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Table 1. Some chemical characteristics of applied biochars.

Gl S 5 S Tr o Ol e aday i pkS oS KIPEINLY S A
(Sheep manure) (Rice husk) (Licorice root pulp) (Wheat straw) (Corn straw) (Property)
S culs Ll
9.96 1.82 2.40 11.62 5.14 AN Sl
(EC (1:10)(dS m™))
Sl
10.20 11.00 9.50 10.50 10.60 :
(pH (1:20))
5518 Jols b B
129.00 47.60 42.80 80.00 74.40 G “’?a’bl
(CEC (Cmol(+) kg™))
21.50 3.50 nd 2.85 14.05 o ;
(Copper (mg kg™))
0.25 0.09 0.06 0.04 0.30 a
(Phosphorous (%))
31.79 4922 57.76 56.25 68.02 i
(Carbon (%))
NN
1.00 2.19 225 248 2.84 2020%
(Hydrogen (%))
0.90 0.77 243 0.71 1.24 Nl
(Nitrogen (%))
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Table 2. Elemental composition of used zeolite (%).
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Table 3. Some physicochemical properties of soil sample before polluting.
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(Value) (Property) (Value) (Property)
150 ol LG i s Sl 2l
’ (Available-P (mg kg')) (Loamy) (Soil texture)
08 loss bodd g Sejlas (55, 76 Slo
(DTPA-Zinc (mg kg ™)) (pH)
L5 |l bodd 5 Sojlas 0.9 S clas e LB
' (DTPA-Cupper (mg kg™)) ' (EC (dS m™))
126 I s bodd (¢80 jlas ;K 12 JI@JL«’
(DTPA-Manganese (mg kg™)) (OM (%))
53 lesss bk (5, Solae ol 173 S5 Iy e b
(DTPA-Iron (mg kg™)) (CEC (Cmol(+) kg™)
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17.0 & o 52.0 s s
(Total copper (mg kg™)) (CCE (%))
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Table 4. Sequential extraction procedure (Sposito et al., 1982).

ASolas gled S5

(Chemical composition

j:ge)La.G chle
(Extractant

P yaFe 055
(Specific gravity (g cm™))

O3l OGS Ol

(Shaking time (h))

(Chemical forms)

of extractant) concentration (M))
L
KNO; 0.5 1.02 16 Sl
(WEXx)
bw\n;'\_/‘v\?
X-H,0 55.5 0.99 2 o
(Sor)
i
NaOH 0.5 1.01 16 S
(OM)
5Ly
Na;EDTA 0.05 1 6 S
(Car)
-] L° 'LJ
HNO, 4 1.12 16 NG
(Res)

WExX: water soluble and exchangeable form; Srb: adsorbed form; OM: organic form; Car: carbonatic form;

Res: residual form.
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AT e Gzt 3 Wsles 5 OT Jltis 5 S

oA
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1- Reduced partitioning index
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Figure 1. FTIR spectra of licorice root pulp (LRB) (A) and sheep manure biochars (SMB) (B).

o 4 031 (SaT S K S alin bl B g Sl 85 s 35 58 S Sl e ik -0 Jpx
Table 5. Mean squares of effect of biochar and zeolite application on Ph and Electerical conductivity of a
Cu —contamibnated calcareous soil.

Flag S la s @5l ax s S b
(pH) (Electerical conductivity) (DF) (S.0.V)
e
0.065%* 0.822%* 5 ey Ji
(Biochar)
S C.”J £
0.309%* 0.001™ 5 Js53 C}Ja,ﬂ

(Zeolite level)

A FS psle X s U

0.006%* 0.0001™ 10
(Biochar x Zeolite)
Lo
0.001 0.0001 36
(Error)

.)‘J&M}}M)é;gich“)é)b@m g.‘,.;‘JSA._vnS}
** 1 are significant at 0.01 probability level and not significant respectively.

1
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Figure 2. Interaction Effects of biochars and zeolite levels application on changes of pH (1:5) in a

Cu-contaminated calcareous soil.
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Figure 3. Main effects of biochars application on electrical conductivity (1:5) in a Cu-contaminated calcareous soil.

Parameters description is available in Figure 2.
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Table 6. Mean squares of Effect of biochar and zeolite levels on changes of copper chemical forms in a

Cu-contaminated calcareous soil.

ol B ) a5
NERgED Sbs S s s s . 5
s S8 &3l
(Res) (Car) (OM) (Sor) (WSEx) (S.0.V)
(IR) (DF)
s
81.94%* 14545.68%%  11221.35%%  212.35%+  [5.40%* 0.25%+ 5 s S
(Biochar)
s
72.29%+ 10727.37%%  6284.03%*  435.63%%  § 89** 0.34%+ 2 355 o
(Zeolite level)
s s s
4.57%% 525.58%* 280.39%*%  [37.81%*  6.01%* 0.13%+ 10 A5 gt 3 IS
(Biochar x Zeolite)
et
0.082 14.947 15.178 2711 0.795 0.024 36
(Error)

** is significant at 1 % probability level.

Parameters description is available in Table 4.
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Table 7. Effect of biochar and zeolite levels on changes of copper (mg kg"') chemical forms in a
Cu-contaminated calcareous soil.

