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ABSTRACT: Pyrolysis temperature-dependent changes in pH, ionic strength, and
metal ion-coordinating dissolved organic carbon (DOC) control the sorption of Cd"
and other transition metals on biochar. Sorption of Cd" on 300—700 °C pecan shell
biochars was strongly pH- and ionic strength-dependent. Equilibrium speciation
calculation suggested that CAOH" and other hydrolysis products were the “reactive”
Cd" species engaging in the surface interaction with biochar. Sorption of Cd" on 700 S S R
°C (lowest O:C) biochar progressively increased from pH 3 to 7 and was not
affected by the citrate concentration. In contrast, low concentration of citrate ([Cd"]:
[citrate] molar ratios of 4—24) dramatically enhanced Cd" sorption on lower
temperature (300—500 °C) biochars; higher citrate concentrations diminished Cd"
sorption. Citrate-enhanced Cd" sorption was accompanied by (i) a several-fold
increase in DOC and (ii) pH buffering near 7 at equilibrium. Carboxyl ligands form T
an unusually strong hydrogen bond with the surface functional group of biochar
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having a similar pK,. Sorbed ligand (citrate) could (i) provide new Cd" sorption sites on biochar, (ii) buffer pH near 7, and (iii)
facilitate the release of higher molecular weight DOC from biochar.
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Bl INTRODUCTION

Cadmium(II) and Ni" are intrinsically more soluble and less
sensitive to surface complexation and precipitation than Pb"
and Cu" in both biochar' and soil’ matrices. Equilibrium
dissolved Cd" speciation in a noncomplexing electrolyte is
dominated by the free aquo species and its hydrolysis products
(excluding dimers and tetramers)®

Cd' = [Cd*(aq)] + [CAdOH™] + [Cd(OH),"]

+ [Cd(OH);™] + [Cd(OH),*] (1)
Consider the following conditions: 50 uM TOTCd" (total
dissolved + particulate), I = 0.01 M (NaCl), 25 °C, and
Cd(OH),(s,amorphous) as the solubility-limiting phase. At pH
7, soluble species are dominated by Cd** (29.6 uM) and CdCI*
(19.6 uM), and concentrations of other species are several
orders of magnitude lower. The overall rate of Cd" sorption on

biochar (R,,) can be described as the sum of the rate for each
species ”

Ro= Q. kafi], = kepa[CAT), + kogame[CACTT],

+ keac[CACI), + keaerpx [ CACIT],
+ keaon®[CAOH], + kggone[CAOHT],

+ kegors[CAOHS ] + kegorz[ CAOH; ), )
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where k; is the rate constant for species i, [i], is the surface
concentration of species i, and x; is the reactive surface site (e.g.,
edge functionality, aromatic sheet, ash) of biochar. Before the
system reaches equilibrium, R, will control the observable
distribution of sorbed (g5 in mol g~ biochar) to dissolved (Cg
in M) Cd" species. Intraparticle diffusion (diffusion of sorbed
ion along the surface sites of micropore walls) is an example of
kinetically slow surface interactions.’ Some surface sites (e.g,,
kinks, steps, defect sites) are exceptionally reactive, while other
sites are kinetically inert. Similarly, reactive metal species can
have a large enough k; to contribute to R, even at very low
[i];. Metal ion-coordinating dissolved organic carbon (DOC)
from biochar and soil will add new Cd" species to eq 2. For
example, acetate (commonly used pH buffer in biochar
experiments) will form three additional species, Cd(acetate)",
Cd(acetate),’, and Cd(acetate),”, that can interact with the
biochar surface differently from the “free” Cd*" species. Soluble
ligands can also enhance desorption of metal ions from biochar.
High stability constants of ethylenediaminetetraacetic acid
(EDTA) and related chelating agents are utilized in
phytoremediation to lower the toxic metal content of soil.” In
addition to the solution phase metal—ligand complex formation
and competition for surface sites, metal desorption can be
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Figure 1. (a) Sorbed Cd" (gs in pimol g™" char) and (b) equilibrium pH (pH,,,) as a function of pH,g, (before Cd addition) for pecan shell biochars
pyrolyzed at 500 °C (PS500, squares) and 700 °C (PS700, crosses). Horizontal dashed lines in (b) represent native pH of PSS00 and PS700; solid
line shows the slope of 1. (c) Cd" sorption isotherms on PS500 at pH,g, 5 (pHyyi = 7.0 £ 0.1), 7 (pHyy = 7.4 £ 0.0), and 9 (pH,, = 7.6 + 0.1).
Initial conditions: 100 uM Cd"(NO;),, $ mM NaCl (a,b and closed symbols in ¢; no NaCl addition for open symbols in c), and 10 g L™" biochar. All
values are mean =+ s.d. of duplicate experiments. (d) Cd speciation diagram for 100 uM TOTCd, 10 mM NaCl, and Cd(OH),(s,amorphous) as the

