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Abstract

In this work, zinc borate (ZB) was employed as flame retardant for preparation of
biochar (BC). A series of BC samples were generated by varying the ZB to lotus
stalks (LS) ratio (0.25, 0.5 and 1.0) under different temperatures (300, 350 and 400 °C)
for 1 h. The BCs were analyzed for their surface morphologies, surface areas, surface
elemental compositions and yields. The results indicated that, after charring, ZB kept
the structures of the produced BCs as its starting material (LS), dramatically
enhancing their yields, and promoting their surface oxygen content. The BCs were
used as adsorbent for removal of Ni(II) from aqueous solutions. Sorption of Ni(II) on
the BCs was enhanced about 3-10 times compared with that of BCs derived from
pyrolysis of LS without adding ZB.
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1. Introduction

Sorption onto activated carbon has been proven to be a very simple and effective
technology for eliminating undesirable heavy metal ions from wastewater. Activated
carbon is usually fabricated at high temperatures (>450 °C) under well-controlled
activating conditions. In order to produce activated carbon with a well-developed
structure and high yield, the precursor after impregnating with activating agent is
activated at high temperatures (>450 °C for H;PO4 and ZnCl, activation and >700 °C
for KOH and NaOH activation) under inert gas atmosphere (nitrogen). Nevertheless,
its high cost precludes its large-scale application in developing countries. However, as
another carbonaceous material, biochar (BC) was produced by pyrolysis of biomass
under conditions of lower temperatures (< 400 °C) and easier preparation conditions
[1-3]. Thus, it shows much lower cost than activated carbon.

Recently, BC has been successfully applied as an effective adsorbent for removal
of metal ions from aqueous solution [4-6]. The properties of BC are mainly influenced
by its precursors and pyrolysis conditions. The time-temperature pyrolysis profile for
various biomasses was discussed thoroughly in previous publications [7-9]. However,
little information is available on addition of flame retardant for BC production.

During the past decade a very large number of zinc borate (ZB) was employed as
a highly efficient flame retardant for polymer materials [10-13]. ZB contains both
zinc oxide and boric oxide and acts as multifunctional flame retardant. During thermal
treatment, ZB functions not only as fire retardant, but as highly effective smoke

suppressant and corrosion inhibitor [14].
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The objectives of this paper are 1) to study the effect of additive amount of ZB
and charring temperature (300, 350 and 400 °C) on the textural and chemical
properties of produced BCs; and 2) to evaluate the sorption capacities of produced
BCs toward Ni(Il) by comparing with the BCs derived from pyrolysis of LS without

adding ZB.

2. Materials and methods

2.1. Materials

All the chemical reagents were of analytical grade and were used as purchased.
Lotus (Nelumbo nucifera), a kind of hydrophytes, has been widely planted as an
important and popular cash crop in many Asian countries. Lotus stalks (LS), with
porous caudex system and large cell gap, can be used as a low-cost and efficient
precursor for BC production. LS were obtained from a wetland located in Shandong,
China. After harvest, the LS were washed several times with distilled water, dried at
105 °C for 24 h and crushed to pieces of approx. 0.45-1.0 mm. ZB
(2Zn0-3B,05-3.5H,0) with particle size of 1~2 um was used as flame retardant. Ni**
solution was prepared by dissolving a weighed quantity of analytical grade

Ni(NO;)»-6H,0 in distilled water.

