PEER-REVIEWED ARTICLE b | oresources.com

Effects of Magnesium Impregnation on Stability and
Sorption Performance of Biochar Derived from Sawdust
and Corn Husks

Zhao Xu,? Ting Chen,? Zhuhong Ding,** Xin Hu,” and Guangze Nie?

Biochar was derived from MgCl> and MgO pretreated sawdust and corn
husks at 300 °C and 600 °C, respectively, to investigate the effects of
exogenous minerals on the stability and sorption performance of the
resulting biochar. Impregnation with Mg decreased carbon concentration,
increased yield and ash concentration, and increased the pH values at the
point of zero charge (pHpzc) of the resulting biochar. The chemical stability
of biochar oxidized by K2CrO7 was enhanced with increasing pyrolysis
temperature and decreased with the pretreatment of MgCl. and MgO. Mg-
impregnation enhanced carbon loss of the resulting biochar and increased
the sorption capacity of biochar for CR significantly, which is potentially
caused by electrostatic interaction and surface complexation. This study
indicates that magnesium-impregnation significantly enhances the
sorption performance of anionic contaminants and the pyrolysis
temperature has a greater effect on the stability of the resulting biochar
than the magnesium-impregnation.
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INTRODUCTION

Biochar is generally produced through the slow pyrolysis of biomass feedstock
under oxygen-limited conditions. Biochar has excellent potential in carbon sequestration,
improvement of soil fertility, environmental remediation/restoration, and wastewater
treatment (Xie et al. 2016; Inyang et al. 2016). The stability and sorption performance of
biochar are important parameters for their application in carbon sequestration, soil
remediation, and wastewater treatment, which are dependent on the physicochemical
properties of biochar. Chen et al. (2016) report that the chemical oxidation stability of
bamboo biochar is improved with increasing pyrolysis temperature between 300 °C and
700 °C. Singh et al. (2012) found that the plant-based biochar was more stable than
manure-based biochar. Mineral elements play an important role in the stability and sorption
performance of biochar. For example, minerals have a greater influence than organic
components on the surface electrochemistry and ion exchange properties of plant-based
and municipal waste-based biochar derived from twelve types of biomass feedstock (Zhao
et al. 2015). To obtain biochar with more abundant minerals, exogenous minerals have
been added to design engineered biochar (Xie et al. 2016). For example, Xu et al. (2017)
reports CaCOs and Ca(H2PQa4) as additives enhance the stability of sewage sludge biochar.
Hu et al. (2015) demonstrate that a pretreatment of biomasses with metal salts (e.g.,
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magnesium salts, iron salts, and aluminum salts) effectively improve the adsorption
capacities of the resulting biochar (Hu et al. 2015).

Magnesium hydroxides are cheaper, more environmentally-friendly adsorbents due
to their higher isoelectric points (IEP), which range from 10.8 to 12 for Mg(OH) and from
9.8 to 12 for anhydrous oxide (Kosmulski 2016). Recent literature shows that Mg-
impregnated biochar significantly improves the sorption capability for phosphate and
nitrate (Inyang et al. 2016; Xie et al. 2016). MgCl> is generally used as an additive due to
its easy hydrolysis and decomposition when heated. The main reactions are as follows (Li
et al. 1987):

MgClz + 2H20 = Mg(OH). + 2HCI1t 1)
MgCl2 + 2H,0 £ MgOHCI + HCI1+ H20 (250 to 450 °C) (2
Mg(OH)2 — MgO + H20 (350 °C) ©)
MgOHCI £ MgO + HCI1 (> 450 °C) 4)

The hydrolysis and decomposition of MgCl. in the MgCl.-pretreated biomass under
different pyrolysis temperature result in MgO, Mg(OH)2, and Mg salts, which may modify
the physicochemical properties of the resulting biochar.

In this study, sawdust and corn husks were pretreated with either MgCl, or MgO.
The Mg-impregnated biochar specimens were prepared at a pyrolysis temperature between
300 °C and 600 °C. The objectives of this study were: (1) to investigate the release of
dissolved organic carbon and Mg from biochar; and (2) to evaluate the chemical stability
of carbon in biochar using K>CrO7 oxidation, and the sorption performance through batch
sorption of methylene blue (MB) and Congo red (CR).

