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AbVWUacW 

 

Biochar is a carbonaceoXs material prodXced from YarioXs feedstocks 

throXgh p\rol\sis, and it has receiYed great attention as an eco-friendl\ 

biosorbent becaXse of its considerable sorption capacit\ for pollXtants. 

P\rol\sis and enYironmental conditions determine the ph\sicochemical 

characteristics of biochar and the sorption behaYior of pollXtants; hoZeYer, the 

comple[ interaction betZeen biochar and pollXtants has not \et been 

comprehensiYel\ e[amined. Therefore, in this stXd\, a literatXre reYieZ 

regarding the ph\sicochemical characteristics of biochar based on p\rol\sis 

conditions and the sorption of pollXtants to biochar Zere condXcted, and 

laborator\ e[periments Xsing sorption isotherm Zith spectroscop\ anal\sis 

Zere performed to elXcidate and interpret the sorption mechanisms of organic 

sima]ine, cationic cadmiXm and anionic arsenate to MiscanthXs biochar b\ 

changing p\rol\sis temperatXre, pH and backgroXnd electrol\tes. The resXlts 

indicated that electron donor-acceptor and h\drophobic interactions Zere the 

main sorption mechanisms for sima]ine, and calciXm as the backgroXnd 

electrol\te shoZed pore-filling effects b\ decreasing the sorption capacit\ 

compared Zith sodiXm. The sorption mechanisms of cadmiXm and arsenate 

Zere identified as partitioning and an oXter-sphere comple[ation. Additionall\, 

an inner-sphere comple[ation and precipitation Zere confirmed for cadmiXm, 

and an electrostatic cation bridging comple[ation and h\drophobic interaction 

Zere confirmed for arsenate. DXring sorption Zith biochar, redXced arsenate 

species Zas foXnd. The pH and p\rol\sis temperatXre did not shoZ a general 

pattern Zith regard to the sorption of pollXtants. The sorption of sima]ine 

decreased Zith increasing pH, Zhile the opposite pattern Zas obserYed for 

cadmiXm and arsenate. An increased p\rol\sis temperatXre redXced the 
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sorption of sima]ine, bXt the obserYed trend Zas inconsistent for cadmiXm and 

arsenate. Based on the obserYations, different p\rol\sis temperatXre and 

enYironmental conditions led to distinct sorption patterns betZeen biochar and 

pollXtants becaXse YarioXs sorption mechanisms are inYolYed in the sorption 

process, and the dominant sorption mechanism Yaries Zith enYironmental 

conditions. Changes in p\rol\sis temperatXre and enYironmental conditions 

dominantl\ affected leachabilit\, bioaYailabilit\ and to[icit\ of pollXtants; thXs, 

it is essential to comprehensiYel\ Xnderstand the fXndamental interactions 

among the ph\sicochemical characteristics of biochar, behaYior of pollXtants 

and enYironmental conditions before the Xtili]ation of biochar as a biosorbent. 

 

Ke\ZoUd: Biochar, P\rol\sis temperatXre, Sorption mechanism, pH-

dependent, Electrol\te solXtion, Sima]ine, CadmiXm, Arsenate  

 

SWXdenW NXmbeU : 2013-21180 
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CHA37E5 1. GENE5AL IN75OD8C7ION 

 

1.1. DHILQLWLRQ RI ELRFKDU 

BiRchaU iV SURdXced fURm Whe S\URl\ViV Rf YaUiRXV feedVWRckV VXch aV 

ZRRd, leaYeV, RU manXUe XndeU R[\gen-limiWed cRndiWiRnV (Lehmann 2007a; 

Chen eW al. 2008; ZhaR eW al. 2013). DXUing S\URl\ViV, feedVWRckV iV WUanVfRUmed 

WR an ecR-fUiendl\ fRUm Rf eneUg\ aV biR-eWhanRl and a caUbRn-Uich b\SURdXcW; 