solubility-limiting phase.

induced by acidification and changes in the biochar’s surface
structure by aging.®

As illustrated above, pH, ionic strength, and ligands are the
master variables controlling the sorption of Cd" on biochars.
Pyrolysis temperature sets these variables in the biochar
suspension. Higher pyrolysis temperature typically leads to
higher pH and electric conductivity (EC) and lower DOC of
biochar.” However, these parameters are interdependent of one
another. Higher pH induces the release of DOC from biochar,
and acidic pH causes ash dissolution to increase EC."® In this
study, batch sorption experiments were combined with
equilibrium speciation calculations to quantitatively predict
the Cd" speciation—sorption relationships on pecan shell
biochars produced at 300—700 °C. Cd" speciation was
systematically altered as a function of pH, ligand concentration,
and ionic strength. The biochar property was studied as a
function of pyrolysis temperature and by monitoring dissolved
organic carbon and phosphorus concentrations at equilibrium.
Particular emphasis was given to understand how naturally
occurring chelating agent (citrate) will affect the speciation and
reactivity of soft Lewis acid Cd".

B MATERIALS AND METHODS

Distilled deionized water (DDW) with a resistivity of 18 MQ cm
(Millipore, Milford, MA) was used for all procedures. Elliott soil humic
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acid (ESHA; 1S102H), reference Suwannee River natural organic
matter (SRNOM; 1R101N), and standard Suwannee River II humic
acid (SRHA; 2S101H) were obtained from International Humic
Substance Society (IHSS; St. Paul, MN). All other chemical reagents
were obtained from Sigma-Aldrich (Milwaukee, WI) with the highest
purity available.

Biochar Poduction. Pecan shells (PS25) were obtained from
sheller and were ground (SM 2000 cutting mill, Retsch Gmbh, Haan,
Germany) and sieved to <2 mm. Pecan shell feedstock was pyrolyzed
at 300, 350, 400, 500, 600, and 700 °C under a 1600 mL min~' N,
flow rate for 4 h using a laboratory scale box furnace (22 L void
volume) with a retort (Lindberg, Type S1662-HR, Watertown, WI).
Biochar products were allowed to cool to room temperature overnight
under N, atmosphere. Biochars are hereby denoted by the feedstock
abbreviation and pyrolysis temperature, e.g., pecan shell feedstock
(PS25) and biochars produced at 350 (PS350) and 500 °C (PS500).
Detailed procedures for proximate'' and ultimate analyses and total
acidity™> measurements are provided in Supporting Information.

