PEER-REVIEWED ARTICLE b | oresources.com

Contribution of Soluble Minerals in Biochar to Pb2*
Adsorption in Aqueous Solutions

De Chen,*P! Ruiyue Li,2>! Rongjun Bian,*" Lianging Li,*®* Stephen Joseph,2¢
David Crowley,® and Genxing Pan P

Biochar is widely used as an adsorbent to remove heavy metals from
aqueous solutions. To investigate the contribution of soluble minerals
(mainly anions) to Pb2* removal in solution, wheat straw biochar was
washed with deionized water to remove soluble minerals. Batch
adsorption was conducted using washed biochar (WBC) and unwashed
biochar (BC) to absorb Pb2*. After washing, the pH and ash content of
biochar were reduced, while the specific surface area and total pore
volume were increased. Adsorption kinetics of Pb?* onto BC and WBC
were well fitted to the pseudo-second-order model (R? > 0.99). Pb sorption
on BC and WBC were better fit with the Langmuir model (R? = 0.96 to
0.97) than the Freundlich model (R? = 0.71 to 0.87). The Langmuir
maximum adsorption capacity of Pb on BC was 99.7 mg g, which was
4.5-fold higher than that on WBC when the initial solution pH was 5.0. The
concentration of SO4%, COs?%, SiO3%, and PO4% in the equilibrium solution
was reduced by 69, 89, 97, and 41%, respectively, with the increase of
initial Pb2* concentration. The difference of Pb?* adsorption capacity
between BC and WBC proved that the soluble anions in biochar play an
important role in Pb2* sorption onto biochar.
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INTRODUCTION

Lead (Pb) contamination in waters and soils is an important environmental concern
because of its toxicity to humans and other living organisms (Forstner and Wittmann 1979;
Duruibe et al. 2007). Waters often contain potentially harmful levels of Pb due to
unreasonable discharge of wastewater from industrial activities such as mining,
electroplating, and battery manufacturing (Forstner and Wittmann 1979). It is urgent and
necessary to treat these Pb-contaminated effluents and waters. Adsorption is a simple, cost-
effective, and eco-friendly technique to remove Pb from wastewater (Bailey et al. 1999;
Babel and Kurniawan 2003; Mohammed et al. 2011; Inyang et al. 2012). Biochar is an
effective and low-cost adsorbent to remove both organic and inorganic pollutants from
aqueous solutions (Inyang et al. 2015; Tan et al. 2015; Zhu et al. 2016).

Biochar is derived from pyrolyzing biomass under oxygen-limited conditions, and
it consists of organic and mineral phases with abundant functional groups and minerals
(Lehmann and Joseph 2009). Under the current environmental perspectives, biochar is
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considered as a multi-functional bioresource for carbon sequestration (Lehmann 2007),
greenhouse gas mitigation (Zhang et al. 2010), soil fertility promotion (Zheng et al. 2013),
and for controlling environmental pollutants in soils and waters (Mohan et al. 2014; Nartey
and Zhao 2014; Chen et al. 2015). Biochar effectively absorbs and removes Pb?* from
aqueous solutions (Zhang et al. 2013b; Cui et al. 2015; Elaigwu et al. 2014; Yang et al.
2014), while different components of biochar have differing contributions. The possible
mechanisms of heavy metal sorption on biochar are summarized in recent review articles
(Mohan et al. 2014; Inyang et al. 2015; Tan et al. 2015). Surface functional groups and
minerals on biochar are two key factors determining heavy metal adsorption. The
functional groups on the surface of biochar interact with heavy metals through electrostatic
attraction, ion exchange, and surface complexation (Uchimiya et al. 2011; Tan et al. 2015).
Lu et al. (2012) found that 32.8 to 42.3% of the total sorbed Pb was attributable to
coordination with carboxyl and hydroxyl functional groups on biochar. On the other hand,
precipitates (e.g., Pb(OH)2, PbCOs3, B-Pbg(PO4)s, and 5PbO-P20s-SiO2) that form between
Pb?* and the minerals on biochar play an important role in Pb removal (Ryan et al. 2001;
Cao et al. 2009; Lu et al. 2012). Cao et al. (2009) reported that precipitation accounted for
84 to 87% of Pb sorption on a dairy-manure derived biochar. Lu et al. (2012) also reported
that co-precipitation or complex of Pb?* on the biochar mineral surface accounted for 58
to 62% of the total absorbed Pb. These results indicate that minerals in biochar may have
an important contribution on heavy metal removal from aqueous solutions (Tan et al. 2015;
Wang et al. 2015).