WhiV iV called biRchaU, and iW SRVVeVVeV a higheU UecalciWUanW caUbRn cRnWenW 

cRmSaUed ZiWh Whe UaZ feedVWRckV (Lehmann eW al. 2006). The SURdXcWiRn Rf 

biR-eWhanRl WhURXgh Whe WheUmal decRmSRViWiRn Rf feedVWRckV UedXceV Whe 

emiVViRn Rf meWhane WR Whe aWmRVSheUe cRmSaUed WR iWV naWXUal decRmSRViWiRn 

in VRil (WRRlf eW al. 2010; MaWRYic 2011). BiRchaU haV a SRURXV VWUXcWXUe 

becaXVe Whe VSecific RUganic mRlecXlaU VWUXcWXUe in feedVWRckV decRmSRVeV 

dXUing Whe S\URl\ViV SURceVV; WhiV VWUXcWXUe can fXncWiRn aV VXiWable VRUSWiRn 

ViWeV fRU Whe UemediaWiRn Rf SRllXWanWV (QX eW al. 2011; Al-Wabel eW al. 2013; 

Han eW al. 2016). CRnVeTXenWl\, biRchaU haV UeceiYed a gUeaW aWWenWiRn aV a 

neceVVaU\ b\SURdXcW Rf SURdXcing UeneZable eneUg\, miWigaWiRn Rf climaWe 

change WhURXgh gUeenhRXVe gaV emiVViRn UedXcWiRn, Uec\cle Rf VXSeUflXRXV 

feedVWRckV, amendmenW fRU imSURYing Whe VRil and ZaWeU enYiURnmenW, and 

UemediaWiRn Rf enYiURnmenWal SRllXWiRn (WRRlf eW al. 2010; KRRkana eW al. 2011; 

MRhan eW al. 2014b). 

The Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU aUe mainl\ deWeUmined 

b\ Whe S\URl\ViV WemSeUaWXUe, UeVidence Wime, heaW WUanVfeU UaWe, and W\Se Rf 

feedVWRckV (KlRVV eW al. 2012; Angin 2013; Qin eW al. 2017). BiRchaU SURdXced 

fURm SlanW VXch aV ZRRd and leaYeV haV diVWincW Sh\VicRchemical chaUacWeUiVWicV 

SURdXced fURm animal manXUe RU UeVidXe (ZhaR eW al. 2013; LX eW al. 2016). In 

geneUal, SlanW biRchaU haV a higheU aURmaWic caUbRn cRnWenW Whan animal 
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biRmaVV biRchaU aW Whe Vame S\URl\ViV WemSeUaWXUeV Rf 350, 450, and 750 �C, 

Zhile alkaline chemical VSecieV and caWiRn e[change caSaciW\ (CEC) aUe higheU 

in Whe animal UeVidXeV biRchaU (DRmingXeV eW al. 2017). ThiV iV becaXVe SlanW 

biRmaVV haV higheU cRnWenWV Rf cellXlRVe and lignin, ZheUeaV animal biRmaVV 

cRnWainV mRUe mineUalV. EYen if an idenWical feedVWRckV ZeUe emSlR\ed fRU Whe 

biRchaU SURdXcWiRn, Whe S\URl\ViV WemSeUaWXUe cRnWURlV Whe Sh\VicRchemical 

chaUacWeUiVWicV, VXch aV VSecific VXUface aUea and aURmaWic caUbRn cRnWenWV, and 

bRWh incUeaVe aW higheU S\URl\ViV WemSeUaWXUe. ThiV iV a UeVXlW Rf Whe 

UeaUUangemenW Rf aURmaWic cRmSRXndV, feaWXUed b\ a Uing Rf Vi[ caUbRn aWRmV 

linked WRgeWheU ZiWhRXW R[\gen RU h\dURgen, fRU VWacked and aligned VheeWV 

(Chen eW al. 2007; Fang eW al. 2014). TheVe YaUieWieV Rf biRchaU haYe caXVed 

adYeUVe effecWV RU Xne[SecWed UeVXlWV becaXVe Rf Whe lack Rf a fXndamenWal 

XndeUVWanding Rf Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU, and Whe 

inWeUacWiRn beWZeen Whe YaUiRXV VXUfaceV Rf biRchaU and Whe faWe Rf 

enYiURnmenWall\ flXcWXaWing SRllXWanWV ZeUe changed (OleV]c]Xk eW al. 2013; 

BXVV eW al. 2015). 

