (approximately −10 kJ/mol) for L1 and
endothermic (approximately 50 to 100 kJ/mol) for L2 (Tables
3 and S5). Comparing these enthalpies with −TΔS values
shows that the thermodynamic driving force of U complex-
ation onto WPC is entropically driven by dehydration

reactions. Entropies of complexation are large and positive,
consistent with increased disorder in the system because of the
liberation of water molecules through dehydration, which is
indicative of inner sphere complex formation. These results are
also consistent with uranyl complexation by anionic oxygen
ligands, which produce mildly exothermic to endothermic
enthalpies and large positive entropies of complexation.75−78

These results contrast with the characterization of U
complexation onto WS, which suggests that U adsorption by
WS and WPC is driven by different thermodynamic
mechanisms. Dehydration is a primary component of U
complexation onto WPC, whereas the surface ligand to U bond
formation is the primary component of U complexation onto
WS and water likely playing a stabilization role. The biochar
surface itself would be driving these differences. Character-
ization of WS and WPC does indicate differences in terms of
surface area, reactive site concentration, N and S content, and
protonation enthalpy (Tables S3, S4, and S6). These
differences would ultimately impact the network of surface
sites, the potential for H-bonding, and the extent of
dehydration (or lack thereof) needed as U complexation
occurs, which would impact thermodynamic driving mecha-
nisms of the adsorption reactions. How these different biochar
properties impact mechanisms of U adsorption are not borne
out by less sensitive methods of investigation like surface
complexation modeling alone. Nonetheless, surface complex-
ation modeling coupled with calorimetric characterization
highlights mechanistic differences that may be imparted by
properties of the biochars.

4. ENVIRONMENTAL IMPLICATIONS

In this study, we combined thermodynamic modeling with
spectroscopic evidence to better understand how aqueous
U(VI) species adsorb to the surface of biochar and obtained
site specific thermodynamic parameters for U(VI) adsorption
on biochar. Such molecular-level studies coupled to SCM are
important for determining correct surface coordination of
metals and in calculating accurate intrinsic stability constants
of the corresponding metal adsorption reactions. In this study,
the resulting model allows for improved predictions of U(VI)
adsorption by the sorbent, biochar.
The flexible surface complexation modeling approach

applied in our study successfully simulated the adsorption
behavior of U(VI) on biochar across a wide range of water
chemistry. EXAFS, FT-IR, and XPS suggest that U(VI) is
coordinated to the surface of the biochar primarily through
−COOH and −OH functional groups. EXAFS analyses also

Table 3. Site-Specific Thermodynamic Parameters for U(VI) Adsorption onto WS and WPC, Derived from Calorimetric
Titrations and U(VI) Adsorption onto the First Two Sites of the Three-Site Protonation Model

U(VI)
concentration species log K

Gibbs free energy, ΔGr° (kJ/
mol)

enthalpy, ΔHr° (kJ/
mol)

−TΔSr° (kJ/
mol)

entropy, ΔSr° (J/
molK) χ2

WS (1 g L−1)
10 μM U L1UO2

+ 4.30(0.13) −24.54(0.74) −107.82(0.67) 83.27(1.00) −279(3) 8.525e-8
L2UO2CO3

− 6.13(0.13) −34.99(0.74) −50.85(0.71) 15.86(1.03) −53(3)
20 μM U L1UO2

+ 4.31(0.07) −24.60(0.40) −110.29(0.70) 85.69(0.81) −287(3) 8.384e-8
L2UO2CO3

− 6.40(0.08) −36.53(0.46) −53.25(0.66) 16.99(0.81) −57(3)
WPC (1 g L−1)

10 μM U L1UO2
+ 4.95(0.15) −28.25(0.86) −7.51(0.87) −20.75(0.87) 70(4) 1.498e-7

L2UO2CO3
− 6.42(0.13) −36.65(0.74) 87.00(2.19) −123.64(2.32) 415(8)

20 μM U L1UO2
+ 4.80(0.07) −27.40(0.46) −11.89(0.96) −15.51(1.06) 52(4) 1.496e-7

L2UO2CO3
− 6.99(0.08) −39.90(0.46) 44.58(1.07) −84.48(1.16) 283(4)
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indicated that U(VI) adsorption on biochar occurred via the
formation of both inner- and outer-sphere complexes, and
surface precipitation of a schoepite-like phase was observed at
pH > 7. ITC revealed that proton adsorption reactions are
exothermic to mildly endothermic, and U(VI) adsorption
reactions are generally exothermic with −COOH and
endothermic with −OH. However, the enthalpic behavior of
the reactions is site-specific and depends on protonation states
for the functional groups. These findings are important for
understanding how U(VI) complexes with carbonaceous
materials such as biochar and lead to better predictive models
of U(VI) adsorption to enhance the use of biochar as a tool to
efficiently treat U(VI) contaminated water. Since pyrolysis
temperature has a profound impact on biochar physiochemical
properties and metal removal capacity, future studies should
focus on investigating the impacts of feedstock type and
pyrolysis conditions on biochar adsorption efficiency, and on
identifying whether functional groups having low concen-
trations, but high affinities for metal binding, exist in biochar.
More generally, linking the surface functionality of biochar
produced under variable pyrolysis conditions by using SCM
approach promises to yield predictive models that are far more
useful than empirical models in properly matching a biochar to
a particular water treatment objective.
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