However, some studies imply that the amount of Pb precipitation formed on biochar
was not totally in proportion to its mineral content, as the precipitates formed as a result of
the dissolution of anions such as COs*, PO4+*, and CI- from biochar (Lu et al. 2012; Ding
etal. 2014b; Wang et al. 2015). Wang et al. (2015) found a poor correlation between sorbed
Pb?* and ash content of biochars, indicating the sorption attributed to precipitation was not
dependent on total mineral content. Thus, the formation of precipitates may depend on the
content of soluble minerals (mainly anions) in biochar.

Removing soluble minerals from biochar is a good way to determine the
contribution of these minerals to heavy metal removal. There are few studies reporting the
changes of pollutant removal efficiency after biochar de-mineralization. Zhang et al.
(2013a) reported that the adsorption of pesticide (carbaryl and atrazine) increased greatly
on the deashed biochar compared with the original biochar. Wang et al. (2015) found a
dramatic decrease of Pb?* sorption on demineralized biochar treated by 1 M HCI compared
with untreated biochar. Chen et al. (2012) used HCI and HF to remove the minerals on rice
straw biochar and found that the Pb adsorption capacity of the deashed biochar was
dramatically decreased compared with the original biochar. However, it was reported that
acid could react with biochar components during washing, which may change the
properties of biochar (Chen et al. 2012; Guo et al. 2014), while water was recommended
to remove the soluble components with the least influence on biochar.

As there are few studies reporting on the contribution of the water-soluble minerals
in biochar on Pb?" adsorption, it was hypothesized in the present study that the soluble
minerals (mainly anions) in biochar played an important role in Pb adsorption. Deionized
water was used to remove the soluble minerals to determine the differences of Pb
absorption capacity and confirm the contribution of soluble minerals on Pb?" removal in
solutions. The anions (COs%, PO4*, SO4%, and SiO+*) in the equilibrium solution were
determined to evaluate their potential contribution to Pb precipitation.
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EXPERIMENTAL

Preparation of Biochar

Wheat straw was obtained from Nanjing Qinfeng Straw Technology Co. Ltd. In
Nanjing, Jiangsu Province, China. Wheat straw was washed with deionized water to
remove the attached dust and oven-dried at 75 °C. The dried feedstock was then ground,
passed through a 2 mm sieve, and placed in stainless steel kilns (the diameter and height
were 10 cm and 15 cm, respectively).

The kilns were placed into a muffle furnace and pyrolyzed with a heating rate of 5
°C mint. The maximum pyrolysis temperature of 450 °C was held for 30 min. The kilns
were moved to a vacuum dryer to isolate air until they reached room temperature. The yield
of biochar was 34.7% of the original biomass. The derived biochar was passed through a
0.149 mm sieve, homogenized, and divided into two parts. One part was sealed in an
airtight plastic bag and denoted as BC for analysis; the other part was washed with
deionized water and then denoted as WBC (washed biochar).

Washing Procedure of Biochar

A total of 1.0 g biochar was added to a 500 mL flask with 300 mL deionized water.
The mixture was shaken for 30 min at 180 rpm and vacuum filtered through a 30-um
membrane. The ions and anions in the filtrate were determined. The procedure was
repeated 7 to 8 times until the ions and anions in the filtrate were below the detection limit.
The washed biochar was oven-dried at 55 °C for 24 h.

Characterization of Biochar

The analysis of biochar properties including pH, organic carbon (OC), ash, and
anions (SOs*, PO4*, COs*, and HCO3) were conducted following the procedures
described by Lu (2000). The pH was determined using a Mettler Toledo Seveneasy
precision pH meter (Mettler-Toledo AG, Analytical; Schwerzenbach, Switzerland) with a
water-biochar ratio of 20:1 (v:m). Organic carbon content (OC) was analyzed by wet
digestion of potassium dichromate.

