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Abstract: Phosphogypsum (PG) is a by-product from the phosphate fertilizer industry
and it consists mainly of CaSO, - 2H,0 with some impurities. The presence of these
impurities in PG significantly limits its utilization and it can be stockpiled in large quantities.
Therefore, it is imperative to seek a new pathway to utilize the PG. This study aimed
to evaluate the chemical conversion process of hydrated lime derived from PG (HLP)
and examine its effect on Cd and Pb immobilization and subsequent uptake by lettuce.
The HLP was incorporated into a Cd and Pb-contaminated soil at four application rates
(0, 0.5, 1 and 2% (w/w)) and soil HLP mixtures were examined using pot trials for
cultivation of lettuce. The reaction for the chemical conversion process of PG was carried
out in aqueous NaOH solution, resulting in HLP with its properties (Ca content, XRD
pattern) similar to conventional hydrated lime. Furthermore, lettuce growth studies
showed that HLP incorporation induced significant declines in the soil phytoavailable
Cd and Pb pool as assessed via TM NH4NO; extraction, possibly due increases in
soil pH. Consequently, the uptake of Cd and Pb by lettuce was significantly reduced
as HLP application rate increased. Results demonstrated that HLP can be used as an
eco-friendly alternative to conventional hydrated lime.

Keywords: Lime, Phosphogypsum, Resource circulation, Soil heavy metal, Immobiliza-
tion
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A3, JEE4, e 9@ 9548k 55 ANt B U S54S LASst A9 $94% E59S Ade &
|&olth. S5% AR T2 B85 H3le EYY pHE 28511, EG Y =
EHl 6]. St A& Kim et al.[4]9] Ao+ pH 6.39] Cd, Pb £ FEYO] l"——Q-Hﬂ

H 450 €8 Cd, Pbe] AERAE(M NHNO; 227} s0% ol 2adt A7 A%g wuskacl

O}Z]U} A3l= A F A3lAE 208 H5[(CaCO; » CaO + CO,)She I ]/\1 OJAFS}EHA(CO,) 7t HAY S =8
Wb B0z et Yor79], ATHE Bl A M8 Afo|E BFo e LAY WFo] F713)
QT ZTH101E 5o} /) FHS] FFL TIAE A0 W mkA 43 B T B BEE LWAS PE]
Sff TRt 7]so] AFE AL 2 H([11-13], 115 ShE WA A, v A SollA S FA 1(CasO, - 2H0)E &85
o] 4518 A AT BIHAL(1415], o}F FAHES o] 8ok, 3N ABFE Foln, AmziE WL 24
7HA HiE Aol g2 719E & 5 lHH14-17].

AL 5 sl Q1A A1 (Phosphogypsum)= Q153413 gH4He] BEg-0 = QlikE A| £t FA413WHA0 wet A==
SAFEOITH18]. 70 AJES O A9 BAY BALECISO, - 2H,0)0F Pl v 1002 Eo] AYEIA, A%
o] Yo} o 230t E o]0l HAslo] Yerlol, A% % Aeish Beiw BAHS BAS IR I ekSo] ANTT
UTH18,20]. =] =Y EofollA= QUM IE HmR B85l 3lom, EQf AN IE AT FY Al e s =7t
EOMA AL, e ¥t 59 AE0 A4, & Zwo] el S7RRITH21,22]. SHARE QP 1] RS a e uf QAL
9] thet &8 Weto] A E ook 5k, T1F stuE AR RSt Qe AeE E8oto] 71E RATIAE HiEsth
435 iAol oM & 4 Qlok. 1 d& Mattila®} Zevenhoven[14]&= QIAMYTE R U OKNH;), © ey
ERAPEE(CaCOs) T AT F((NH,),S0)& A X3 A7 912, Chen et al.[15]2 NH,ClZ &-85f Q14H119] CaE FE5}
of Qhmujole} ol MBlEIAE Fojd) SAZES AU,

b & A= 7€ A3 A4 oA TSk oliksleta MATES AAAZ|AL /A IS AEF 08 BES)|
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M=

E Ao ARE3E Q14FA 31 (Phosphogypsum; PG) = A'd of<=of X5t v 7 A XAIZFE FFEgkt) Q1A 1.919] Hh-g
of] AF2-E NaOH+ 40% NaOH solution (Daejung chemical Co., Korea)2 ARSI AL, QA TR A 23 AX3|9 EYF S35
otyst 8-S v FrIsH] Yol Al £ A435](95%, Daejung chemical Co., Korea)S FY3dlo] ARSI

(]