 

1.2. BLRFKDU IRU HQYLURQPHQWDO SURVSHFWV 

The heWeURgeneiW\ Rf biRchaU caXVed b\ YaUiRXV W\SeV Rf feedVWRckV 

and diYeUVe S\URl\ViV cRndiWiRnV haV caXVed adYeUVe effecWV RU Xne[SecWed 

UeVXlWV; hRZeYeU, iW haV alVR UeVXlWed in enRUmRXV SRViWiYe effecWV aV 

enYiURnmenWal SURVSecWV (MRhan eW al. 2014b; In\ang and DickenVRn 2015; 

XiaR eW al. 2018). ThiV VXggeVWV WhaW an e[WenViYe XndeUVWanding Rf Whe 

SURdXcWiRn, fXndamenWal chaUacWeUiVWicV, and enYiURnmenWal cRndiWiRnV ZRXld 

enable Whe deVign Rf Whe b\SURdXcW and fXndamenWal chaUacWeUiVWicV Rf biRchaU. 

AV bUiefl\ menWiRned abRYe, biRchaU haV been UeSRUWed aV a majRU cRnWUibXWRU 

in fiYe aUeaV: 1) ecR-fUiendl\ eneUg\ SURdXcWiRn, VXch aV biR-eWhanRl and biR-

dieVel (Nanda eW al. 2013; YXan and MacTXaUUie 2015); 2) climaWe change 
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miWigaWiRn WhURXgh Whe VeTXeVWUaWiRn Rf caUbRn in Whe VRilV and UedXcWiRn in Whe 

caUbRn diR[ide (Feng eW al. 2012; Wang eW al. 2012; MRVa eW al. 2018) and 

meWhane gaV (C]imc]ik and MaViellR 2007; WindeaWW eW al. 2014); 3) Uec\cling 

Rf agUicXlWXUal and enYiURnmenWal ZaVWe VXch aV ZRRd, leaYeV, manXUe, SeaW, 

and VedimenW (MXkRme eW al. 2013; RRnVVe eW al. 2013); 4) VWabili]aWiRn Rf 

SRllXWanWV and UeWenWiRn Rf nXWUienWV fURm leaching (Zhang eW al. 2013c; Ahmad 

eW al. 2014; Tan eW al. 2015; Xie eW al. 2015). 

The UeVeaUch fieldV Rf biRchaU can be caWegRUi]ed aV SURdXcWiRn and 

XWili]aWiRn (Fig. 1-1). The VWXd\ Rf SURdXcWiRn can be chaUacWeUi]ed aV 

e[amining Whe YaUiaWiRn Rf feedVWRckV, S\URl\ViV SURceVV cRndiWiRnV, cRmSUiVing 

S\URl\ViV WemSeUaWXUe, UeVidence Wime, and heaW WUanVfeU UaWe. FRU Whe biRchaU 

SURdXcWiRn SURceVV, KlRVV eW al. (2012) UeSRUWed WhaW biRchaU SURdXced fURm 

VWUaZ, VSUXce, and SRSlaU aW S\URl\ViV WemSeUaWXUeV Rf 400, 460, and 525 �C had 

diffeUenW Sh\VicRchemical chaUacWeUiVWicV, aV diffeUenW elemenWal cRmSRViWiRnV 

Rf feedVWRckV decRmSRVed aW diffeUenW S\URl\ViV WemSeUaWXUeV. MimmR eW al. 

(2014) fRXnd WhaW MLVcaQWKXV biRchaU accXmXlaWed caUbRn ZiWh incUeaVing 

S\URl\ViV WemSeUaWXUe, incUeaVing Whe VSecific VXUface aUea and aURmaWiciW\. 