The ash content in biochars was determined by heating biochar in a muffle furnace
at 750 °C for 6 h (Wang et al. 2015). SO4> was determined by barium chromate
spectrophotometry; PO4* was determined by the isobutyl alcohol extraction- molybdenum
blue colorimetric method. SiOs? was determined by the molybdenum blue colorimetric
method; COs? was determined by neutralization titration.

Surface area and pore structure were investigated using a V-Sorb 2800 nitrogen
adsorption system (Beijing Jinaipu General Instrument Co., Ltd, Beijing, China). Fourier
transform infrared spectroscopy (FTIR) was used to characterize the surface functional
groups on the biochars. The spectra of samples were determined from 400 to 4000 cm™
wave number by KBr method on a Bruker TENSOR27 FTIR spectrometer (Bruker Optics
Inc., Billerica, MA, USA).

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
with energy dispersive X-ray spectroscopy (EDS) were used to examine the surface
structure and elemental composition and were described by previous studies (Joseph et al.
2013; Bian et al. 2014). The basic properties of BC and WBC are listed in Table 1.
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Table 1. Properties of Biochar before and After Washing
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. ocC Specific Surface Total Pore Average Pore
0,
Biochar pH Ash (%) (g kg Area (m?2 g1) Volume (m3 g1) Size (nm)
BC 9.93 28.6 630 30.0 0.052 7.00
WBC 7.02 14.2 617 47.9 0.079 6.63

Adsorption Experiment

A stock solution of 10 g L™ Pb?* was prepared using analytical reagent Pb(NOs)2
and was diluted to 10 to 1000 mg L*. All tested Pb?* solutions contained 0.01 M NaNOs
as a background electrolyte, and the pH was pre-adjusted to 5.0 with 0.1 M HNOs and
NaOH solutions. For the kinetic adsorption test, 0.1000 g biochar was added to a 50 mL
conical flask with 25 mL of Pb?* solution (400 mg L™). All the experimental treatments
were conducted in duplicate and the average values were presented. The mixture was
agitated on a thermostatic reciprocating shaker at 180 rpm and 25 °C for 5 min, 15 min, 30
min, 1 h, 2 h, 4 h, 8 h, or 12 h. The solid and liquid phases were separated immediately by
filtration, and the Pb concentration in the filtrate was determined. For isothermal
adsorption, 0.1000 g biochar was added to a 50 mL conical flask with 25 mL of Pb?*
solutions ranging in concentration from 10 to 1000 mg L. The mixture was shaken at 180
rpm and 25 °C for 12 h. After shaking, solid and liquid phases were separated by filtration.
The Pb concentration in the filtrate was determined by atomic absorption
spectrophotometer (AAS, A3, Persee Analytical Instruments, Beijing, China). The effect
of initial solution pH on Pb adsorption was determined by added 0.1000 g biochar to a 50
mL conical with 25 mL of 400 mg L™ Pb?* solution. The pH of the solutions was pre-
adjusted to 2.5 to 6.5 with 0.1 M HNOz and NaOH. The mixture was shaken and filtered,
and the concentration of Pb in equilibrium solutions were determined as described above.
Blanks without biochar or Pb?* were used during the adsorption process. All of the reagents
in this research were purchased from Nanjing Shoude laboratory equipment Co., Ltd,
Nanjing, China. The SO.* in the filtrate was determined by barium chromate
spectrophotometry; PO+* was determined by the isobutyl alcohol extraction- molybdenum
blue colorimetric method. SiOs? was determined by the molybdenum blue colorimetric
method; CO3s> and HCOs™ were determined by neutralization titration.

Statistical Analysis of the Experimental Data

Pseudo-first-order (Eq. 1), pseudo-second-order (Eq. 2), and intraparticle diffusion
(Eq. 3) kinetic models were used to simulate the kinetics of Pb sorption to biochar (Weber
and Morris 1962; Inyang et al. 2012),

Q = Q(1—e™) 1)
0, = k,Qlt

1+k,Q5t (2)
Q =kt™ +C (3)

where Q:(mg g*) and Q. (mg g*) are the amounts of Pb sorbed at time t and at equilibrium,
respectively. The parameters ki (h?), k2 (mg g* h'?), and kp (mg g h"%) are the first-order,
second-order, and intraparticle diffusion apparent sorption rate constants, respectively.