Cd" Sorption Experiments. Batch experiments were conducted in
duplicate using amber glass vials with Teflon-lined screw caps (40 mL
nominal volume, Thermo Fisher Scientific, Waltham, MA) at 10 g
biochar L™!; total volume of each reactor was 30 mL. Biochar
suspension was prepared in DDW with and without citric acid or NaCl
(to set ionic strength), and the initial pH was recorded as pH, (Orion
3-star plus benchtop pH meter, ThermoScientific, Waltham, MA). For
experiments at a fixed pH, 0.1 M HCI or NaOH was used to adjust
pH,. Reactors were then pre-equilibrated for 48 h by shaking end-
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Figure 2. (a) Cd" sorption isotherm for PS300, PS500, and PS700 at native pH. Crosses show PS700 at pH,g;, = 6 set by 0.1 M HCL. Equilibrium
(b) pHy, (lines show pH,gy) and (c) TOC as a function of initial Cd concentrations. Initial conditions: 20—100 uM Cd"(NO,),, 10 g L™ biochar,

and no NaCl addition.

over-end at 70 rpm. The pH of each suspension was readjusted using
0.1 M HCI or NaOH for fixed pH experiments and was recorded as
pHign. Subsequently, 9 mM cadmium(II) nitrate tetrahydrate stock
solution (prepared daily in 0.1 M HCI) was added to each reactor for
the final concentrations of 20—120 uM. Reactors were shaken for 1
wk, and after pH measurement (pH,,,), they were filtered (0.45 ym
Millipore Millex-GS; Millipore, Billerica, MA). Total organic carbon
(TOC in ppmC) of filtrate was determined using a Torch combustion
TOC/TN analyzer (Teledyne Tekmar, Mason, OH). Soluble Cd, P,
Na, and K concentrations were determined after acidifying the filtrate
to 4 vol % nitric acid (trace metal grade) using inductively coupled
plasma atomic emission spectrometer (ICP-AES; Profile Plus,
Teledyne/Leeman Laboratories, Hudson, NH). Blanks, blank spikes,
and matrix spikes were included for the quality assurance and control
for the ICP-AES analysis."®

Equilibrium Cd" Speciation Calculations. HYDRAQL" equi-
librium speciation software was used to calculate the Cd" speciation.
Stability constants (Table S1, Supporting Information) at 25 °C were
obtained from CRITICAL® and were corrected to zero ionic strength
using the Davies equation.'®

B RESULTS AND DISCUSSION

Ultimate (C, H, N, S, and O in wt % on a moisture- and ash-
free basis) and proximate (ash, fixed C, moisture, and volatile
matter in wt % on a moisture-free basis) analysis results and
total acidity of 300—700 °C pecan shell biochars are presented
in Table S2 of the Supporting Information. Temperature trends
in Table S2 are in agreement with the previous reports.">'¢

2021

Cd" Sorption at Fixed pH. Figure 1a presents Cd" sorbed
(qs in pmol g™" char) on 500 °C (PSS500, squares) and 700 °C
(PS700, crosses) pecan shell biochars as a function of pH,gp,.
Initial conditions were 100 M Cd", $ mM NaCl, and 10 g L™
biochar. All values in Figure 1 are given as mean + s.d. of
duplicate experiments. The pH, was set using 0.1 M NaOH and
HCL. Because the preadjusted pH, of biochar suspensions
changed during the 48 h pre-equilibration period, 0.1 M NaOH
or HCl was used to readjust pH (to pH,g, in Figure 1b) before
adding Cd". Depending on the native pH of the biochar
suspension (10 g L suspension in DDW without pH
adjustment, 8.0 + 0.1 for PS500 and 9.4 + 0.0 for PS700),
0.1—1.7 mM total HCI was necessary to set pH,q, in Figure 1a
and b. Figure 1a shows a progressive increase in gg when pH,g,
increased from 3, 5, 7, to 9 for both PS500 and PS700. Only for
pHygn = 9 did PS700 outperform PSS500. Similar pH
dependence has been observed for Cd" sorption on goethite.'”
Figure 1b shows an increase in pH upon Cd" sorption (pH,g, <
pH,.i) regardless of pH,g, for both PSS00 and PS700. The
only exception was pH,g, = 9; the solid black line in Figure 1b
represents the slope of 1.