EXPERIMENTAL

Preparation of Biochar

The sawdust and corn husks were collected from a local sawmill and a grain
processing factory in Nanjing, China. They were washed and then crushed into samples
smaller than 1 mm, and finally they were soaked in either MgCl, or MgO solution (mass
ratios of Mg to biomass = 1:10). Subsequently, the supernatant was removed after 24 h,
and mixtures were dried at 85 °C for 24 h. The sawdust biochar (SB) and corn husk biochar
(CB) were pyrolyzed in a tube furnace (OTF-1200X, HF-Kejing, Hefei, China) under a
nitrogen atmosphere and marked as SB3 and CB3 or SB6 and CB6 corresponding to the
pyrolysis temperatures of 300 °C for 4h, and 600 °C for 2h, respectively. Sawdust and corn
husks pre-treated with MgCl, (MC) and MgO (MO) were also pyrolyzed following same
condition and the resulting biochars were marked as MC/SB3 and MC/CB3, MC/SB6 and
MC/CB6, MO/SB6, and MO/CB6.

Characterization of Biochar

Biochar yield was calculated using the mass ratios of the resulting biochar to biomass
feedstock. The ash content of the resulting biochar was measured by ashing biochar in a
muffle furnace at 550 °C for 5 h. The content of carbon (C), hydrogen (H), and nitrogen
(N) of biochar were measured using an Elemental Analyzer (Carlo-Erba NA-1500, Hanau,
Germany). The pH value at the point of zero charge (pHpzc) of the biochar was determined
using the impregnated pH drift method. The functional groups of the biochar were
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characterized using a Fourier Transform Infrared Spectrometer (NEXUS870, NICOLET,
Boston, MA, USA). The crystallographic structures of the biochar were determined using
an X-ray Diffractometer (CAD4/PC, Enraf Noius, NED, Geneva, Switzerland). The
thermal stability of the biochar was analyzed using a Thermogravimetric (TG) analyzer
(DTA449F3, NETZSCH, Selb, Germany) under a nitrogen atmosphere and heated to
temperatures between 25 and 700 °C.

Release Kinetics of Dissolved Organic Carbon and Mg from Biochar

One g of biochar, derived under 300 °C, was added to 50 mL of deionized (DlI)
water in a 50 mL centrifuge tube and shaken at 25 °C for five different time intervals (1, 2,
4, 8, and 24 h). The centrifuge separated the solid and liquid phases, which were then
filtered through a 0.22 um membrane. The dissolved organic carbon (DOC) in the filtrate
was analyzed using a total carbon analyzer (TOC-L/CPH, SHIMADZU, Kyoto, Japan) and
the releasable Mg in the filtrate of the 24 h extraction was analyzed by an inductively
coupled plasma optical emission spectrometer (ICP-OES) (Optima 5300, PerkinElmer,
Waltham, MA, USA).

Chemical Oxidation of Carbon

To determine the chemical stability of biochar, potassium dichromate (K2Cr.0Oy) is
used to assess the labile fraction of carbon (C) (Xu et al. 2017). A sample of 0.1 g of biochar
was placed into a glass bottle with 40 mL of 0.1 M K>Cr.O7 and 2 M H>SOg4 solution, and
then heated in a water bath at 55 °C for 60 h. The concentration of C in the biochar after
oxidation was measured by an Elemental Analyzer (Carlo-Erba NA-1500, Hanau,
Germany). The C loss ratio of the biochar was calculated according to Eqg. 5,

W = (MoxNo - MxN)x100/(MoXNo) (5)

where Mo and M are the mass of biochar before and after the oxidation treatment (mg),
respectively, No and N (%) are the carbon concentrations in the biochar before and after the
oxidation treatment (%), respectively, and W is the C loss ratio.