The Langmuir (Eqg. 4) and Freundlich (Eqg. 5) models were used to evaluate Pb
sorption on biochar,
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where Qe is the amount of Pb absorbed to biochar at equilibrium (mg g™), Qmax is the
maximum adsorption capacity of biochar on Pb (mg g), C. is Pb concentration in solution
at equilibrium (mg L), b is Langmuir constant related to sorption intensity (L mg™), and
K and n are empirical Freundlich constant related to sorption capacity (mg ™ L"/g) and
sorption intensity, respectively.

RESULTS AND DISCUSSION

Characteristics of Biochar Before and After Washing

The basic properties of wheat straw derived biochar (BC) and water washed biochar
(WBC) are listed in Table 1. The nature of biochar was alkaline (pH =9.93), and it became
neutral (7.02) after washing with deionized water. Biochars derived from agronomic wastes
are usually alkaline due to the formation of alkali such as carbonates during pyrolysis
(Yuan et al. 2011). Ash content in WBC was 50% lower than BC, indicating that nearly
half of minerals in wheat straw biochar was water soluble and leachable. The organic
carbon (OC) content was slightly lower (about 2%) in WBC than in BC. Wu et al. (2011)
also reported that water leaching can remove small amounts (< 2%) of organic carbon of
mallee-derived biochar. The specific surface area and total pore volume were increased by
60% and 52%, respectively after washing, while there was little change of the average pore
size (Table 1). The increased SSA and TPV of WBC may be attributed to the removal of
soluble components such as ash and organic carbon in pores and surface of biochar during
washing.

Adsorption of Pb on BC and WBC
Adsorption kinetics

Pseudo-first-order (PF), pseudo-second-order (PS), and intraparticle diffusion
(IPD) models are three kinetic models frequently used to study the adsorption of
contaminants by biochar. Table 2 illustrates the parameters of Pb?* sorbed onto BC and
WBC through three kinetic models.

Table 2. Regression Parameters of Kinetics Equation for the Adsorption of Pb2*
onto BC and WBC

Pseudo-first-order Pseudo-second-order Intraparticle diffusion
. model model model
Biochar
Qe ky R2 Qe ka2 R2 kp R2
(mg-gY) (h?) (mg-g?!) (mg-(g-h)™) (mg-g-h0%)
BC 35.15 0.1817 0.8625 95.24 0.0441 0.9994 13.58 0.8632
WBC 11.50 0.2660 0.9151 25.58 0.1012 0.9972 4.213 0.9270

Note: Qe (mg g1) is the amount of Pb2* sorbed at equilibrium; k1 (h1), k2 (mg-(g-h)1), and ke (mg g
1 h09%) are the first-order, second-order, and intraparticle diffusion apparent sorption rate constants,
respectively.
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There was a rapid initial adsorption during the first 2 h for BC (accounting for 85%
of total sorption capacity), which slowly reached equilibrium in 12 h. Thus, the sorption
process of Pb?* to wheat straw biochar (BC) was divided into fast and slow stages, which
was similar to many other studies (Ding et al. 2014a; Wang et al. 2015). However, it was
not easy to distinguish the fast and slow stages of Pb?* sorption on WBC, which gradually
reached equilibrium in 12 h (Fig. S1).

Pb?* adsorption by BC and WBC was well fitted to the three kinetic models (R? >
0.86) generally, while PS was the best model to simulate Pb sorption on BC and WBC with
their R? > 0.99 (Table 2). The second-order apparent sorption rate constant (kz) of WBC
was 2.3-fold higher than that of BC (Table 2), demonstrating a faster Pb adsorption process
on washed biochar than on original biochar. The electrostatic ion exchange between Pb?*
and acidic oxygen functional groups is fast, reaching equilibrium in a few minutes (Lu et
al. 2012). Pb?* can precipitate with anions (e.g., PO+* and CO3z*) released from minerals
in biochars during adsorption in solution, so the dissolution rate of these anions may be the
rate-limiting step (Lu et al. 2012; Wang et al. 2015). In the present study, the water-soluble
minerals were removed in WBC (Table 1), while the oxygen functional groups were not
significantly changed (Fig. S2). This was why the adsorption rate was faster on WBC than
BC. Intraparticle diffusion can also be a rate-limiting step for metal adsorption on biochars,
which occurs in two steps (Wang et al. 2011, 2015). The first step is mass transfer of metal
ions (such as Ph?*) from bulk solution to the biochar surface, which is faster, and the second
step is intraparticle diffusion of ions, which is slower (Ding et al. 2014a; Wang et al. 2015).
The equilibrium adsorption capacity of WBC was 73% lower than BC, which was
attributed to the loss of soluble minerals in biochar.