SMB LRB RHB WSB CSB C o
Treatment
S 5 Jgee IS5
(WsEx)
424 A 3.96 e-g 4.04 d-f 4.56 d-f 4.08 d-f 4.05 d-f 475a Zo
425A 4.44 be 4.15 d-f 4.48 be 413 d-f 4.11df 422 ce Z
401B 4.01d-g 373 g 4.05 d-f 428 cd 3.87 fg 4.11 d-f Z,
413 B 3.97C 436 A 4.16 B 4.01 BC 436 A
sl IS
(Sor)
1437 A 14 cd 11.75 16.37 ab 13.34 d-f 16.81 ab 13.94 cd Zo
14.55 A 11.89 ef 12.11 ef 15.19 be 15.28 be 15.78 ab 17.06 a Z
13.25B 11.98 ef 13.55 de 15.19 be 12.93 d-f 13.01d-f  12.86d-f Z,
12.63 D 1247D 15.58 A 13.85C 1520 AB  14.62 BC
S s
(OM)
9247 A 90.71 ce 93.87b 92.06 be 83 hi 84.50 gh 110.7 a Zo
85.84 B 89.12¢f  91.33b-d 77.87 87.89 of 80.41 ij 88.43 d-f Z
82.86 C 73.43 k 90.53c-¢  84.18 gh 86.83 fg 79.24 j 82.93 hi Z,
84.42C 9191 B 84.70 C 85.91C 81.39D 94.02 A
Ss Jss
(Car)
2375 A 209.5h 271.1be 251.9d 187.8 jk 216.4 fg 288.1a Zo
226.7B 198.8 2663 ¢ 222 ef 183kl 214.6 gh 275.8b Z
201.1C 169.4 m 228.1¢ 191 180.51 184.8 j-1 252.9d Z,
192.5E 2552 B 221.6C 183.8F 2052 D 2722 A
slila L ISCs
(Res)
170.4 C 201.8 ¢ 138.7 ij 1533 h 2304 ¢ 196.9 ¢ 101.2K Zo
187.8B 216.8d 14421 2003 ¢ 2294 ¢ 203.7 ¢ 132.7 Z
218.6 A 261.7a 184.4 f 225.1¢ 237.1b 238.5b 1649 g 7,
226.8 B 1558 E 192.9D 2323 A 213C 1329F

Ju.:;—\@MjséjuT#)\WﬁjsJ)kQ:«:J;J,la,.alioﬁﬂﬁjzéﬁb&gﬁjfjﬁ&;ﬁu_bf51J1>L5Lm¢,:.<'\,_¢%

s s g As )3 0

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

Parameters description is available in Figure 2 and Table 4.
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Table 8. The Pearson correlation coefficient ® between copper chemical forms, reduced partitioning index

percentage with soil pH.

Aals S8 atls U Ss S e Sl 5 sl
(IR) (Res) (Car) (OM) (Ads) (WsEx)
lacs
0.31* 0.32%* -0.17" -0.51%* -0.23™ -0.47%%* S
(pH)

Dls gae RJM})@‘M})&CE»—/J))\J RNV PR

** * are significant at 1 and 5 % probability level, respectively and ™, not significant.

Parameters description is available in Table 4.
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Table 9. Effect of biochar and zeolite levels on reduced partitioning index percentage of copper in soil.

SMB LRB RHB WSB CSB C
69.01 C 71.34 gh 671 67.63 k 7381 ¢ 71.08 h 63.21n Z
70.55 B 72.58 ¢ 67.48k 71.75 {g 73.27d 71.86 f 66.37 m Z,
72.99 A 76.58 a 70.211 73.19d 74.02 ¢ 74.61 b 69.31] Z,
73.50 A 68.23 D 70.86 C 73.70 A 72.52 B 66.30 E

BWRTN JLQ.T:’-‘CE._«Jé bl S 3 Jade e 53 e b Ot e s S i S iS5 Son oY S b sl Sl

A _)‘)L;.JJ

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

Parameters description is available in Figure 2.
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Figure 4. Copper release pattern from soil as influenced by different treatments application.

Parameters description is available in Figure 2.
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Table 10. The parameters of two-first order reaction model in different applied treatments in soil.