Chen eW al. (2014) alVR VhRZed WhaW biRchaU deUiYed fURm mXniciSal VeZage 

S\URl\]ed aW 500 WR 900 �C had incUeaVed cRnWenWV Rf aVh, SH, and CEC, 

UeVXlWing in diffeUenW UemRYal caSaciWieV Rf cadmiXm fURm Whe UeVSecWiYe 

biRchaU. FURm WheVe VWXdieV fRU biRchaU SURdXcWiRn, Whe YaUiaWiRnV Rf feedVWRckV 

and S\URl\ViV WemSeUaWXUe aUe VignificanW ke\ facWRUV WhaW deWeUmine Whe 

Sh\ViRchemical chaUacWeUiVWicV Rf biRchaU, and e[WenViYe VWXdieV haYe alUead\ 

been cRndXcWed WR aVVeVV Whe UelaWiRnVhiS beWZeen WheVe ke\ facWRUV and Whe 

Sh\ViRchemical chaUacWeUiVWicV Rf biRchaU (CanWUell eW al. 2012; ZhaR eW al. 

2013). 

BiRchaU iV XWili]ed fRU caUbRn VeTXeVWUaWiRn in Whe miWigaWiRn Rf climaWe 

change, Uec\cling Rf b\-SURdXcWV fURm agUicXlWXUal acWiYiW\, imSURYing VRil 



 

1-4 
 

feUWiliW\, and UemediaWing SRllXWanWV (Cha eW al. 2016). Man\ UeVeaUcheUV haYe 

e[WenViYel\ fRcXVed Rn biRchaU in Whe field Rf climaWe change miWigaWiRn 

becaXVe Rf iWV XUgenW challenge (BaUURZ 2012; Ahmad eW al. 2014; Shaaban eW 

al. 2014). In UedXcing gUeenhRXVe gaV emiVViRnV, biRchaU haV been UecRgni]ed 

aV Rne Rf Whe effecWiYe Za\V WR alleYiaWe glRbal ZaUming. WRRlf eW al. (2010) 

calcXlaWed WhaW Whe SURdXcWiRn Rf biRchaU cRXld UedXce Whe annXal neW emiVViRnV 

Rf caUbRn diR[ide, meWhane, and niWURXV R[ide b\ geneUaWing ecR-fUiendl\ 

eneUg\ Zhile UedXcing Whe gUeenhRXVe gaV emiVViRn. VaccaUi eW al. (2011) 

demRnVWUaWed WhaW biRchaU had Uemained a lRng Wime in Whe VRil ZiWh lRZ UaWeV 

Rf decRmSRViWiRn; WhXV, ZiWh an incUeaVe in iW ZaV XVefXl WR manage caUbRn 

VeTXeVWUaWiRn ZiWh incUeaVing Whe VRil RUganic caUbRn cRnWenWV. The aSSlicaWiRn 

Rf biRchaU in Whe VRil enYiURnmenW nRW Rnl\ caXVeV caUbRn VeTXeVWUaWiRn bXW alVR 

\ieldV addiWiRnal effecWV, VXch aV eneUg\ cRnVeUYaWiRn fURm Uec\cling Rf 

feedVWRckV and imSURYemenW in VRil feUWiliW\. SXn and LX (2014) cRnfiUmed WhaW 

cla\e\ VRil WUeaWed ZiWh biRchaU SURdXced fURm VWUaZ, ZRRdchiSV, and 

ZaVWeZaWeU VlXdge deYelRSed macURaggUegaWeV (5-2 and 0.25±0.5 mm) WhURXgh 

UeViVWance WR Vlaking and Whe incRUSRUaWiRn Rf a SaUWicXlaU cRheViRn. ThXV, Whe 

aYailable ZaWeU UeWenWiRn caSaciW\ Rf VRilV ZaV alVR incUeaVed dXe WR Whe 

enhancemenW Rf aggUegaWe VWabiliW\ and UeRUgani]aWiRn Rf SRUe VSace 

diVWUibXWiRn. RajkRYich eW al. (2012) VhRZed WhaW Whe cXlWiYaWiRn Rf cRUn ZaV 

mRUe SURdXcWiYe in VRil amended ZiWh biRchaU S\URl\]ed aW diffeUenW 

WemSeUaWXUeV, becaXVe Rf Whe biRchaU UeWenWiRn Rf Whe nXWUienW cRnWenWV. ZhaR eW 

al. (2016) alVR VWXdied Whe effecW Rf S\URl\ViV Rf feedVWRckV ZiWh ShRVShaWe 

feUWili]eU WR imSURYe Whe biRchaU caSabiliW\ fRU nXWUienW UeWenWiRn, demRnVWUaWing 

a SRViWiYe effecW fRU cXlWiYaWiRn.  