Isothermal adsorption

Figure 1 and Table 3 illustrate that the isothermal adsorption of Pb?* on BC and
WBC were better fitted with the Langmuir model (R? = 0.96 to 0.97) than the Freundlich
model (R? = 0.71 to 0.87), implying a monolayer adsorption of Pb on biochar with a
homogeneous surface (Foo and Hameed 2010; Hu et al. 2011). Equilibrium adsorption
capacity increased sharply with the increase of initial Pb?* concentration in solution, and it
remained stable when the initial Pb concentration increased to a threshold level (Fig. 1).
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Fig. 1. Adsorption isotherm of Pb2* onto original biochar (BC) and water washed biochar (WBC).
Qe is the amount of Pb?* sorbed to biochar at equilibrium (mg g1), and Ce is Pb?* concentration in
solution at equilibrium (mg L1).
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The Langmuir maximum adsorption capacity (Qmax) of BC was 99.7 mg g, which
was 4.5-fold higher than WBC (Table 3). This indicates that the adsorption capacity was
greatly reduced when the water-soluble minerals were removed from the original biochar.

Table 3. Regression Parameters of Langmuir and Freundlich Models for
Adsorption Isotherm of Pb?* onto BC and WBC

_ Langmuir Freundlich
B | Qe (mgg?) | bLmgy | R Kmggil™ | n | R
BC 99.7 0.54 0.97 32.1 5.16 0.87
WBC 22.4 0.77 0.96 7.96 5.62 0.71

Note: Qmax is the maximum adsorption capacity of biochar on Pb (mg g%), b is the Langmuir
constant related to sorption intensity (L mgt), K (mg'N-g*-L-N), and n and N are the empirical
Freundlich constant related to sorption capacity and sorption intensity, respectively.

Effect of initial solution pH on Pb sorption on BC and WBC

Figure 2 shows the effects of initial solution pH on Pb?* sorption on BC and WBC.
When the initial solution pH was 2.5, the equilibrium adsorption capacity of BC and WBC
was very low, especially for the washed biochar. With increasing initial solution pH, Qe
was sharply increased to a relative stable range for BC (73 to 80 mg kg*) and WBC (13 to
20 mg kg™1). The equilibrium Pb adsorption capacity of BC was more than 5-fold higher
than that of WBC at higher initial pH.
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Fig. 2. Effects of initial solution pH on Pb?* adsorption capacity by original biochar (BC) and water
washed biochar (WBC). Qe is the amount of Pb?* sorbed to biochar at equilibrium (mg g1).

Effect of Soluble Minerals on Pb Adsorption on Biochar
Changes of anions in equilibrium solution

Figure 3 shows the concentration of anions in equilibrium solutions of BC. The
initial Pb?* concentrations ranged from 0 to 1000 mg L. When biochar was added to the
solution with 0 mg L Pb, the concentration of SO4*, COs%, SiOs%, and POs* in the
equilibrium solution were 107.51, 136.88, 91.12, and 4.44 mg L1, respectively; however,
the concentrations of the corresponding anions in WBC solution were 33.36, 15.25, 2.95,
and 2.64 mg L (data not shown). Thus, deionized water removed most of the soluble
anions after washing. Anion concentrations at equilibrium were dramatically decreased
with the increase of initial Pb concentration in BC solutions (Fig. 3). The concentration of
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S04 and PO4* decreased to nearly 0 mg L™t when the initial Pb concentration increased
to 1000 and 200 mg L%, respectively. The concentration of CO3s? was dramatically reduced
from 127 to 6 mg L?, while [SiOs*] was decreased from 91 mg L™ to 20 mg L%,
respectively, when the initial Pb concentration increased from 0 to 1000 mg L. The anions
in WBC equilibrium solution were undetectable, so the data are not listed. According to
the decreasing amount of these anions, the predicted contribution of each anion to Pb
removal through precipitation occurred in the following order: CO3%* > SO4* > SiOz*>
PO.+>. However, the anion content changes in different biochars according to feedstock and
pyrolysis conditions should be noted.
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Fig. 3. Concentration of SO4%, CO3?%, SiOz* and PO4* in the equilibrium solution of original
biochar with various initial Pb2* concentration