SE R’ Qs (mgkg) k(b))  Q(mgkg") ki (h') Qi (mgkg")

23.45 0.98 82.03 0.0043 298.45 22.82 138.52 C
34.30 0.94 113.29 0.0039 265.26 0.294 140.45 Z,
26.58 0.97 80.99 0.0022 289.56 0.373 146.41 Z,
20.09 0.98 129.59 0.0022 286.79 0.491 101.62 CSB
17.47 0.98 166.11 0.0028 243.66 0.238 107.73 CSB+Z,
24.13 0.96 150.83 0.0018 247.58 0.251 121.09 CSB+Z,
17.59 0.98 124.83 0.0021 280.59 0.190 114.58 WSB
14.68 0.99 132.38 0.0020 271.59 0.216 114.43 WSB+Z,
16.23 0.98 179.71 0.0027 230.93 0.291 109.36 WSB+Z,
6.88 0.99 110.55 0.0031 292.90 0.326 114.55 RHB
10.94 0.99 108.61 0.0020 290.29 0.464 119.16 RHB+Z,
13.05 0.99 135.82 0.0021 268.36 0.385 117.05 RHB+Z,
20.53 0.98 89.75 0.0030 291.75 0.251 137.50 LRB
11.91 0.99 93.78 0.0031 298.06 0.396 127.16 LRB+Z,
20.61 0.98 130.12 0.0034 262.71 0.282 127.17 LRB+Z,
20.06 0.98 121.92 0.0021 267.16 0.320 130.92 SMB
16.39 0.98 130.79 0.0024 276.47 0.457 114.74 SMB+Z,
22.74 0.97 153.04 0.0025 256.27 0.351 111.69 SMB+Z,

Parameters description is available in Figure 2.
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Table 11. Mean squares of effect of biochar and zeolite levels on changes of Q,/Q; and Q,/Q; ratios of copper

in soil.
51 25 sl
Q./Qs Q1/Qs ST 7
(DF) (S.0.V)
- H L'p .
2.913%* 0.937* 5 s IS
(Biochar)
cdss
2.038%* 0.211%* 2 3555 g
(Zeolite level)
cdss oy Jle
0.587%* 0.107%* 10 A5 g X e JES
(Biochar x Zeolite)
o
0.0001 0.0001 36
(Error)

.J‘bﬁf}“)é&&)))bw g/.;JSA.vnS)

** ™ are significant at 0.01 probability level and not significant respectively.

S e Qr/Q3 5 Qu/Qs Sl i 5 S B b 5 (Few 3B ST Jpr
Table 12. Effect of biochar and zeolite levels on changes of Q1/Q3 and Q2/Q3 ratios of copper in soil.

SMB LRB RHB WSB CSB C Ao
Treatment
Q1/Qs
1.172 A 1.074 g 1.532¢ 1.036 h 0.918 ] 0.748 0 1.689 b Zy
1.014 B 0.877k 1356 d 1.097 £ 0.864 1 0.649 q 1.240 ¢ Z
0.964 C 0.730 p 0.977 0.862 m 0.609 0.803 n 1.808 a Z,
0.893 D 1.288 B 0.998 C 0.797 E 0.745 F 1.579 A
Qx/Q3
2.698 A 2.191j 3.251¢ 2.649 f 2.248h 22131 3.638a Zy
2.304B 2.114k 3.178d 2673 ¢ 2.0581 1.467 q 2341 ¢ Z
2.029 C 1.675 0 2.019m 1.978 n 12851 1.641 p 3.575b Z,
1.993 D 2.816 B 2433C 1.862 E 1.774 F 3.185 A

JL&J’"CEMJ)&)LAT#_}‘Mﬁ))J)J?O.:AJ)JEML.‘oﬁﬂﬁjﬁéﬁb&‘}s)\jjﬁ;x;YkJ)Fé‘)‘)éu;ﬁﬁv\?&ﬁ

i Sl pme Ao s 0

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

Parameters description is available in Figure 2.

e glajably o Osesm (Nhemad g0
S ol Ol e plens b K 5 Saw
Seen e S 2L Q0 5 Q1 s
Stees o 0 bile SL S L 5 (olsome e

vy

el 0l 0351 Y IS 55 b el )l o 53

G Se b dlods ews (306 55 S Juks
Sl g Seslas Gy LS Gy pbed

L .V) sl byl s s So 3L
&= d =0l D Se)



S8 B8 (540 9 (Sliwgs L yison

Qo o I i 3l memd 5 o5 i b BLSSI 5o
s Sbis s T ekile 3L i b bl s
) ol slibe SL s 4 by e Q; e
Q/Qs 5 QI/Q3 slacs Hldie 4= a
I S ol ol ekasilE sk S
o by s e elaiad LB L Sl Lo
s 5 ol asil JU| oslizad W5, 5 Il
old JeS S e gl s el Al
el os B s eesdes ks cpl b el
S s 5 ssba e a4 B bl