Isothermal Adsorption for Methylene Blue and Congo Red

Methylene blue (MB) and Congo red (CR) are common cationic and anionic dyes,
respectively. The isothermal adsorptions of MB and CR onto biochar were performed to
evaluate the sorption performance. According to preliminary experiments, the initial
concentrations were set between 5 to 100 mg L™ of MB, from 5 to 100 mg L™ of CR for
CB3, CB6, SB3, SB6, and from 50 to 1000 mg L™* of CR for MC/SB3, MC/SB6, MO/SB6,
MC/CB3, MC/CB6, and MO/CB6. The initial pH of the MB and CR solution was set to
7.0 £ 0.2 using a pH meter. A sample of 0.05 g of biochar was placed in a 50 mL centrifuge
tube and then 25 mL MB or CR solution with the designed concentration was added. The
mixed solution was shaken at room temperature (22 + 2 °C) for 24 h. After centrifugation
and filtration, the concentrations of MB and CR were detected via an ultraviolet
spectrophotometer (PHILES, T-6, Nanjing, China) at 663 nm and 449 nm, respectively.
The amount of MB and CR absorbed was calculated using the following equations,

Qe = (CO_Ce)xV/m (6)
where Qe is the equilibrium absorption capacity (mg/kg), Co and Ce are the initial and

equilibrium concentrations (mg/L of MB and CR, resprctively; V is the volume of solution
(L), and m is the mass of biochar (g).
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RESULTS AND DISCUSSION

Effect of Mg Addition on the Basic Physicochemical Properties of Biochar
Elemental compositions of the resulting biochar

Table 1 shows that the pyrolysis temperature had a significant effect on the
elemental composition of the resulting biochar. An increase in the pyrolysis temperature
resulted in the decrease in the concentration of O and H, while the concentration of C and
ash increased (Table 1). Additionally, Table 1 showed that the mineral addition played an
important role on the elemental compositions of the resulting biochar. For example, Mg
concentrations in the resulting biochar increased with the increased pyrolysis temperature
(from 300 °C to 600 °C) (Table 1). Biochar derived from the MgCl»-pretreated biomass
feedstock had higher concentrations of ash and O, with lower concentrations of C than
those from origin biomass feedstock. Similar results were also observed for the
pretreatment of MgO (Table 1). Concentrations of N were low, and they changed only a
little among the resulting biochars (Table 1), which were reported that no nitrogen-
containing substances were formed (Gaskin et al. 2008). The H/C, O/C, and (O + N)/C
ratios indicated the aromaticity and polarity of biochar (Azargohar et al. 2013). With the
increasing pyrolysis temperature, the H/C, O/C, and (O + N)/C obviously decreased (Table
1), which indicated that the aromaticity increased and polarity decreased at 600 °C. The
concentrations of ash for Mg-impregnated biochars were higher than that in the pristine
biochar, which were consistent with the increasing Mg concentrations in the biochars
(Table 1). However, the pretreatment of MgCl2 and MgO had different effects on element
composition and yield of the resulting biochar (Table 1). The mineral elements, such as K,
Ca, and Na, were also found in the biochars at relatively low concentrations compared with
other tested elements of biochars.

pHpzc of biochar

The pHezc of the biochar was an important indicator of the surface charge of the
adsorbent. The pHpzc of the studied biochar were in the order of MO/SB6 (10.6) > MC/SB6
(10.4) >MC/SB3 (8.8) >SB6 (8.5) >SB3 (7.4) for sawdust-based biochar, and MO/CB6
(10.4) = MC/CB6 (10.4) > MC/CB3 (9.5) >CB6 (9.2) >CB3 (7.7) for corn husk-based
biochar. The values of pHpzc for the resulting biochar increased as the pyrolysis
temperature increased from 300 to 600 °C, and the values of pHpzc for the resulting Mg-
impregnated biochar were higher than that in the pristine biochar, suggesting that the
pretreatment of MgCl2 and MgO increased the pHpzc of the resulting biochars. Therefore,
all Mg-impregnated biochars showed surface positive charges in acid, neutral, and weak
alkaline solutions, which is beneficial for the sorption of anionic contaminants.