The decrease of anions in equilibrium solutions with increasing initial Pb?*
concentration may be attributed to the formation of precipitates of Pb with these anions.
Xu et al. (2013) found that POs* and COs? were responsible for metal sorption to dairy
manure-derived biochar through formation of precipitates. These could also be reflected
by the changes of FTIR spectra (Fig. S2), SEM-EDS (Fig. S3), and TEM images (Fig. S4)
after Pb?* adsorption. In Fig. S2, the peaks related to Si-O-Si (1104, 802, and 467 cm™)
became weak after Pb adsorption of both BC and WBC, indicating SiO2 on biochar was
associated with Pb, probably due to precipitation. Fig. S3 shows the SEM-EDS images of
BC and WBC; A and B are the SEM images of the BC surface at a larger and smaller area,
respectively, after Pb adsorption. C and D are the corresponding EDS spectra collected
from the boxed regions. There were also Pb peaks on the BC surface associated with
elements such as Si, P, C, and O. For WBC, there were no Pb peaks detected, although Si,
C, and O peaks appeared. Similarly, the TEM images and the corresponding EDS spectra
also demonstrated that Pb was present with C, O, Si, and even P in BC (Fig. S4). Although
there were Pb peaks in the TEM-EDS spectra of WBC, the abundance was much lower
than in BC (Fig. S4). The information above demonstrates that Pb?* was associated with
anions through possible precipitation.

Changes of anions in equilibrium solutions with various initial pH
Figure 4 shows the concentration of anions in BC and WBC solution at different
initial pH with and without Pb?*. When pH was 2.5, COs? and SiOs? released from BC
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were only 23.79 and 22.51 mg L, respectively; there were similar concentrations of the
two anions in Pb(NOgz)2 solution. This result indicates that there was no precipitation when
the solution was very acidic. When pH was in the range of 3.5 to 6.5, COs? and SiOz*
released from BC were nearly 130 and 110 mg L™, respectively, while they decreased to
about 33 and 56 mg L when Pb(NO3), was added. There was little effect of pH on SO4*
release in BC solution; it was decreased by nearly 50% in when Pb (NO3), was added
regardless of pH. The concentration of CO3?, SiOs%, and SO4> in solutions with WBC was
much lower than in BC solutions.
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Fig. 4. Concentration of anions at equilibrium solution with different initial pH. BC means only
original biochar solution with no Pb?* added; BC+Pb means original biochar solution with Pb?*
added; WBC means water washed biochar solution without Pb?* added.

The concentration of POs> was lower than other anions. The PO+ concentration
also decreased with the increase of initial solution pH. The concentration of PO4* released
from BC was 12.15 mg L at pH 2.5 and decreased to nearly 5 mg L at pH 3.5 to 6.5.
There were similar PO4% concentrations in solution with WBC and BC at pH 2.5 and 3.5;
there was much less in WBC solution than BC when the initial pH was 4.5 to 6.5. This was
possibly because the phosphates from the original biochar, which were insoluble in water,
became dissolved under acidic conditions (pH 2.5 and 3.5 in this study). However, when
Pb (NOs), was added, the PO+ concentration was reduced to nearly 0.2 mg L™ regardless
of the change of solution pH.