Zeta potential measurements of 500 and 700 °C wood
biochars showed two inflection points attributable to the
dissociation of —COOH (pH 6) and —OH (pH 10) surface
functional groups.'® When pH of these biochar suspensions
(0.5 g L") was adjusted to 4—10 without buffer, pH increased
to 8—10 after 24 h equilibration with and without 2.7 mg L™

dx.doi.org/10.1021/5c5002269 | ACS Sustainable Chem. Eng. 2014, 2, 2019—2027



ACS Sustainable Chemistry & Engineering

Research Article

T T T T T T T T T T M
10 9 E
of 2 ]
sp ¥ v v i
— 7r :
> | ]
S 6[ % i
5 sf X ]
& 4t <o 20 uM citric acid | -
I g X | © 10 uM citric acid | 1
3r V 5 uM citric acid | ]
2 (a) cd" sorption as a function of pyrolysis ]
1| temperature at native pH with 5, 10, and
t 20 uM citric acid
0 " 1 n 1 n 1 n 1 " 1 n 1 1 1 " 1 n 1 2
250 300 350 400 450 500 550 600 650 700 750
pyrolysis temperature (°C)
T T T M T T T T T T T T T T T v T
9.0 - v A
- y=1.46x-1.47 .
851  r’=0.98 T
- y=0.91x+1.16 1
8.0 r’=0.95 T
. 7.5 - pH1wk__
70} © .
o L
6.5 | y=0.65x+2.83 4
- r’=0.54
6.0 —
55| E
5.0 B 1 1 1 1 I(b) p|I448h vls. qu for (Ia)—

log [Cd"] (M)

50 55 60 65 70 75 80 85 9.0
pH,

Figure 3. (a) Cd" sorption isotherms for PS300, PS400, PS500, PS600, and PS700 in the presence of citric acid. (b) pH,g, and pH, corresponding to
(a). pH i was 7.6 + 0.3 and is shown as a horizontal black line. Initial conditions: 100 yuM Cd"(NO,),, 5—20 uM citric acid, and 10 g L™ dry
biochar without pH adjustment or NaCl addition. (c) Cd—citrate complexes (all other species are given in Figure 1d) in 100 uM TOTCd, 20 uM
citrate, 10 mM NaCl, and Cd(OH),(s,amorphous) as the solubility-limiting phase.

perchlorate.'® In a separate report, two slow pyrolysis biochars
buffered pH at 8.1."" Acid—base titration of 500 and 700 °C
canola straw biochars showed a plateau at pH 5.5—7.5.° The
pH range of titration curve plateau (attributable to buffering
capacity) coincided with that of the zeta potential measure-
ments.”® The literature review above indicates that proto-
nation/deprotonation of carboxyl and hydroxyl functionalities
contributes to 500—700 °C biochar’s buffering capacity at pH
6—9. Equilibrium pH (pH,,4) in Figure 1b fell within pH 6—9,
except for the lowest pHyg, of 3 for PS500.

Observed pH increase (upon metal sorption, Figure 1b) is
the opposite of our previous report on 350 and 700 °C broiler
litter biochars." When an order of magnitude greater initial
metal concentration (6 mM total; 1.5 mM each of Cu", Cd",
Ni", and Pb" added together to S g L™ biochar in 10 mM
NaCl) was employed, equilibrium pH was as much as 4 pH
units lower than the initial pH." The pH decrease was
attributed to the release of exchangeable protons on biochars
upon sorption of divalent metal cations.” In contrast, a <100
uM Pb" addition increased the pH of anaerobically digested
manure and sugar beet biochars enriched with dissolved
carbonate and phosphate.”’ The pH increase was minimal
when sufficiently high Pb" (1—3 mM) was present to form Pb
carbonate phases.” For Cd", Cd;(PO,), precipitate was
observed on manure biochar but not plant biochar.”* Cd"

2022

sorption on plant biochar was hypothesized to occur through
surface complexation involving phenolic —OH.*'