..,\..:\obj.g

53 Lols Ol Aoy S sl 53 (gl pre e
St s s sl il IS5 L Qs bl s
Stmad Gl S ISE L5 s e Ste Ses
Bl Ol Aoy sl 3 1y ol e
S e GlS s IS e
JSE L JSEss ol s Sl Cote (St
Sy Gl e (Senes e okl L
Sl (Y010) 0len 5 golio (O Jsds) cdls
reedS Sls S L Qb s s
S L Qe bl s s e (Saees
(FV) 5l DL (gl ine piin Shuas oilo 3L
Qi bl &5 25,8 0l (V00 0) UL 5 555

(B (Setew dolas ol jw glend ‘5‘.&‘)&53 o () O gy ‘;:.m.a RS | S PRES
Table 13. The Pearson correlation coefficient between copper chemical forms and constants of two-first order

kinetic equation.

S g U Ses e R JSS eabgl Sls S el Dol sl
(Q3) (Q2) Q1 (Res) (Car) (OM) (Sor) (WsEx)
i i i i i i Lsd
0.33™ 0.42™ 0.04™ 042" 038" 047F 017" 1 H3 9 dsle
(WsEx)
o
0.06™ 0.01"™ 0.22™ 015" 012 0.01™ 1 o
(Sor)
i
0.53% 0.45™ 0.46™ 0.74%%  0.66% 1 S
(OM)
st
-0.80%* 0.63%* 0.71%%  0.99%* 1 s
(Car)
oile 3L
0.78%* 20.63% -0.68%* 1 o
(Res)
u :
0.74%% 038" 1 1 J
Q1
U - s
0.90%* 1 JH s J5
(Q2)
1 S
(Qs)
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** * are significant at 1 and 5 % probability level, respectively and ™, not significant.

Parameters description is available in Table 4.
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Abstract

Background and Objectives: In situ immobilization procedures concern the reduction of heavy metals
bioavailability in contaminated soils using the materials which are compatible with the environment. In
recent years, biochars have been used effectively to minimize the heavy metals uptake by agricultural
crops in polluted sites using the immobilization process. Also, zeolite is a porous alkali alumino-silicate
mineral that its application as an inorganic modifier is developing particularly in stabilizing the soil heavy
metals. Accordingly, the aim of this study was to investigate the copper (Cu) stabilization as influenced
by biochars (derived from different organic materials) and natural zeolite application and their
interactions in a Cu-polluted 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 500 mg kg™
Cu supplied as CuSO,4, 5 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 (22+2 °C) and about
field capacity moisture with distilled water. To assess the efficiency of applied amendment materials in
soil for stabilization of Cu, the sequential extraction procedure, reduced partitioning index (Ir) and the
parameters of two-first order kinetic model using EDTA extractant (Q;, Q, and Q;) were used.

Results: Relative percentage of Cu chemical fractions in different treatments in soil were as: carbonatic
(Car) > residual (Res) > organic (OM) > adsorbed (Ads) > solubletexchangeable (WsEx). With
increasing the application of zeolite levels from Z, to Z,, the concentration of WsEx, Ads, OM and Car
fractions were significantly reduced by 5.46, 7.80, 10.40 and 15.30 percent respectively while, the Res
form of Cu was increased. Application of all biochars except RHB, significantly caused the decrease of
WsEXx fraction compared to control. Use of all biochars led to reduction of the concentration of OM and
Car fractions of Cu significantly while, Res fraction was significantly increased compared to control.
Also, Iz value was significantly increased as affected by zeolite levels and biochars application. The
SMBZ, combined treatment had the highest Iz value. Soil pH showed a significant and positive
correlation with Res fraction and Iy value of Cu, which it indicates the important role of pH enhancement
in stabilization of Cu in tested soil as affected by applied treatments. Copper desorption by EDTA
extractant in all treatments was initially rapid, then continued at a slower rate, which probably indicating
the incorporation of several sites with different bond energy in Cu desorption from soil. The Q,/Q; and
Q,/Q; ratios were significantly decreased by application of all biochars and zeolite levels. The lowest of
these ratios was observed in WSBZ, combined treatment. There was a significant and positive correlation
between the Q; and Q, parameters with Car fraction and the Q; parameter with Res fraction of Cu in soil.
Conclusions: Application of all biochars and zeolite levels caused the transformation of Cu chemical fractions
from more bioavailable and mobile forms to more stable forms. According to the results, it seems that SMBZ,
and WSBZ, combined treatments were more effective to stabilize Cu in soil than other treatments.
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