Adsorption Mechanisms

Pb precipitates have been identified by XRD on biochar after adsorption, including
lead hydroxides (Pb(OH).), lead carbonate (PbCO3), lead phosphate (B-Pbg(PO4)s), lead
sulfate  (Pb2(S04)0), and other complex minerals such as Pbz(CO3)2(OH).,
5Pb0O-P20s-Si0O», 3PbCO3-2Pb(OH)2-H20, Pba(CO3)2(SO4)(OH)2, and Pbs(PO4)3:0H (Cao
etal. 2009; Lu et al. 2012; Wang et al. 2015). In the present study, the FTIR spectra, SEM-
EDS, and TEM-EDS from Pb-loaded BC showed that Pb was associated with Si, C, P, and
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S, which implied possible precipitation of Pb?* with silica, POs*, COs%, and SOs%. The
formation of precipitates is mainly due to the dissolution of anions from the minerals in
biochar (Cao et al. 2009; Lu et al. 2012; Ding et al. 2014b). In a previous adsorption study
using dairy manure derived biochar, Cao et al. (2009) found that dissolved P decreased
with increasing Pb concentration as Pb phosphate formed. Wang et al. (2015) also reported
that the concentration of PO4* in solution decreased after Ph?* adsorption by biochar. In
the present study, the concentration of anions including CO3?, SO+, and SiOs? in solution
was dramatically reduced as well as [PO4>] with the increase of initial Pb®* concentration
after adsorption (Fig. 3), implying the precipitation of these anions with Pb?*. Previous
studies showed a dramatic decrease of Pb adsorption capacity of biochars after de-
mineralization with acid (Chen et al. 2012; Wang et al. 2015). In the present study, the
Pb?* adsorption capacity was reduced by 78% when biochar was washed with water
compared with unwashed biochar. Xu and Chen (2014) found that the relative contribution
of water-soluble matter to the decrease of Cd in solution was more than 71% for two rice-
bran derived biochars. After washing with deionized water, soluble minerals were removed
(Table 1), while there was little impact on organic functional groups of biochar (Fig. S2).
Therefore, the decrease of Pb?* adsorption capacity of WBC compared to BC was mainly
attributed to the loss of soluble minerals (mainly anions). This confirmed the contribution
of soluble anions on biochar to Pb?* removal, which was also evidenced by the decrease of
anions in the solution after adsorption (Fig. 3). However, the situation may vary among
different type of biochars, as they have various mineral content. In addition, some ions in
biochar could react with the anions besides Pb. Qian et al. (2016) in found that the released
anions (such as OH-, COs%, PO+*, and Si species) from biochar can react with Ca?*, Mg?*
as well as Zn?* in solution.

On the other hand, the solution pH can also affect the adsorption performance of
biochar. However, the effects of pH on heavy metal adsorption capacity by biochar were
different in different pH ranges. In this study, the lower pH of WBC after washing may
contribute to reduce Pb adsorption capacity. Furthermore, the losses of very fine-particle -
size materials and some water-soluble organic by washing also may lead to overestimation
of the contribution of water-soluble minerals to Pb removal.

The oxygen functional groups on biochar are also responsible for heavy metal
adsorption. The FTIR spectra peaks at 3410 and 1600 cm™ of WBC became weaker after
Pb adsorption (Fig. S2), likely from complexes between —COOH or —OH and Pb?*.
However, there were no changes of these groups in BC after Pb?* adsorption (Fig. S2). This
result indicates that the role of oxygen functional groups in original biochar was minor
compared with the mineral components. However, when the soluble minerals were
removed, Pb?* formed complexes with the functional groups. In this study, the pyrolysis
temperature of biochar was 450 °C; the biochar possessed both aliphatic and aromatic
groups (Fig. S2). The aromatic properties increase and aliphatic properties decrease with
increasing pyrolysis temperature (Cantrell et al. 2012; Kloss et al. 2012). Pb-= interaction
could occur in biochar with aromatic structures (Wang et al. 2015). Furthermore, the peaks
at 1104, 802, and 467 cm™ weakened in WBC after Pb loaded (Fig. S2), indicating that the
insoluble silica that was not removed by water in biochar partly contributed to Pb removal.

Surface area and the porous structure of biochar influence the adsorption of heavy
metals. In this study, the adsorption capacity of Pb?* was reduced sharply, although the
SSA and pore volume were increased after washing. Cao et al. (2009) indicated that Pb
sorption in dairy-manure derived biochar was 6-fold higher in than a commercial activated
carbon (AC), although the SSA of AC was 61 to 161 times that of BC. Kim et al. (2013)
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reported that giant Miscanthus biochar derived at 600 °C had higher SSA (2-fold) and
lower Cd adsorption capacity than biochar derived at 500 °C. These results demonstrated
that the contribution of SSA and porous structure was minor in heavy metal adsorption,
which was also supported by Tan et al. (2015).