In order to understand the pH effects in Figure 1a, Figure 1d
presents the concentrations of individual and total (Cd";)
soluble Cd" species as a function of pH. Figure 1d was
constructed for 100 uM TOTCd (total dissolved + particulate),
10 mM NaCl, and Cd(OH),(s,amorphous) as the solubility-
limiting phase. The pH trends in Figure la and d suggest that
Cd" hydrolysis products are the reactive species (eq 2) on the
biochar surface. Point of zero charge (PZC) of >500 °C
biochars is expected to be pH 4 or below.'® Electrostatic
interactions will become favorable above pH 4 between the
negatively charged biochar surface and positively charged
“reactive” CdOH" species in Figure 1d. Additional factors must
be considered for the higher reactivity of PS700 than PS500 at
pH 9, despite comparable pH,g, and pH,,, of the two biochars.

Cd" Sorption at Fixed lonic Strength. In order to
investigate the influence of ionic strength, Cd" sorption
isotherms were obtained on PS500 with O, S, and 100 mM
NaCl at pHyg, = S, 7, and 9 (Figure 1c). Without added NaCl
(open symbols in Figure 1c), the sum of equilibrium Na and K
(primary electrolytes originating from biochar)*® concentra-
tions was 0.3—0.6 mM and was over 2 orders of magnitude
lower than the 100 mM NaCl addition. Without added NaCl,
Cd" sorption progressively increased as a function of pH,g,
(Figure 1c). No Cd" sorption was observed in the presence of
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Figure 4. Cd" sorption isotherms (a), equilibrium TOC (b), and pH (c) for PS300 with 0 and 5 uM citric acid. Initial conditions: 20—120 M
Cd"(NO;),, 0—5 uM citric acid, and 10 g L™ dry biochar without pH adjustment or NaCl addition. Determined (symbols) and theoretical
(horizontal line) TOC of model ligands (d) and humic substances (e). Theoretical values in (e) were corrected to account for moisture and ash.

100 mM NaCl. Lower added NaCl concentration (5 mM;
closed symbols in Figure 1c) minimally impacted the Cd"
sorption on PSS00 at pH S, 7, and 9. All subsequent
experiments were conducted without NaCl addition.

Ionic strength (I) dependence is traditionally used to
differentiate inner-sphere (I independent) and outer-sphere (I
dependent) sorption mechanisms.'”” In the outer-sphere
mechanism, at least one water molecule remains between the
surface functional group and sorbed ion.'” Classical I effects
arise from the competition with supporting electrolyte (Ca*,
Na') to form outer-sphere surface complexes.'” For example,
Ca decreased Cd" sorption on amorphous ferric hydroxide by
>20%, even though the Cd" sorption was insensitive to 5—500
mM I set by NaNO,.>* Additional sources of I dependence are
charge screening,25 ion pairs,17 and changes in the surface
activity of solute.'’

Cd" Sorption without pH Adjustment. Figure 2a shows
cdt sorption isotherms on PS300, PS500, and PS700 without
pH adjustment (native pH of biochar suspension). The pH, of
biochar suspension increased as a function of pyrolysis
temperature: 6.1 &+ 0.1 for PS300, 8.0 + 0.1 for PS500, and
9.4 + 0.0 for PS700. The pH, remained constant after 48h pre-
equilibration (pH, = pH,gy, lines in Figure 2b) in DDW prior
to Cd" addition. Compared to PS700 at native pH (squares in
Figure 2a), Cd" sorption on PS300 and PSS00 were negligibly
low. However, when pH of the PS700 suspension was adjusted
to 6 (crosses in Figure 2a), Cd" sorption decreased to the
degree of PS300 and PSS00 (at native pH). Equilibrium pH

2023

(pHys symbols in Figure 2b) was 7.5 + 0.1 for the PS700
isotherm preadjusted to pH 6 and 8.1 + 0.5 for native pH.
Therefore, the pH dependence for PS700 does not arise from
the Cd" solubility with respect to hydrolysis (see Cd'; in
Figure 1d). Instead, the difference likely originated from (i)
Cd" speciation at pH,g, or (ii) surface modification by pH
adjustment to 6. Ash content of PS700 was 4.47 + 0.05 wt %
(Table S2, Supporting Information). The pH decrease from 9.4
to 6.0 can cause dissolution of alkali and alkaline earth metals®®
and change the surface property of PS700. Despite a nearly 2
pH unit difference, Cd" sorption on PS300 and PS500 were
similarly low.

