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Table 1. Some physicochemical properties of soil sample.
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Soil texture loamy Available-P (mg kg™)
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pH DTPA-Zn (mg kg ™)
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EC (dS m™) DTPA-Cu (mg kg)
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OM (%) ’ DTPA-Mn (mg kg™) ’
S35 ol b 173 g b o Soslas oal 53
CEC (Cmol(+) kg™) DTPA-Fe (mg kg™)
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Total Zn (mg kg™)
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Table 2. Some chemical characteristics of applied biochars.

C”:“)“} Q)‘J oS (.4\5 oS
Property Corn straw Wheat straw
S calaas L
AN el 5.14 11.62
EC (dS m™)
slac
s 10.6 10.5
pH
S sl s b
SRS Pl b 74.4 80
CEC (Cmol(+) kg™
e 65 14.3
Zinc (mg kg")
S 03 0.04
Phosphorous (%)
os 68.02 56.25
Carbon (%)
s 2.84 2.48
Hydrogen (%)
0557 1.24 0.71
Nitrogen (%)
o<l
o 5.13 7.34
*Oxygen (%)

Olog et 4o 5 Er o LTy
Licorice root pulp Rice husk Sheep manure
2.40 1.82 9.96
9.5 11 10.2
42.8 47.6 129
2.8 12.2 53.5
0.06 0.09 0.25
57.76 49.22 31.79
225 2.19 1.00
243 0.77 0.90
6.21 8.70 12.9

wsle IS 31 05520 5 O5soded (oS «usby S Sl duoys sl b 3l el dalons
* Determined by subtraction of ash, moisture, C, N and H from total mass.
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Table 3. Elemental composition of used zeolite (%).

cl TiO, MgO CaO

K,0

NaZO F6203 A1203 SIOZ

0.77 0.13 0.41 0.27

2.13

3.56 0.59 8.47 70.56
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Figure 1. FTIR spectra of sheep manure biochar (SMB).
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Table 4. Effect of biochar and zeolite levels on changes of zinc chemical forms in a Zn-polluted calcareous soil.

Sles
; C CSB WSB RHB LRB SMB
Treatment
Sl 5 Jglome JS02
WsEx
Zo 17.88*° 10.73" 10.85* 13.16" 16.24°¢ 11.60° 13.41 A
Z 14.36 ¢ 9.72° 9.98° 1448 " 16.76° 11.367 1278 B
Z, 15.92¢ 1042™ 10.24" 11.407 14.80°¢ 10.64" 1224 C
16.05 A 1029 F 1036 E 13.01C 1593 B 11.20D
Sbos e
Car
Zo 146.10* 109.80 © 94.00 ™ 107.30 " 125.20° 95.36" 113 A
Z 121.80°¢ 87.92% 91.127 94,72 M 114.40 ¢ 86.87 % 99.46 B
Z 113.30¢ 97.16 ¢ 87.03 % 93371 110.50 © 97.69 ¢ 99.84 B
127.1 A 98.28 C 90.72 E 98.46 C 116.7B 93.30 D
S s
oM
Zs 11.39% 10.19 ¢ 9.18 M 9.99 ¢ 12.33° 10.08 ™ 10.53 A
Z 11.04 < 8371 8234 7.921 1211 10.89 ©* 9.76 B
Z 10.54 ¢F 9.67 ™ 8.107 9.48 ¢ 11.08 11.40°% 10.05B
10.99 B 941C 8.50 D 9.13C 11.84 A 10.79 B
5 ST 4 A g K
MnOx
Zo 31.30° 26.03° 21.13 ¢ 24.13°¢ 22.14 % 24.17°¢ 2481 A
Z 2330 2220% 19.81 % 26.78° 2142 2239 % 22.65B
Z> 27.10° 2147 19.28 ¢ 26.78° 22.55¢%¢ 21.85%® 23.17B
2723 A 23.24C 20.07 E 2590 B 22.03D 22.80 CD
IS ol ST 4 s IS0
AFeOx
Zo 115.8° 148.7° 121.8°° 139.7*¢ 135.9 ™ 147.5° 1349 A
Z 118.3 % 141.8™ 133 121.4°° 133.1% 139.9 * 1312 AB
7 147.4° 133.6 ™ 132.5* 1314 97.05f 1243 % 127.7B
127.1 BC 141.4 A 129.1 BC 130.9 BC 122C 137.2 AB
J))J.g u‘d LSl A g L}QL
AFeOx
Zs 1193 % 126.8>° 1525 12290 1202 129.1%¢ 1285 A
7 113.2°¢ 119.9 > 132.7° 127.6%° 114.7 ¢ 114.6 ¢ 1204 B
Z, 100.5 ¢ 1143 4¢ 129.6 % 1114 % 127.7%¢ 123.1%F 117.7B
111C 1203 B 1383 A 120.6 B 120.8 B 1223 B
oile 3L S5
Res
Zo 2325¢ 38.01 ¢ 56.83 >° 47.834F 3223 "% 53.85°¢ 42.02C
Z 63.93 ¢ 83.87° 71.15 ¢ 73.76 ® 53.75°¢ 87.04* 72.25B
7 52.56 °° 84.76° 83.13° 85.77° 86.92° 85.19° 79.72 A
46.58 C 68.88 A 7037 A 69.12 A 57.67B 75.36 A