2.2. Preparation of BCs

About 10 g of LS were fully mixed with a weighted amount of ZB and 20 mL
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distilled water, and the mixed samples were then dried at 105 °C for 9 h to remove
moisture. The ratio (R, g ZB/g LS) was chosen from 0.25:1.0 to 1.0:1.0. After drying,
the samples were then placed in 150 mL ceramic crucibles, and each ceramic crucible
was covered with a fitting lid. The samples were charred at 300, 350 and 400 °C for 1
h under oxygen-limited conditions in a muffle furnace (combustion chamber, 300 *
200 * 120 mm). In order to evaluate the effect of ZB addition on the yields and
physicochemical properties of the final BCs, another three BC samples were also
prepared from LS without adding ZB at charring temperature of 300, 350 and 400 °C
for 1 h. After cooling to room temperature, the resulting charred residues were
pulverized for subsequent demineralization with 0.5 mol/L HCI. Then, the samples
were thoroughly washed with distilled water until the washing liquids attained a
constant pH, filtered and dried for 9 h at 105 °C. The BC samples were hereafter
referred to as BC-X-Y, with X and Y indicating the final charring temperature (300,

350 and 400 °C) and the R (0, 0.25, 0.5, and1.0), respectively.

2.3. Characterization methods

The thermo-gravimetric analysis (TGA) and derivative thermogravimetric (DTG)
curves of the raw LS and the mixture of LS and ZB were obtained by using a
thermo-gravimetric analysis (TGA-50 analyzer). The samples were referred to as
LS-X-Y, with X and Y indicating the final charring temperature (300, 350 and 400 °C)
and the ratio (g ZB/g LS; 0, 0.25, 0.5, and1.0), respectively. Each sample was heated

up to a designed temperature and kept at this temperature for 1 h at a heating rate of
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10 °C/min.

The BET surface area (Sgrr) of BCs was determined by adsorption of N, at 77 K
using a surface area analyzer (Quantachrome Corporation, USA). The Sger was
calculated from the isotherms using the Brunauer-Emmett-Teller (BET) equation. The
surface texture of the BCs was observed by using a scanning electron microscope
(SEM Hitachi S4800, Japan). The surface elemental composition of BCs was

determined using energy-dispersive spectrometer (EDS).

2.4. Nickel sorption

Sorption experiments were carried out with the initial concentration of Ni*™ in the
range of 20-80 mg/L. The sorption dose was 600 mg/L using 100 mL flask. The initial
pH was adjusted with addition of 0.01 M HCI or NaOH to the value of 6.00 = 0.02.
The flasks were kept in an isothermal water bath and agitated at 120 rpm for 48 h to
ensure that equilibrium was reached. The amount of Ni(Il) adsorbed at equilibrium
(Qe, mg/g) was calculated by the equation: Q. = (Co-C,)V/W, where Cy and C, are the
initial and equilibrium concentration of Ni(II) (mg/L); V represents the solution

volume (L); and W is the mass of adsorbent (g).

3. Results and discussion

3.1. Thermo-gravimetric analysis of LS-X-Y samples

The TGA and DTG curves obtained from the thermo-gravimetric analysis of

LS-X-Y samples are shown in Fig. 1. The weight loss for the samples during
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thermo-gravimetric analysis could be divided in to three stages. In the first stage, the
small amount of weigh loss as temperature ranged from room temperature to 200 °C
was due to the loss of water and light volatile compounds in LS. A significant weight
loss occurred in the second stage, as temperature increased from 200 °C to the final
temperature (300, 350 or 400 °C), which was mainly attributed to the evolution of
volatile compounds generated by decomposition of hemicellulose, cellulose and lignin
in LS. In the third stage, as temperature kept at a constant value of 300, 350 or 400 °C,
the samples displayed a continuous and slight weight loss.

It can be seen from Fig.1a that LS-X-Y (Y>0) samples displayed much lower
weight loss than LS-X-0 samples and their weight losses started at higher temperature
than LS-X-0 samples. These results indicated that ZB has good flame-retardant
performance for LS. The DTG curves of the samples heating at same conditions
showed a maximum peak at the same temperatures. Compared with LS-350-Y and
LS-400-Y samples, LS-300-Y samples exhibited more obvious a weight loss for the
third stage, indicating the incomplete charring of LS-300-Y samples. ZB started
decompose at about 290 °C by liberating water, boric acid and boron oxide. The boric
acid and soften boron oxide at temperature > 350 °C could promote the dehydration
and formation of a carbonized layer [11]. Thus, for LS-300-Y samples (Y>0),
LS-300-0 showed the highest maximum decomposition rate, while, for LS-350-Y and
LS-400-Y samples(Y>0), LS-350-0 and LS-400-0 samples exhibited lower maximum

decomposition rates than the other LS-350-Y and LS-400-Y samples.
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3.2. Physical and chemical characteristics and yield of BC