Figure 2b indicates the following trend: pH,,; < pH,q, for
PS300, PS500, and PS700 at native pH; pH, > pHug, for
PS700 set to pH,g, = 6. Progressive pH decrease as a function
of Cd" concentration is visible in Figure 2b for PS300 having
the lowest pH,, and pH,g,. Because Cd" sorption by PS300
was low (Figure 2a), the observed pH decrease indicates poor
buffering ability of PS300 for Cd" and proton from 9 mM
Cd(NO;), stock solution in 0.1 M HCL In order to test this,
pH was measured immediately after adding Cd" for the native
pH experiments for PS300 and PSS00 in Figure 2 (Figure S1,
Supporting Information). Even though pH of both PS300 and
PSS00 decreased immediately after the Cd" addition (Figure
S1b, Supporting Information), pH of PSS00 reached a nearly
constant value (near 7) after 1 wk equilibration (PS500 sorbed
more Cd" than PS300, Figure 2a). Higher temperature biochar
is expected to have a greater pH buffering capacity.”® Figure 2c

dx.doi.org/10.1021/5c5002269 | ACS Sustainable Chem. Eng. 2014, 2, 2019—2027
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shows the following trend in TOC at equilibrium: PS300 >
PS700 (native pH) > PS700 (pH 6) > PS500. TOC did not
show a clear trend with initial Cd" concentration, pH,g, or
pyrolysis temperature (Figure 2c). However, Figure 2c
indicates higher TOC at higher pH,g, (and pH,,) for a
given biochar (PS700). In addition, TOC of lower temperature
biochar (PS300) was higher, as observed previously.”

Influence of Citrate Concentration. Citrate, a naturally
occurring ligand with known stability constants,® was employed
to investigate the influence of surface-bound and dissolved
organic carbon on Cd" sorption. Figure 3a presents sorbed Cd"
as a function of pyrolysis temperature in the presence of S, 10,
and 20 uM citric acid. Biochars were pre-equilibrated with citric
acid for 48 h before adding Cd" (initial conditions: 100 uM
Cd" and 10 g L™" biochar at native pH). For PS700, 0—20 uM
citric acid did not influence Cd" sorption (Figures 2a, 3a). As
shown in Figure 3a, the presence of S M citric acid enhanced
Cd" sorption on lower temperature biochars to the degree of
PS700. At 10—20 uM citric acid, Cd" sorption on 300—500 °C
biochars decreased. For PS600, Cd" sorption was similar for 5—
10 M citric acid and decreased at 20 uM citric acid (crosses in
Figure 3a). Reduced Cd" sorption at higher citric acid
concentration results from the solution-phase complexation of
Cd" by citric acid. Ligands often cause a sigmoidal isotherm of
metal sorption with an inflection point caused by ligand
adsorption overcoming complexation.””
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The constant pH,,, (horizontal line) of 7.6 + 0.3 was
observed for all experiments in Figures 3a-3b, regardless of
citrate concentration or biochar type. Sorbed citrate facilitates
the pH buffering ability of biochar. The pK, of sorbed
carboxylate ligands are estimated to be several units higher than
the dissolved state.”® The pK, shift arises from unusually strong
H-bonding interactions between the solute and surface
functional group of sorbent having a comparable pK,** In
experiments without citrate (Figures 1b, 2b), pH, scattered
around 7.5. Sorbed citrate likely enhanced the pH buffering
ability of biochar to cause a constant pH;, of 7.6 + 0.3 in
Figure 3b. The slope of pH,g, against pH, (Figure 3b) indicates
the release of OH™ during pre-equilibration for 20 yM citrate.
In unbuffered biochar suspension, carboxylate anion first
exchanges proton with water to release OH™."” The resulting
neutral species forms a H-bond with aromatic —COO~ (PZC ~
4) of biochar."