FT-IR and XRD spectra of biochar

The FT-IR spectra of biochars are shown in Fig. 1(a). The peak at 3698 cm™ in
MO/SB6 and MO/CB6 could be assigned to Mg-OH, but this peak was not observed in
other biochars. The peak at 3390 cm™ was suggested to be —OH and disappeared with the
increasing pyrolysis temperature, which might be due to the decrease of —OH. The peaks
were assigned to —CHs at 2900 cm™, and -COOH at 1700 and 1600 cm™ (Fig. 1(a)). The
peak of -COOH became weak as the pyrolysis temperature increased, which indicated the
reduction of the oxygen-containing functional groups.
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Table 1. Elemental Composition, Ash Concentration, and Yield of Each Biochar

Elemental Concentration (% :

C H o N Mg (K | Ca Na ’(A:’Zt; \?"ZIS O/ | HiC (?/EN

SB3 736 | 590 | 19.0 | 0.01 | 0.09 | 0.47 | 0.31 | 0.09 | 1.49 | 30.2 | 0.19 | 0.96 | 0.19
SB6 89.2 | 215 | 6.21 | 0.06 | 0.11 | 059 | 042 | 011 | 238 | 215 | 0.05 | 0.29 | 0.05
MC/SB3 | 62.2 | 465 | 246 | 0.03 | 352 | 0.03 | 0.19 | 0.04 | 852 | 436 | 029 | 0.89 | 0.29
MC/sB6 | 79.1 | 2.36 | 6.01 | 0.03 | 558 | 0.19 | 0.12 | 0.17 | 125 | 33.8 | 0.06 | 0.36 | 0.06
MO/SB6 | 56.2 | 229 | 11.0 | 0.01 | 145 | 0.15 | 023 | 0.05 | 305 | 357 | 0.15 | 0.49 | 0.15
CB3 689 | 479 | 191 | 0.36 | 0.08 | 1.32 | 0.35 | 0.05 | 6.85 | 348 | 0.21 | 0.83 | 0.21
CB6 794 | 219 | 792 | 0.09 | 0.11 | 1.09 | 0.23 | 0.04 | 104 | 252 | 0.08 | 0.33 | 0.08
MC/CB3 | 58.3 | 429 | 264 | 0.21 | 275 | 0.11 | 0.08 | 0.04 | 10.8 | 384 | 0.34 | 0.88 | 0.34
MC/CB6 | 67.7 | 231 | 864 | 0.05 | 512 | 054 | 013 | 0.22 | 21.3 | 33.3 | 0.10 | 0.41 | 0.09
MO/CB6 | 424 | 1.79 | 244 | 011 | 115 | 025 | 0.11 | 0.06 | 31.3 | 376 | 043 | 0.51 | 043

* Oxygen concentration (%) was calculated by mass difference between total mass and tested elements/ash.
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The peaks in the 1400 and 880 cm™ regions were assigned to aromatic C-O and
aromatic C-H functional groups, respectively. The broadband in the 788 to 881 cm™ region
was related to the bond stretching vibrations of —-CH, and C=C-H. There were no
significant differences between the FT-IR spectra of the pristine sawdust-based bichars and
that of the pristine corn husk-based biochars (Fig. 1(a)). The increasing pyrolysis
temperature reduced surface functional groups and the addition of Mg had no significant
changes on surface functional groups (Fig. 1(a)).

The XRD spectra of biochar is shown in Fig. 1(b). The peak of all biochars at 2
theta of 23° was generally identified as the crystal structure of cellulose; however, there
were no obvious peaks, which suggested that there was no crystalline cellulose in the
resulting biochars. The peaks located at 2 theta of 37°, 43°, and 62° in MC/SB6, MO/SB6,
MC/CB6, and MC/CB6 were assigned to crystalline MgO (periclase) (Fig. 3), as stated in
previous reports (Liu et al. 2013). The peaks at 2 theta of 18°, 50°, and 58° were identified
as Mg(OH)2 in MO/CB6, MO/SB6, and MC/SB6 (Fig. 1(b)), as supported by previous
reports (Xu et al. 2018). No peaks were found in MC/CB3 and MC/SB3, which may be
due to crystalline minerals in biochars below the detection limit of XRD or no crystalline
minerals at 300 °C (Fig. 1(b)). Additionally, there were no crystalline minerals in the
pristine biochars derived from feedstock without the pretreatment of MgCl, and MgO.
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Fig. 1. Spectra of FT-IR (a) and XRD (b) (M, Mg(OH)z; C, cellulose; P, MgO).