SEM images of the BCs are shown in Fig. 2. After charring, BC-300-Y samples
showed a similar structure to LS, while the structures of BC-350-Y and BC-400-Y
samples were obviously corroded. Compared with the other BC-X-Y samples, the
structures of BC-X-0 samples were more severely corroded. Some particles or flakes
on the surfaces of BC-X-0 samples were observed, which could be attributed to the
chemical vapor deposition of pyrolysis products. The surfaces of BC-X-Y samples
(Y>0) were more smooth than BC-X-0 samples resulting from the formation of
carbonization layer promoted by the presence of ZB and its good afterglow
suppressant performance.

As shown in Table 1, the BET surface area of BC-X-0 samples increased with
increasing pyrolysis temperature. The production of volatile compounds inside the LS
particles gradually increased with increasing final temperature, resulting in increase of
porosity [15]. The BC-X-Y samples (Y > 0) got the highest surface areas at
temperature of 300 °C. This result may be due to the formation for boric acid
decomposed by ZB that made the BCs’ surfaces smooth at high temperature.

For the external heating (muffle furnace), thermal energy is supplied to the surface
of sample and then transferred inside by heat conduction, and therefore it is difficult
to achieve a uniform temperature for the sample [16]. As a result, the internal and
external elemental composition of the produced BC would be different [17]. Surface
elemental compositions of the BCs are shown in Table 1. The relatively higher values

of O/C for BC-X-Y samples (Y > 0) compared with BC-X-0 samples indicated that
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more O-containing groups existed on their surfaces. As the most active minor element
in biochar, the oxygen atoms can be present in various forms of surface functional
groups. At high temperature ZB could form an impervious layer on the surface of LS,
promote the formation of char at the surface of LS and prevent the release of
combustible gases from the surface of LS. These properties of ZB promoted the
carbonation lignocellulosic materials and also preserved its surface oxygen content.
Zinc and boron were not detected in these samples, indicating Zn and B compounds
were removed in the washing stage.

The yields of each BC were recorded in Table 1. The yield is defined as the %
ratio of weight of BC produced to the weight of LS utilized for charring. Yields of the
BCs declined with increasing temperature and increased with increasing the amount
of ZB added. The yields of BC-X-Y samples (Y > 0) were dramatically much higher

than BC-X-0 samples.

3.3. Ni(Il) sorption capacities of BC

The sorption isotherms of Ni(Il) onto the BCs were studied at different initial
Ni(II) concentrations ranging from 20 to 80 mg/L and are shown in Fig. 3. In order to
estimate the maximum sorption capacity and the sorption intensity of Ni(II) onto the
BCs, Langmuir (Q. = OnK1C/(1 + KLC.)) and Freundlich (Q. = K¢ C." ") isotherm
models are conducted to simulate the sorption. Herein, O, (mg/g) is the amount
adsorbed; C, (mg/L) is the equilibrium concentration; Q,, (mg/g) is the maximum

sorption capacity; K is the Langmuir sorption constant; and Ky and 1/n are the
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Freundlich constants.

The constants of Langmuir and Freundlich models fitting into the sorption data
were listed in Table 2. The values of correlation coefficient (R*) obtained from
Langmuir model were much higher than those obtained from Freundlich model,
which indicated that the sorption of Ni(II) on the BCs was simulated better by
Langmuir model than by Freundlich model. It can also be observed from Fig. 3 that
the Langmuir model fits the data better. The //n values of the BCs were between 0
and 1, representing a favorable sorption of Ni(II) onto the BCs.