.Lp);oJW\CE,‘)Jé)LJ)Ej\M,«zﬁg}}w\eyﬁ,b_ﬂ\iQﬁﬂﬁjzéﬁhp%ﬁjf)jag’ﬂq)fébbL;Laaiil?aﬁ

S Vo )b@m

* Numbers followed by same letters in each column and rows, in each section, are not significantly (P<0.05) different.
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Table S. Effect of biochar and zeolite levels on zinc mobility factor in soil.

C CSB WSB RHB LRB SMB

Zo 3527° 25.62¢ 22487 25.91¢ 30.46° 22681 27.07 A

Z 29.22°¢ 20.61" 21.70% 23.40" 28.13 ¢ 20.77" 2397 B

Z, 27.66 ¢ 22821 20.70'! 22317 26.62° 22.841 23.83 B
30.72 A 23.02D 21.63 F 23.87C 28.40 B 22.10E

s I3 pxe Ao )5 0 Ju:}lCEM)JL;)\AT)E)'\J)J;yjajk.wlioﬁﬂ,a)adjzu&{jsjgjﬁ O:J‘Ydjf‘_gbb‘_gu@iil.:n#
* Numbers followed by same letters in each column and rows are not significantly (P<0.05) different.
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Figure 2. Zinc release pattern as affected by applied treatments in soil.
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Figure 3. Fitting the two-first order reaction to Zn release data in WSB+Z, treatment.
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Table 6. The parameters of two-first order reaction model in different applied treatments in soil.

Quimgkg") k(") Q(mgkg) k()  Qi(mgkg) R? SE

C 148.95 3.03 167.71 0.064 150.34 0.99 4.70

Z, 125.03 3.43 135.38 0.133 205.09 0.99 5.40

Z, 122.30 3.32 149.11 0.086 197.59 0.99 7.11
CSB 103.43 2.56 102.81 0.090 263.26 0.99 4.57
CSB+Z, 87.03 3.11 103.82 0.107 285.15 0.98 6.89
CSB+Z, 78.12 3.25 117.24 0.162 277.64 0.99 7.28
WSB 85.34 2.99 107.68 0.086 274.98 0.99 6.15
WSB+Z, 94.03 2.89 108.14 0.069 264.83 0.99 3.99
WSB+Z, 89.67 2.84 104.50 0.052 276.83 0.98 7.02
RHB 121.48 1.93 108.15 0.088 233.37 0.99 7.02
RHB+Z, 82.50 4.51 139.72 0.137 245.78 0.99 4.20
RHB+Z, 95.12 3.19 126.08 0.131 247.80 0.99 7.60
LRB 131.05 2.29 167.94 0.046 167.01 0.99 9.10
LRB+Z, 125.54 2.79 134.72 0.086 203.24 0.99 5.47
LRB+Z, 121.59 2.89 130.52 0.075 218.89 0.98 8.77
SMB 116.78 241 136.22 0.027 220.5 0.98 8.49
SMB+Z, 106.43 3.27 121.43 0.124 245.14 0.98 8.90
SMB+Z, 98.45 3.90 111.87 0.133 259.68 0.98 8.54
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Table 7. Effect of biochar and zeolite levels on changes of Q,/Q; and Q,/Q; ratios of zinc in soil.

Ao C CSB WSB RHB LRB SMB
Treatment

Qi/Qs
Zo 0.991° 0.393 ¢ 0.310 %% 0.521°¢ 0.785° 0.530 ¢ 0.588 A
Z 0.610°¢ 0.305 0.355" 0.336 0.618°¢ 0.434° 0.443 B
Z 0.619° 0.281" 0.324 1 0.384 ¢ 0.5559 0.379 ¢ 0.423 C

0.740 A 0.326 E 0.329 E 0.413 D 0.652 B 0.447 C

Qx/Q3
Zo 1.116° 0.391 ' 0.392™ 0.463 1.006° 0.618°¢ 0.664 A
Z 0.660 ¢ 0.364" 0.408 0.568 ¢ 0.663 ¢ 0.495" 0.526 B
Z, 0.755 ¢ 0.422% 0.377™ 0.509 " 0.59 * 0.4311 0.515C

0.843 A 0.392 D 0.392D 0.513C 0.755 B 0.514C

JW\CEA‘)ALg)LaT,E)'\MﬁﬁJ}.b_;,:a)aJla.wlioj:.w,a)zij&gﬁjfjﬁdg‘ﬁd}f‘_gbbébai}l:ﬂ#

RS - )‘J&M Loy 0

* Numbers followed by same letters in each column and rows in each section are not significantly (P<0.05) different.