Figure 3c shows additional Cd" species formed in the
presence of 20 uM citrate (5:1 molar ratio of Cd":citrate).
Concentrations of OH™ and CI~ species remained the same as
Figure 1d. Within the pH range of experiments (pH,g, in
Figure 3b), Cd(OH),(s,amorphous) does not form, and Cd"—
citrate complexes comprised only a small fraction (0.4 yM at
pH S to 13 uM at pH 9) of total dissolved concentration (Cd";
~ 100 uM). Therefore, exceptionally reactive Cd"—citrate
species (despite low concentration, eq 2) and/or the citrate
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sorbed on biochar caused the dramatic enhancement of Cd"
sorption in Figure 3a (triangles).

The lowest temperature biochar (PS300) had the highest
0:C (0.26) and surface acidity (1.6 + 0.3 mequiv g~'; Table S2,
Supporting Information) and is expected to be enriched with
oxygen-containing surface functional groups.” Figure 4a shows
Cd" sorption isotherms on PS300 with and without 5 M
citrate. A progressive increase in g, was observed with an
increasing Cd":citrate molar ratio (4:1 to 24:1 along the x-axis
in Figure 4a). In Figure 4b (crosses), equilibrium TOC
increased 4-fold from 0 to 5 uM citrate. Significant departure
from TOC of 5 uM citrate (0.36 ppmC) suggests the release of
high molecular weight (MW) DOC from biochar.

To examine the contribution of high MW DOC in Figure 4b,
TOC of low MW model ligands (Figure 4d) and high MW
IHSS humic substances (Figure 4¢) were determined. TOC of
citrate (circles in Figure 4d) agreed with the theoretical values
based on the elemental composition (horizontal lines).
Compared to model ligands and other humic substances,
TOC of Elliott soil humic acid (ESHA; triangles in Figure 4e)
was significantly higher than the theoretical value (corrected for
moisture and ash; pink horizontal lines in Figure 4e). ESHA
represents a humic acid at an advanced stage of humification
and contains higher fixed C and aromatic C than reference
Suwannee River natural organic (SRNOM)* having higher
aliphatic components.®® The TOC increase by added 5 uM
citrate (Figure 4b) is comparable to 100 mg L™' SRNOM in
Figure 4e. Biochar (especially 350—500 °C)” contains organic
compounds of different MW and water solubility: low MW
(<600 Da) DOC rich in aromatic —COOH and —OH,*
sparingly soluble polycyclic aromatic hydrocarbons (PAHs),**
humic and biopolymer analogues,>® and various volatile
compounds.**** Higher equilibrium pH (Figure 4c) in the
presence of S uM citrate (Figure 4c) could enhance the
dissolution of humic-like macromolecules from DOC-enriched
300 °C biochar.”

Because Cd! is a soft Lewis acid, sulfur-donor ligands
(thiols) of biochar’s DOC>® can form inner-sphere complexes.
Stronger tetrahedral complexes were formed between Cd" and
S-donor ligands of natural organic matter (NOM) than O- and
N-donor ligands.37 However, citric acid does not contain S, and
the dissolution of S-containing DOC (of PS300) will decrease
Cd" sorption. Therefore, the S-complexation mechanism was
ruled out. Alternatively, Cd" may compete with DOC on
available surface sites. However, Cd" did not inhibit sorption of
2,4,6—trichloro§)henol on wheat ash and humic acids, while Cu'!
and Pb" did?