CONCLUSIONS

1. Wheat straw biochar effectively absorbed Pb?* from aqueous solution. The adsorption
Kinetics of Pb?* onto biochars were well fitted by a pseudo-second-order model (R? >
0.99). Pb sorption on wheat straw biochar was best fitted with the Langmuir model (R?
= 0.96 to 0.97), with the maximum adsorption capacity (Qmax) of 99.7 mg g* of BC.

2. Deionized water removed the soluble minerals without changing the oxygen functional
groups. The Qmax Of biochar was reduced by 73% after removal of soluble minerals
from biochar when the initial solution pH was 5.0.

3. The concentration of SO4*, CO3s?%, SiOs%, and PO+ in the equilibrium solution was
reduced by 69, 89, 97, and 41%, respectively, when the initial Pb?* concentration was
1000 mg L. This result proved the contribution of soluble minerals in biochar through
formation of precipitates.
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Fig. S1. Kinetic adsorption curves of Pb2* onto original biochar (BC) and water washed biochar
(WBC). Qe (mg g?) is the amount of Pb?* sorbed at equilibrium

Chen et al. (2017). “Pb adsorption by biochar salts,” BioResources 12(1), 1662-1679. 1676



PEER-REVIEWED ARTICLE b | oresources.com

1104 C=Oor 3410

Aromatic C=C -
467 82 A 14401600 -CHz2- OH

AA CWX\ A swse s A

LA § 5\,-—-/\/ a. BC
A*'l../ \\f vf/ \/_ b. BC+Pb
A

|

Absorbance

vv_,—/\/c.WBC

d. WBC+Pb

N—

%

0 500 1000 1500 2000 2500 3000 3500 4000

S

i\

Wavenumber (cm™)
Fig. S2. FTIR spectra of BC and WBC before and after Pb2* sorption

Figure S2 shows the FTIR spectra of BC and WBC before and after Pb?* sorption.
The broad peaks at 3600-3300 cm™ corresponded to O-H vibrations of hydroxyl groups.
The peaks at 2960-2850 cm™ was assigned to aliphatic CH2 units, and the bands between
873 and 721 cm corresponded to aromatic CH (Wang et al. 2015). The peak located at
1600 cm™ was assigned to C=0 of carboxyl and ketones or C=C aromatic components
(Wang et al. 2015). The band at about 1450 cm™ (aromatic C=C ring stretching) and the
peak at 1400 cm™ (corresponding to stretching vibration of the phenolic —OH or C-O
stretching of carboxylate anion) (Silber et al. 2010; Wang et al. 2011) was lower in WBC
than in BC. The broad band at 1300-900 cm™ (with peak at 1104 cm™) is assigned to Si-
O-Si stretching vibration, and the two small bands at about 802 and 467 cm™ indicate Si-
O-Si vibrations (Silber et al. 2010; Yang et al. 2008). The peaks of Si-O-Si increased in
WBC compared to BC, which may be contributed the decrease of soluble minerals in
biochar. The FTIR spectra demonstrated that biochar was constituted with organic and
mineral phases. There were only small differences between water washed biochar and
original biochar. These results demonstrated that washing with deionized water only
removed the soluble ash and a small portion of dissolved organic carbon, but litter change
the structure and surface functional groups of biochar, which was consistent with some
other studies (Klasson et al. 2014; Wang et al. 2015; Zheng et al. 2013b).
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Fig. S3. SEM-EDS spectra for original biochar (BC, A-D) and water washed biochar (WBC, E-H). A and B are the SEM images of BC surface at a larger
and smaller area, respectively after Pb adsorption; C and D are the corresponding EDS spectra collected from the boxed regions; E and F are the SEM
images of WBC surface at a larger and smaller area, respectively after Pb adsorption; G and H are the corresponding EDS spectra collected from the
boxed regions.
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Fig. S4. TEM-EDS spectra of original biochar (BC, left) and water washed biochar (WBC, right)
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