As shown in Table 2 and Fig 3, the sorption capacity of Ni(II) onto the BC-X-Y
samples obtained its maximum at Y = 0.5 (BC-300-0.5, BC-350-0.5 and BC-400-0.5)
for different charring temperatures and at X =300 °C for different R (g ZB/g LS). The
considerable Ni(II) sorption capacity of BC-300-Y samples (Y > 0) could be
attributed to the roles of the higher O-containing groups and non-carbonized biomass
fractions in heavy metal immobilization, as proposed by Uchimiya [18]. It is obvious
that the Q,, (mg/g) for the BC-X-Y samples (Y > 0) was about 3-10 times higher than
that on BC-X-0 samples. The higher sorption capacity for Ni(Il) may be attributed to
their much higher O-containing groups, resulting in more positive sites for Ni(I)

sorption by cation exchange, electrostatic attraction or surface complexation.

4. Conclusion

This study investigated the preparation of BCs by using ZB as flame retardant.

The obtained promising results indicated that, by comparing to the BC-X-0 samples, 1)
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7B prevented the structure of the BCs from corrosion at high temperature; 2) much
more oxygen-containing groups and yields of the BCs were developed by using ZB as
flam retardant; 3) using ZB as flame retardant for BC production can dramatically

enhanced the Ni(Il) sorption capacities of the produced BCs.
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Figure captions

Fig. 1. TGA and DTG curves of LS-X-Y samples.
Fig. 2. SEM images of the BCs.

Fig. 3. Sorption isotherms of Ni(Il) on the BCs.
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Table 1 Surface area, surface elemental composition and yields of the BCs.

Samples Sger (m¥g) C (%) O (%) O/C(%) Si(%) Yield (%)
BC-300-0 9 60.15 39.62 6587 023 384
BC-300-0.25 24 4823 51.63  107.1 014  43.1
BC-300-0.5 41 4749 5235 1102 016 457
BC-300-1.0 45 5139 4822  93.83 039 502
BC-350-0 21 6583 3406 5174 011  31.0
BC-350-0.25 24 5377 4615  85.83 008 364
BC-350-0.5 18 5209 4786 9188 005 379
BC-350-1.0 17 5578 4405 7897  0.17 435
BC-400-0 41 7230 2747 3799 023 269
BC-400-0.25 17 60.79 39.02 6419 019 326
BC-400-0.5 26 5763 4198 7284 039 346
BC-400-1.0 21 6270 37.17 5928 013 386
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Table 2 Langmuir and Freundlich constants related to the sorption isotherms of Ni(II) for the BCs.

Langmuir Freundlich
Samples qm : kr, R Un kr L )

mg'g~  L'mg mg L'/g
BC-300-0 6.4 0.456  0.9999 0.059 4.85 0.9761
BC-300-0.25 59.9 0.255  0.9942 0.234 235 0.9821
BC-300-0.5 61.7 0.267  0.9987 0.233 243 0.9871
BC-300-1.0 495 0.288  0.9991 0.194 224 0.9689
BC-350-0 10.3 0.226  0.9996 0.109 6.10 0.9988
BC-350-0.25 38.8 0411  0.9998 0.131 225 0.9623
BC-350-0.5 40.8 0.298  0.9996 0.161  20.7 0.9823
BC-350-1.0  38.0 0.266  0.9995 0.166  2.93 0.9603
BC-400-0 10.5 0.321  0.9996 0.078 7.21 0.9977
BC-400-0.25 34.7 0.464  0.9996 0.110 21.8 0.9434
BC-400-0.5 40.0 0315  0.9988 0.147 213 0.9902
BC-400-1.0 299 0.348  0.9994 0.119 17.7 0.9452
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Fig. 1. TGA and DTG curves of LS-X-Y samples.
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Fig. 2. SEM images of the BCs.
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