Influence of Phosphate Ligands. Amorphous Cd(OH),
having the solubility product constant (log Kgo) of —14.35.%
was used as the solubility-limiting phase in Figures 1d and 3c.
Cd" also forms phosphate and carbonate phases with log Kq
ranging from —12 for CdCO5;>” and —32.60 for Cd;(PO,),* to
—49.66 for Cdy(PO,);CL* For example, X-ray diffraction
analysis showed the formation of Cd,(PO,),(s) on P-rich
manure biochar but not on plant biochar.** In order to
understand the influence of phosphate ligand, Figure Sa
compares equilibrium P and Cd" concentrations for 0 and 5
UM citrate experiments in Figures 4a—c. For PS300, regardless
of citrate addition, equilibrium P concentration decreased as a
function of Cd" concentration (Figure Sa), suggesting the
formation of solubility-limiting Cd" phosphate phases.”” For
PS700, equilibrium Cd" and P concentrations did not correlate
with one another. Instead, P concentration decreased as a
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function of equilibrium pH (Figure Sb). Figure Sb was
constructed for 5, 10, and 20 uM citrate additions and shows
similar pH dependence in all cases. Pyrophosphate is expected
to be the primary dissolved P species in lower temperature
biochar (PS300); orthophosphate becomes dominant at higher
temperatures (PS700).*" Pyrophosphate has greater Cd"
stability constant than orthophosphate (Table S1, Supporting
Information), and cadmium pyrophosphate formation** can
lead to the trend in Figure Sa. The Cd" speciation diagrams
were constructed for orthophosphate (Figure Sc, Cd;(PO,),(s)
as the solubility-limiting phase) and pyrophosphate (Figure Sd,
Cd(OH),(s,amorphous) as the solubility-limiting phase). The
arrow in Figure Sc indicates that Cd;(PO,),(s) starts to form
under acidic conditions to stabilize Cd™. The 1:1 complexes
with Cd" increases as a function of pH for both orthophosphate
and pyrophosphate and can contribute to “reactive” species in
eq 2.

In conclusion, Cd" sorption on biochar (regardless of
pyrolysis temperature) progressively increased as a function of
pH (Figure la). The pH trend suggested that CdOH" and
other hydrolysis products were the “reactive” Cd" species
engaging in the surface interaction with biochar. The reaction
was strongly ionic strength dependent; 100 mM NaCl
significantly diminished Cd" sorption on biochar. Citric acid
(0—20 uM) did not influence Cd" sorption on 700 °C biochar.
In contrast, 5 uM citric acid significantly enhanced Cd"
sorption on 300—600 °C biochars; higher citrate concentration
diminished Cd" sorption. Trace citrate ([Cd"]:[citrate] molar
ratios of 4—24) (i) buffered pH of biochar suspension near 7
and (ii) dramatically increased DOC, after the reaction with
Cd". Equilibrium P concentration correlated with Cd"
concentration for 300 °C (but not 700 °C) biochar.

There are several potential mechanisms for the enhanced
Cd" sorption and DOC release by a small amount of
carboxylate ligand ([Cd"]:[citrate] molar ratios of 4—24,
Figure 4a). Sorbed multidentate ligand citrate can serve as a
new sorption site for Cd" and buffer pH near 7 (horizontal line
in Figure 3b and crosses in Figure 4c). At higher (10—20 zM)
citrate concentration, solution-phase Cd" complexation out-
competed the surface interaction involving sorbed citrate. In
Figures 3—4, these effects of citrate concentration were
observed for 300—500 °C biochars but not for PS700. The
molar O:C ratio of biochar progressively decreases with the
pyrolysis temperature (Table S2, Supporting Information), and
PS700 is expected to contain the lowest —COOH and —OH
functionalities. As a result, the [Cd"]:[citrate] ratio (as low as
1) did not influence the ability of PS700 to sorb Cd" at native
pH. Citrate and related polydentate ligands have been used to
produce chemically activated carbons.** Cu" sorption was
enhanced on a commercial-activated carbon prepared by
soaking in concentrated citrate solution (1 M for 30 min and
then washed and dried).** Sorption of citric acid on
carbonaceous materials is expected to depend on the PZC*
as well as pK, of citric acid® that will influence the strength of
H-bonding interactions."”
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