A

FTEPE QPETE S0 24S B8] 919 XA W BA(Kray Fluorescence, XRF}S 53] 74 A4Z 44, et
ST}, XRFE S8 243 QA T10] Uh RAL Ca 294%, S 216%, O 45.5%5 LEFE O, 7|6 F 17%9} Si 0.7%7+ 219
TH(Table 1)

Table 1. The elemental composition of phosphogypsum, hydrated lime derived from phosphogypsum (HLP) and conventional
hydrated lime (CHL) determined using X-ray fluorescence (XRF)

Ca S Na Si F Mg P Al Fe (6} Others
Material
(wt %)
Phosphogypsum 29.4 21.7 03 0.7 1.8 0.1 0.2 0.1 0.1 455 0.1
HLP 65.3 0.9 0.8 1.0 1.1 0.1 0.5 0.1 0.2 29.8 0.2
CHL 64.5 0.1 0.2 0.6 - 38 - 04 0.4 29.7 0.3
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Q14 379} NaOH 7t §EG- [CaSO, + 2H,0 + 2NaOH » Ca(OH), + Na,SO4 + 2H,0)1<= 3}5H] HZ o|F= 49 26ks
+ &4, Visual MINTEQ (ver. 3.1)& ©]-85to] 8 W pH 7 ¥3}o] wE 4119 3letE WSS AT
Visual MINTEQQ] A& 25°C -89 W Na* 0.5 mol/Le} 0|54 37 (CaSO, - 2H,0) 0.29 mol/Lo] HWH3-0 &2 A 7%35}o]
siekE 4 B4 $£A& A5t pH 272 1~142 AHsto] pH WSl o2 A4S gRlstith

A

M39| 3151 S-S BIFOE, QAL 19 NaOHS] WFS-S B8 A41319) 4L HIs] Slo AT 8 git BT

NaOH Folo] Sfa] ph7t F3] Mok 8L 71202 Sfo] QAT TS NaOH B ¥ AokT, A4 ZA0IA 3023
WS T AAE TA BEL Holo] SR4R A QBolA 105°C AxF BAL AX £AHLP) AR AL
442]9] A% o5 2I5H] 9I5) XRE £4S o) HLPS A5 243(CHL)Y| T4 HE& v TR} AZT HLPY)
29 XA 84 BHL B9 XRD HEE BASHOM, 7IE CaOH),| XRD peaks} ¥]T5}5ict

& Bk ARG Ao EFL FUT A LBl QIXT A A1 EH0-30 cm)S A3
A3k Table 29 2h. thy EF| ZEEB(CA), H(Ph) FFFE 22 47, 2049 mglkgO 2 B
e

Table 2. Physicochemical properties of the soil used in this study

EC Cd Pb Organic matter Ca K Mg Na CEC Soil texture
Component pH
(dS/m) ---(ma/kg) --- (9/kg) e <11119) (€ e B =
Soil 6.0 0.39 4.7 2049 40.9 1.3 1.05 1.5 0.9 20.3 Sandy clay loam

22 Al A2 AR EFS S F 1Y EE(1/5000)00 5 kg B, FAEF o] HLPQF CHLE ZH2F 0.5, 1, 2%
(wiwyg At om, e A7 3WE0 R 245t o|F FF(Lactuca sativa L.) BFZ o]4]sto], F74/4J(25°C)0l| A
3047t Hlm A2 Qlo] AHisIAt). 5 & Al 2R BEGS A8 S F 2 mm AAES 5EU5H O BEGReHEA
ol #sto] B pHE A5k, AR E 84S o83 EY vFd4a F2H(DIN 19730)9 EF W AEFasi(M
NH,NO; &) I&Ho| met $2<5(Cd, Pb) gFE ICP-OES (iCAP 6000 Series, Thermo Scientific, Cambridge, UK)= £4]5}
of AP 7 55 I} a&2 I ARt e AGHE AFIcH] BEF(60°C AF)S AL AE ARS
Airo 2 7ofsto] S54(Cd, Pb) TS ICP-OESE EAI5HH

SHEA

OIALM 19| 3}5HE s}

CaSO; * 2H,09 NaOH ¥F-3oll A4 pH ®3lo] up2 =8 f slokg 4 Wsts dmd 243 589 W sz Ca™ol
9Jgt Ca(OH),2] B2 pH 12.4 oJARH Ueh}s 202 Koo, o]F CaSO, - 2H,09] Fe7} 7AdPHA Ca(OH),7t A4 H]
£ A2 Z YEPETHEig. 1). o] CaSO, - 2H,09} Ca(OH),2] &3 7t A% 2H& EA4of 9]8f pH 12.59]4] CaSO, * 2H,09
ES=7t S7FFHA Hhgo] dofd Z o g Helrk [23]. Ca*o] gafE|o] S-9o]] A5tz OH 9 233l Ca(OH),E BAJst
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Fig. 1. Chemical speciation of CaSO, * 2H,0 in aqueous NaOH solution as a function of pH obtained by Visual MINTEQ 3.1 software.