Effect of Mg Addition on the Stability of the Resulting Biochar
Release of DOC and Mg from biochar

The release kinetics during the 1 to 24 h of DOC from SB3, CB3, MC/SB3, and
MC/CB3 are presented in Fig. 2. The release of DOC arrived at an equilibrium within 4 h.
Therefore, the release of DOC from all studied biochar was set as 24 h time interval. The
releasable concentrations of DOC from biochar (mg g*) after the 24 h extraction were in
the order of MC/SB3 (14.5)>MC/CB3 (9.66) >SB3 (1.84) >SB6 (0.63) > MC/SB6 (0.54)
>CB3 (0.52) = MO/SB6 (0.52)>CB6 (0.47)>MC/CB6 (0.41)>MO/CB6 (0.39). These
results suggested that the releasable concentration of DOC in biochar decreased as the
pyrolysis temperature was increased. The highest releasable concentration of DOC (14.5
mg g*) were found from MC/SB3, followed by MC/CB3, indicating that the pretreatment
of MgCl: increased the release of DOC of biochar at the pyrolysis temperature of 300 °C.
The releasable concentrations of Mg after a 24 h extraction were 0.056, 0.041, 15.1, 1.73,
3.22,0.34, 0.20, 16.7, 4.02, and 3.35 mg g for SB3, SB6, MC/SB3, MC/SB6, MO/SB6,
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CB3, CB6, MC/CB3, MC/CB6, and MO/CBS, respectively. These findings indicated that
soluble Mg was present in the bichars.
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Fig. 3. Curve of TG of biochar

Thermal stability of the resulting biochar

Thermosgravimetric analysis (TGA) was carried out under a nitrogen atmosphere to
evaluate the thermal stability of the biochar (Fig. 3). The biochar pyrolyzed at 300 °C had
a 25% to 35% weight loss at temperatures from 100 to 700 °C (Fig. 3). However, biochar
pyrolyzed at 600 °C only had a 3% to 10% weight loss at temperatures from 100 to 700 °C
(Fig. 3). The thermal stabilities of biochar followed the following order: SB6 >CB6 >
MC/SB6 >MC/CB6 >MO/CB6 >MO/SB6 >SB3 >CB3 >MC/CB3 >MC/SB3. The
results suggested that the thermal stability of biochar improved as the pyrolysis temperature
increased. The MgCl, and MgO impregnated biochars reduced the thermal stability
compared to the pristine biochar. This indicated that the addition of Mg might increase the
surface oxygen functional groups of the resulting biochars.
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Chemical stability of carbon in the resulting biochar

The loss of C concentration in biochar via Ko.CrO7 oxidation is presented in Fig. 4.
The loss of C concentration in biochars prepared at 300 °C was significantly greater than
those at 600 °C (Fig. 4). The loss of C concentration in Mg-impregnated biochar prepared
at 300 °C (MC/SB3 and MC/CB3) was significantly greater than those in the pristine
biochar (SB3 and CB3) (Fig. 4). These results were consistent with previous reports (Chen
et al. 2016) that state that the chemical stability of carbon is enhanced via the increasing
pyrolysis temperature. The chemical stability of carbon may be related to releasable
concentration of DOC (Fig. 2). For example, MC/SB3 and MC/CB3 had the highest carbon
loss and releasable concentrations of DOC. DOC is unstable and easily attacked by K>CrO-
(Lietal. 2014). Results from the K2CrO- oxidation indicated that the pyrolysis temperature
was the key factor in the chemical stability of carbon in the biochar, and that the Mg-
impregnation enhanced the carbon loss of biochar prepared at low pyrolysis temperature
(300 °C).
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Fig. 4. Carbon loss from biochar through K2CrO-7 oxidation

Sorption Isotherms

Sorption isotherms of CR and MB onto biochar are shown in Fig. 5. The adsorbed
mass of CR and MB were increased with the increasing initial concentrations of CR and
MB and then arrived at an adsorption equilibrium. Figure 5 shows that Mg-impregnation
enhanced the sorption of CR and MB onto Mg-impregnated biochars significantly
compared with the pristine biochars (SB3, SB6, CB3, and CB6). The sorption capacities
of Mg-impregnated biochars for CR were considerably higher than that for MB, and the
pristine biochar showed lower sorption capacities for both CR and MB (Fig. 5).