BeVideV caUbRn VeTXeVWUaWiRn and nXWUienW UeWenWiRn, Whe UemediaWiRn 

Rf SRllXWanWV XVing biRchaU haV alVR UeceiYed a cRnVideUable amRXnW Rf inWeUeVW, 

RZing WR Whe ecR-fUiendlineVV and cRVW-effecWiYeneVV Rf biRchaU aV a biRVRUbenW 
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(Tang eW al. 2013; In\ang eW al. 2016). Zheng eW al. (2010) VWXdied Whe VRUSWiRn 

Rf WZR WUia]ineV WR biRchaU SURdXced gUeen ZaVWe; in addiWiRn, Zhang eW al. (2011) 

VWXdied Whe VRUSWiRn Rf Vima]ine, belRnging WR Whe WUia]ine gURXS; hRZeYeU, WheiU 

UeVXlWV ZeUe diffeUenW fURm WhRVe Rf Zheng eW al. (2010), RZing WR Whe XVe Rf 

diffeUenW biRchaU. Chen and Chen (2009) VhRZed WhaW Whe VRUSWiRn Rf 

naShWhalene and 1-naShWhRl WR biRchaU SURdXced RUange SeelV \ielded diffeUenW 

UeVXlWV deSending Rn S\URl\ViV WemSeUaWXUe, UeVXlWing in a YaUieW\ Rf 

Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU. The VRUSWiRn Rf biRchaU ZaV VhRZn 

WR be mRUe effecWiYe, becaXVe Whe\ emSlR\ed diffeUenW biRchaU. BiRchaU ZaV 

effecWiYe fRU nRW Rnl\ RUganic SRllXWanWV bXW alVR inRUganic SRllXWanWV. MRhan eW 

al. (2014) VhRZed WhaW biRchaU SURdXced Rak ZRRd and Rak baUk ZeUe XVefXl 

fRU Whe UemediaWiRn Rf cadmiXm and lead. LX eW al. (2012) VXggeVWed WhaW lead 

VRUSWiRn WR biRchaU ZaV affecWed b\ SH, aV Whe lead ZaV SUeciSiWaWed aV lead 

ShRVShaWe VilicaWe.  

 AV menWiRned abRYe, Whe heWeURgeneiW\ Rf biRchaU led WR adYeUVe 

effecWV RU Xne[SecWed UeVXlWV; hRZeYeU, WheUe aUe enRUmRXV adYanWageV Rf XVing 

biRchaU in Whe enYiURnmenW. HRZeYeU, WR effecWiYel\ XVe biRchaU aV a SRViWiYe 

biRVRUbenW and fRU caUbRn VeTXeVWUaWiRn, Whe cRmSle[ UelaWiRnVhiS beWZeen 

SURdXcWiRn and XWili]aWiRn VhRXld be fXll\ XndeUVWRRd. WiWhRXW fXndamenWal 

knRZledge Rf Whe mechaniVm and behaYiRU Rf biRchaU, Xne[SecWed Vide effecWV 

in Whe enYiURnmenW ma\ UeVXlW. CRnVeTXenWl\, fXll\ XndeUVWanding Whe 

fXndamenWal chaUacWeUiVWicV Rf biRchaU iV eVVenWial fRU iWV XWili]aWiRn in Whe Ueal 

enYiURnmenW. 