= Z10& Ho} pH 13.1 0|49 XA A QA 119t NaOHE HHFSA|A AASIE AR 4 S Ao Z Ty, pH 13.1
2220 A CaSO, + 2H,09] 98%7} Ca(OH),E2 AZE= Ao 7 velydth CasSO, - 2H,09] 8319} 3+ Z7}5F SO/ = &3=
AHE EA5HY, 8N W Na'e} §HE-3f Nay,SOE BT o AUS AL E HRIH16]. W3 I T TS NaS0,9| ¢
A & 29 Axo| && 7FsotH, A7|E6IE B0l NaOH, H,80.2 £ 4= Sl o]F £ Ao &85 NaOHE A5
ARGRIT, 57 B8 ol 71 & & AoE ZIHEH 7]

NaOH £ 2 1S 8l pH Ha}

H o)A 2273t QA T 9} NaOH7} HHS A] LFERFE 8o U] pHO| #1312 ko3t 27} NaOHE 1-6 mL S0j32
e &4 pHZF 132914 FAHUAIR NaOHE 7 mL #2] Alol= pH7F 343] A5t th(Fig. 2). °l= Al Visual
MINTEQ®] ZAIHFig. 1)E & |, pH 7}l weh X 119] Ga=7} S7tstal, =88 gaE Ca**o] Fojd OH ¢} ¥
5to] Ca(OH),2 ZA%s| pH7F fAH A& Helth o] Qi 119] 50,79 OH 9] X|&ghgo g 42X 38 Hgho] AuH
JHiIA NaOHE F3f Fold OH 7} &ofl ¥4 Hol pH7l A5H Aoz Holn, Q4T 8 g, S7+ 14 mLe} NaOH
7 mL E%E& g g8 Ao wdsiglt

(¢]
i

l

9N AT AH 9L NaOH ¥H- 2 vl &L 7|ito A g vHeEe]
Q14FA319] XRD peak®b= ThE HHS Kol A IRIT 4= 112, NaOH 4 mL 5] Alofl= Q1AM 11e} 3HE gl o]
AAA T NaOHE 7 mL FUHE woll= 4435 (Hydrated lime, Ca(OH),)2] 115 32 71(17.93° 33.98° 46.94°, 50.70°)T} F-A}
St A5 YeRAtH(Fig. 3)[24,25]. WEkA QIAFE T 8 g, 574 14 mL, NaOH 7 mL £32 53 24329 o] drH
o

ALz E 3913t A¥ NaOH E9of wa}

mlo

]
AT 243]9F FARSE $5(64.5%)°19L, S Tl 21.6% W 0.9%% FAsh= ZAoF byttt

QJAFA] 31 (CaSOy * 2H,0)9] SO, 2} OH™ 7t+9] X|glo] Y&sHA Loyt 4432 MShE WA, SO 71 vk & U] 5] =]
1RSI 5 BAYokE Na'ek SO = AETHg 5 AlAE 01 S 3HFo] Ao HESE W Ca9] dFo] FUIsH Aog HeErh

X 4G B A LY L9 JUAT FATe 1) 28 Y 049 QU2 Co WPl 6539074 134
L oz

R
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Fig. 2. Changes in phosphogypsum mixed solution pH after 40% NaOH addition.
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Fig. 3. The XRD pattern of phosphogypsum before and after NaOH addition (NaOH 4, 7 mL).

534 99 B9 HLP?} CHLE X2d A3t A5 A) & £k pH Hejefo] 271848 Lob5or, HLPSE CHLE
217} 2% He] A PO pHE 9.0, 952 FHET(pH 60) dH] 30, 35 AL3HATHTable 3). Auer A30] ABFL BHT
o] 48] oM LE ol AaFe HAXE, A3] 1%, 2% el dhohH BAH Fo4o] el eloret. 439
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Table 3. Effect of different lime treatment on soil pH and dry weight of lettuce

Dry weight of lettuce

Treatment pH y

9/pot

Control 6.0d" 0.61c

0.5% 76¢C 1.72a

HLP? 1% 85b 1.03 bc
2% 9.0ab 0.89 bc
0.5% 84b 1.30ab
CHL 1% 9.0ab 0.83 bc
2% 95a 0.62c

@ HLP: hydrated lime derived from phosphogypsum, CHL: conventional hydrated lime.
b Means in each column with different letter indicate significant differences by Tukey's HSD (p<0.05) among treatments.