To more aptly evaluate the sorption performance of biochar for CR and MB, the
sorption isothermal data were fitted by using Langmuir and Freundlich isotherm models
(Table 2). The coefficients of R? for the Langmuir model for Mg-impregnated biochar were
slightly higher than that for the Freundlich isotherm model, especially in MB sorption,
which indicated that the Langmuir and Freundlich isotherm model fitted well with the
experimental data. The Freundlich parameter, 1/n, can reflect the sorption intensity (Fan et
al. 2017).
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Fig. 5. Sorption isotherm of CR (a) and MB (b) onto biochar

Values of 1/n were between 0 and 1 for all biochar in this study (Table 2), indicating
that the sorption was favorable for CR and MB. MC/SB3 and MC/CB3 exhibited the
greatest sorption performance for both CR and MB. For example, MC/SB3 and MC/CB3
had Langmuir maximum sorption capacities of 534 and 518 mg g for CR, and 63.6 and
71.1 mg g* for MB, respectively. The MC/SB6, MO/SB6, MC/CB6, and MO/CB6 showed
higher sorption capacities for CR, which were also far higher than that for MB (Table 2).
The Langmuir maximum sorption capacities of MgO-pretreated biochars (MO/SB6 and
MO/CB6) for both CR and MB were higher than that of MgCl-pretreated biochars
(MC/SB6 and MC/CB6). Moreover, the separation factor of the Langmuir model (RL, RL
=1/ (1 + Kr* Co), adimensionless constant, classified the adsorption to be favorable (0 <
RL< 1), unfavorable (RL > 1), and linear (RL = 1) or irreversible (RL = 0). The value of
RL was between 0.02 and 0.34 for CR, and 0.02 and 0.11 for MB, which suggested
favorable adsorption for CR and MB in biochar.

Different sorption mechanisms were involved in the sorption of CR and MB. In this
study, the pHpzc of biochar (between 7.4 and 10.6) was higher than the experimental
solution pH (around 7); therefore, biochar contained surface positive charges for the
favorable sorption of anionic contaminants. Congo red is an anionic dye and MB is a
cationic dye. Therefore, biochar with surface positive charges was favorable for the
sorption of CR, and unfavorable for MB. The difference between Langmuir maximum
sorption capacities for CR and MB suggested that electrostatic interaction may be an
important mechanism for CR sorption. Compared with the pristine biochar (SB3, SB6,
CB3, and CB6), Mg-impregnation improved the Langmuir maximum sorption capacities
of biochars for both CR and MB. The FT-IR spectra showed that MC/CB3, MC/SB3,
MC/CB3, and MC/SB3 had more abundant surface containing functional groups than
MC/CB6, MC/SB6, MO/SB6, and MO/CB6 (Fig. 1). It is reported that the groups of —
COOH and —OH have a specific role for dye (Xu et al. 2011). MC/SB3 and MC/CB3 had
the greatest sorption capacities for both CR and MB, suggesting that complexation may be
involved in the sorption and hydrophobic interaction and so-1 interactions may be not
important sorption mechanisms of CR and MB. It can be inferred that electrostatic
interaction is the main mechanism for CR sorption, followed by complexation in this study;
while complexation is the main mechanism for MB sorption.
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Table 2. Parameters for Sorption of CR and MB onto Biochar

Langmuir (Ce/Qe=Ce/Qm+1/(QmxK,) Freundlich (InQe=Inkz+1/nxInCe )

CR MB CR MB

Qm Kc R2 Qm Ki R2 Kr 1/n R2 Kr 1/n R?
SB3 2.67 | 0.042 0.90 1.25 0.266 | 0.89 0.31 0.426 | 0.94 0.54 0.191 0.89
SB6 2.24 | 0.053 0.96 0.55 0.539 | 0.90 0.39 0.352 | 0.81 0.33 0.122 0.93