 

1.3. IRQL]DEOH SROOXWDQWV LQ WKH HQYLURQPHQWV 

 OUganic SRllXWanWV in Whe VRil enYiURnmenW aUe defined aV haUmfXl 

mRlecXleV WR liYing RUganiVmV ZiWh UeViVWance WR chemical, biRlRgical, and 

ShRWRl\Wic degUadaWiRn (Reid eW al. 2000). OZing WR WheiU SeUViVWenc\, RUganic 
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FLJ. 1-1. PUeVenW VWXd\ WRSic Rf BiRchaU (Ahmad eW al., 2014). 
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SRllXWanWV ZeUe accXmXlaWed ZiWh YaUiRXV adYeUVe effecWV Rn hXman healWh and 

Whe ecRV\VWem (KelVe\ and Ale[andeU 1997; KeVWeU eW al. 2005). IdenWified b\ 

flXcWXaWiRnV in Whe SURWRn cRncenWUaWiRn, WheUe aUe VSecific mRlecXleV WhaW 

change WheiU mRlecXlaU chaUge, called iRni]able RUganic SRllXWanWV (IOPV), 

Zhich UeVXlW in SURWRnaWiRn RU deSURWRnaWiRn (T�lS eW al. 2009; XiaR and 

PignaWellR 2014). OUganic acidV aUe SUimaUil\ negaWiYel\ chaUged aW a ceUWain 

SH YalXe abRYe WheiU negaWiYe lRgaUiWhmic acid diVVRciaWiRn cRnVWanW (SKa) 

RZing WR deSURWRnaWiRn, ZheUeaV Whe\ aUe neXWUall\ chaUged belRZ WheiU SKa (An 

and DXlW] 2007). On Whe cRnWUaU\, RUganic baVeV aW SH YalXeV abRYe WheiU SKa 

RZing WR SURWRnaWiRn, Zhile Whe\ aUe SRViWiYel\ chaUged belRZ WheiU SKa 

(SWaSleWRn eW al. 1994). The behaYiRUV and faWeV Rf IOPV ZeUe gRYeUned nRW Rnl\ 

b\ SH cRndiWiRnV bXW alVR b\ iRnic VWUengWh, caWiRn Yalence and W\Se, aniRn 

Yalence and W\Se, and cRnWenW Rf RUganic maWWeU in Whe VXUURXnding enYiURnmenW; 

WhXV, Whe UemediaWiRn VWUaWegieV Rf IOPV VhRXld fXll\ aVVeVV Whe YaUiRXV 

enYiURnmenWal facWRUV deVcUibed abRYe.  

InRUganic SRllXWanWV cRnViVW Rf R[idi]ed elemenWV and chemical 

cRmSRXndV, in Zhich WZR RU mRUe chemical elemenWV aUe made fURm lack Rf 

RUganic caUbRn VWUXcWXUe (WilcR[ and SRlXWiRnV 2005). TheVe inRUganic 

SRllXWanWV aUe XbiTXiWRXV becaXVe Whe\ aUe SUeVenW nRW Rnl\ in VRlid and liTXid 

ShaVeV bXW alVR in Whe gaV ShaVe aW ambienW WemSeUaWXUeV (SRmmeUV and SSRViWR 

1985). OZing WR ShaVe WUanViWiRn and chemical WUanVfRUmaWiRn, Whe effecWiYe 

UemediaWiRn Rf inRUganic SRllXWanWV iV nRZ eaVil\ addUeVVed (PleWVch eW al. 1999; 

AlcinWaUa eW al. 2012; Re]ania eW al. 2015), and e[ceVViYe amRXnWV haYe been 

e[SRVed in Whe enYiURnmenW dXe WR Whe RnVeW Rf UaSid indXVWUiali]aWiRn ZiWh 

e[WenViYe anWhURSRgenic acWiYiW\ (SRng eW al. 2017). HeaY\ meWalV aUe 

UeSUeVenWaWiYe inRUganic SRllXWanWV, ZheUeb\ mRVW Rf Whe heaY\ meWalV Rn EaUWh 

aUe lRcaWed in Whe liWhRVSheUe; hRZeYeU, anWhURSRgenic acWiYiWieV VXch aV mining 

and infUaVWUXcWXUe cRnVWUXcWiRn haYe e[SRVed Whe heaY\ meWalV in Whe 
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SedRVSheUe. In geneUal, heaY\ meWalV aUe SUeVenW aV SRViWiYel\ chaUged 

mRlecXleV XndeU R[idi]ing cRndiWiRnV in Whe SedRVSheUe and h\dURVSheUe, 

Zhich caXVeV VeYeUe R[idi]ing VWUeVV WR liYing RUganiVmV (GXSWa eW al. 1996; 