A&l S7HEE AES0] Wotdle 4 UEHl=Hl, ol A3 Ao A% B pHE AE As 875H= A%
pH HE Hloly yehd Avts wdEth26-28]. SHATE HLPS} CHL AEF o= A5 AE59 #ol7t gle A=
LR

35 A EFY] AERAEE (M NHNO; 8) 55 dF2 A3 A2z BF g4t Zlos yepgon, HLP 3 CHL
2% A A] FA2T thE] FAE Cd= 88%, 90% H45H AL (Fig. 4), FAH Pbe FAZ|FE A%t ZE AFoM 245
E UEtgth ole EYY pH7E S55% AefaH gl 71 8% AR, EY pH7t 45ch S54s BEY 248
Y, JAAANA S5 olede AAAPI7] HElr Hoxir[29-33].

ZF Azl A5 S A2 A3 A0l A8 dashks A¥E HAoH, F 7 FHI £43] A avke ARt
Al e THFig. 5). °l= HLPSF CHLO| Ao & EYF pH sadte] o3| =2 Sa50] st 22 S5&
0] Aad A¥E HojnH26-33]. AA| Hamid et al.[32]2] AFAE S35 LARYT W £43] A2 A EF pH7}
AF55kal, CaCLZ F&3F EF Cd, Pb TFo| 2z} 46%, 78% F4aoto] A= ZEZ9] Cd, Pb FolgFo] ZHzt 60%, 90% AH

Anke depdrt

=2

0.16

0.08 -

0.06 -

0.04 -

0.02 A

1 M NH,NO; extractable soil Cd (mg/kg)

B0 ] mm ooom [

T

Control 0.5% 1% 2%  05% 1% 2%
L 1 L 1
HLP CHL

0.00 -

Fig. 4. 1M NH;NO; extractable Cd concentration in soil after lettuce cultivation as affected by lime treatments.

HLP: hydrated lime derived from phosphogypsum; CHL: conventional hydrated lime.
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Fig. 5. Heavy metal concentrations in lettuce.

HLP: hydrated lime derived from phosphogypsum; CHL: conventional hydrated lime. Different letters indicate significant difference
by Tukey’s HSD (p<0.05).

6.0 60
5 s y=-1.0719 x + 11.3249 5 ' y =-9.3489 x + 111.4267
2 O 0.1 y 2=0.7964 (P < 0.01) = N 2=0.9780 (P<0.01)
£ o - g 50 N
= 40 ~ = N
= ~ 2 AN
g . ° =
E . 2 N
8 3.0 ~ 8 40 AN

Q
~ N
S 20 N = 3V
g AN é 30 N
g 10 ™~ 3 N
.0 A [
) = * e
AN
[ ]
0.0 . . ; ; 20 . . . ,
5.0 6.0 7.0 8.0 9.0 10.0 5.0 6.0 7.0 8.0 9.0 10.0
Soil pH Soil pH

Fig. 6. Correlation between soil pH and heavy metal (Cd and Pb) concentration in lettuce.

rhe
)

TolME £k pHeF A50] S FaF 2H ATBAE SRIT At 59T S 4TS EAoh(Fig. 6)[30-33].
ATH O R 2 AFoA] QA TS 7|Hto 2 A X3 HLPE= CHLY ML A 540] |ASHAL, 110 o EQF 534 At
a3 SR A®E ol7t gl Fog Ueht 59 RopollA salE S 93 AR &8 7T o wdH.

o m

Mo st

28

B ATOIAE QAT NaOHE WHGAIA 71E A% 24219 XRD e 2 Ca Thgo] SARE SAAIT ) 2451
Azt QAT e AHE A Adsleh GARE £ B pH A% 9 EF S35 o¥st AN Bof A2
334 B2 AT ol $F59) RAEES WEE EF AYAY BES FE 09 EFozry AuE 430
QA S W] W] QPR SAHEAIE A47H5T o] 7]o1d 4 Qe Eak QAT £ 24517 5 Holf
B AUest A 712 A8 BATHIOIA WA oliksketA(C0) Y MBS AT 4 U Fow JljH A
Mo B @7 A3 AT §A 2N AR 24302 AT 5 U ABFA A2 B8E & UL Bolzch
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