MC/SB3 | 535 | 0.038 0.96 63.6 0.705 | 0.92 80.5 0.356 | 0.81 19.4 0.285 0.90
MC/SB6 | 351 | 0.029 0.97 8.59 0.080 | 0.84 194 0.574 | 0.94 1.70 0.346 0.81
MO/SB6 | 477 | 0.042 0.90 9.90 0.133 | 0.83 60.2 0.402 | 0.75 3.14 0.250 0.75
CB3 4.55 | 0.019 0.90 3.50 0.227 | 0.90 0.23 0.566 | 0.88 1.32 0.250 0.85
CB6 3.01 | 0.169 0.98 1.75 0.268 | 0.99 1.02 0.238 | 0.89 0.73 0.197 0.86
MC/CB3 | 518 | 0.039 0.94 711 0.051 | 0.99 78.5 0.358 | 0.80 8.93 0.420 0.98
MC/CB6 | 468 | 0.049 0.88 9.93 0.103 | 0.96 88.3 0.321 | 0.72 2.19 0.330 0.91

MO/CB6 | 493 | 0.051 0.91 11.9 1.223 | 0.82 954 0.315 | 0.73 5.05 0.227 0.81

Ce: solution equilibrium concentrations of MB and CR (mg L), Qe: equilibrium adsorption amount (mg g*), Qm: maximum sorption capacity of adsorbent (mg
g1), KL: Langmuir constant related to the sorption energy (L mg?t), Ke: Freundlich constant (mg-Vn LY g1), and 1/n: intensity of adsorption
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Environmental Implications of Sorption Capacity and Biochar Stability

The chemical and thermal stability of biochar are important parameters for its
environmental application. The chemical stability of biochar was investigated using
K2CrO7 oxidation to show that a higher pyrolysis temperature could enhance its chemical
stability, while Mg-impregnation could decrease the chemical stability. This would be
especially true for biochar prepared at a low pyrolysis temperature (300 °C) (Fig. 4). The
thermal stability was investigated using thermosgravimetric analysis to show that the
thermal stability of biochar could be improved by increasing the pyrolysis temperature and
that Mg impregnation could reduce the thermal stability (Fig. 1), which were consistent
with the chemical stability. It is reported that higher pyrolysis temperatures remove the low
thermal resistance components, increase cyclic oxygen functional groups such as
carboxylic anhydrides (460 °C), hydroxyl (570 °C), and lactones (720 °C) with high
thermal resistance, and enhance aromaticity of biochar (Tan et al. 2015; Xie et al. 2016).
For example, the atomic ratios of O/C, (O + N)/C, and H/C are used to reflect the bulk
hydrophilicity, polarity, and aromatization of biochar. In this study, The H/C values of
biochar under 600 °C were lower than that in other biochar, indicating that biochar under
higher pyrolysis temperature exhibited higher chemical stability (Table 1). The chemical
stability of biochar is generally positively related to their thermal stability. Higher ash
concentrations decreased the aromatic carbon of biochar, which reduced the stability of
carbon in biochar. However, ash content has a positive effect on metal sorption (Guo and
Chen 2014). The more oxygen-containing functional groups in the biochar, the weaker the
stability of the biochar. But the oxygen-containing functional groups may play an important
role in sorption of certain contaminants, owing to surface complexation with contaminants
(Inyang et al. 2016). In this study, Mg-impregnation improved their Langmuir maximum
sorption capacities of biochar for both CR and MB, and MC/SB3 and MC/CB3 have the
highest sorption capacities for CR and MB. However, MC/SB3 and MC/CB3 showed a
lower chemical and thermal stability. Therefore, the chemical and thermal stability of
biochars may be not positively related to their sorption performance. This data suggests
that high stability of biochar does not lead to favorable sorption performance.

CONCLUSIONS

1. MgCl; and MgO pretreatment can increase the contents of Mg, yield, pHpzc, and ash
and decrease the C contents in the resulting biochar.

2. Magnesium-impregnation decreased the chemical oxidation stability of the resulting
biochar at low pyrolysis temperatures (300 °C) compared to the pristine biochar.

3. MgCl; and MgO impregnated biochar had high sorption capacities for CR and MB, but
especially for CR because it is an anionic contaminant.

4. Magnesium-impregnation and low pyrolysis temperature are favorable for the
preparation of sorbents with high sorption capacities of anionic contaminants.
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