(8385 (St dslas S 5 55, loed UK G (1) O g oy (Koo o 2 —A Jgb

Table 8. The Pearson correlation coefficient between zinc chemical forms and constants of two-first order
kinetic equation.

WsEx Car OM MnOx AFeOx CFeOx Res Q Q2 Qs
WsEx 1 0.83**  (0.62%* 0.51* -0.31™ -0.37™ -0.57* 0.62**  -0.48* -0.62*
Car 1 0.67** 0.55* -0.27™ -0.28™ -0.76%* 0.34* -0.35% -0.30*
oM 1 0.16™ -0.13™ -0.39™ -0.44™ 0.16™ -0.17"™  -0.11™
MnOx 1 -0.02™ -0.35™ -0.46™ -0.51* 0.53* 0.42*
AFeOx 1 -0.25™ -0.22"™  -0.69%*  0.54* 0.73%*
CFeOx 1 -0.02™  -0.87*%  0.73%*  (.85%*
Res 1 -0.92¥*  (0.86**  0.80%*
Qi 1 -0.91*%  -0.92%*
Q2 1 0.70**

Qs 1

B R Y RN S &»ﬂj})‘ﬁw %JJA{"S)% K
** * are significant at 1 and 5% probability level, respectively and ™ not significant.
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Abstract

Background and Objectives: The use of organic and inorganic amendments is one of the effective
methods for reducing the deleterious effects of heavy metals in contaminated soils and their
immobilization. Addition of biochar as an organic soil amendment may change some soil chemical
properties and provides suitable condition for immobilization of heavy metals in soil. Also, zeolite is a
porous alkali alumino-silicate mineral that its application as an inorganic modifier is developing
particularly in stabilizing of heavy metals in soil. Therefore, the aim of this study was to evaluate the
effectiveness of biochar (derived from different organic materials) and natural zeolite application and
their interaction on immobilization of zinc in a Zn-contaminated calcareous soil.

Materials and Methods: The appropriate amount of soil from the surface horizon (0-30 cm) of a
calcareous soil, was collected, air dried and passed through 2 mm sieve. Then, the amount of 400 mg kg™
Zn supplied as ZnSO,, 7 H,O was added to each soil sample (200 g). A factorial experiment in a
completely randomized design was done with three replications. Factors included zeolite at three levels
(0 (Zy), 3% (Z,) and 6% (Z,) (w/w)) and biochar at six levels (without biochar application (C), wheat
straw biochar (WSB), corn straw biochar (CSB), licorice root pulp biochar (LRB), rice husk biochar
(RHB) and sheep manure biochar (SMB) each at 3% (w/w)). Contaminated soil samples were treated
according to the experimental design and were kept for 90 days at room temperature (2242 °C) and about
field capacity moisture with distilled water. To evaluate the effectiveness of applied amendment materials
in soil for immobilization of zinc, the sequential extraction procedure (sing et al, 1988), mobility factor
(salbu and kreckling, 1998) and the parameters of two-first order kinetic model (Q;, Q, and Q;) (Santos
et al., 2010) were used.

Results: with increasing zeolite levels from Z, to Z,, the concentration of soluble-exchangeable (WEX),
carbonatic (Car), organic (Om) and FeMn-Oxides fractions were decreased significantly while residual
(Res) form of Zn was significantly increased. Application of all biochars significantly caused the decrease
of WEx, Car and MnOxides (MnOx) forms in soil while crystalline Fe oxides (CFeOx) fraction was
significantly increased compared to control (C). Res fraction was also increased significantly as
influenced by different biochars application compared to control, so that, the impact of WSB, CSB, RHB
and SMB treatments were similar and more than LRB treatment. The mobility factor (MF) value in
different biochar treatments were as: C > LRB > RHB > CSB > SMB > WSB. Combined treatment of
WSB and Z, (WSBZ,), had the lowest MF of Zn in soil. The Q; parameter of the kinetic model had
significant and positive correlations with WEx and Car forms of Zn while Q3 and Q, parameters had a
significant and positive correlation with MnOx, FeOx and Res fractions. Furthermore, with application of
all five biochars and increasing zeolite percentage, Q;/Q; and Q,/Q; ratios were significantly decreased
compared to control. The lowest values of Q;/Q; and Q,/Qj; ratios were observed in CSBZ, and WSBZ,
combined treatments respectively.

Conclusions: application of all biochars and zeolite levels, led to the redistribution of Zn in soil, so that,
Zn was transformed from more available forms to more stable forms. According to the results, it seems
that the combined application of WSB and zeolite (Z,) was the best treatment to stabilize Zn in the
studied soil.

Keywords: Stabilization, Amendment materials, Chemical fractions, Mobility factor

* Corresponding Author; Email: hr.boostani@shirazu.ac.ir

A