Lim eW al. 2008). HRZeYeU, VRme heaY\ meWalV and meWallRidV UeacW ZiWh 

R[\gen in Whe enYiURnmenW, aVVXming a negaWiYel\ chaUged VWaWe ZiWh mRUe Whan 

R[\gen (HeVWeUbeUg 1998; MRndal eW al. 2006). The majRUiW\ Rf R[\aniRnV aUe 

eVVenWial VXch aV ShRVShaWe, VXlfaWe, caUbRnaWe, and niWUaWe; hRZeYeU, WR[ic 

R[\aniRnV alVR e[iVW, caXVing a VeYeUe enYiURnmenWal WhUeaW WR Whe ecRV\VWem, 

VXch aV aUVenaWe, VeleniWe, and anWimRnaWe. BaVed Rn Whe UedR[ SRWenWial, Whe 

R[\aniRnV aUe WUanVfRUmed WR UedXced VSecieV, and Whe elecWURchemical 

SURSeUWieV and WR[iciW\ aUe changed. In Whe VRil and ZaWeU enYiURnmenW, caWiRnic 

heaY\ meWalV and aniRnic R[\aniRnV cR-e[iVW aW YaUiRXV cRncenWUaWiRnV and 

cRmSRViWiRnV; WhXV, iW iV imSRUWanW WR VWabili]e WheiU affiniW\ WR VRil cRmSRnenWV 

and UedXce WheiU acWiYiW\ and biRaYailabiliW\. BaVed Rn elemenWal RU mRlecXlaU 

chaUgeV, Whe WUanVfRUmaWiRn Rf inRUganic SRllXWanWV VSecieV YaUieV ZiWh UeVSecW 

WR SH, RZing WR SURWRnaWiRn RU deSURWRnaWiRn; heaY\ meWalV in a VRil 

enYiURnmenW aUe leVV VWabili]ed XndeU lRZ SH cRndiWiRnV, ZheUeaV Whe\ aUe 

eaVil\ immRbili]ed aW high SH b\ VRUSWiRn Rn Whe negaWiYel\ chaUged VXUface 

and SUeciSiWaWiRn ZiWh h\dUR[\l iRnV (FaUUah and PickeUing 1979). The chaUge 

Rf R[\aniRnV XndeU high SH cRndiWiRnV W\Sicall\ incUeaVeV WhURXgh 

deSURWRnaWiRn (KailaVam and RRVenbeUg 2012); meanZhile, RSSRViWe VRUSWiRn 

WUendV ZeUe RbVeUYed cRmSaUed ZiWh WhRVe Rf caWiRnic heaY\ meWalV. TheUefRUe, 

XndeUVWanding Whe behaYiRU Rf iRni]able SRllXWanWV XndeU flXcWXaWing 

enYiURnmenWal cRndiWiRnV iV imSRUWanW WR adeTXaWel\ inWeUSUeW WheiU faWe in Whe 

naWXUal enYiURnmenW; hRZeYeU, difficXlWieV Uemain becaXVe Rf Whe nXmeURXV 

enYiURnmenWal facWRUV gRYeUning Whe behaYiRUV and faWeV Rf WheVe iRni]able 

SRllXWanWV. In addiWiRn, VXch cRmSle[ inWeUacWiRnV Uemain SURblemaWic becaXVe 

Rf limiWaWiRnV Rf anal\Wical meaVXUemenWV in heWeURgeneRXV enYiURnmenWV.  



 

1-10 
 

1.4. IGHQWLILFDWLRQ RI VRUSWLRQ PHFKDQLVPV 

 Man\ SUeYiRXV VWXdieV haYe aWWemSWed WR idenWif\ Whe VRUSWiRn 

mechaniVm Rf enYiURnmenWal SRllXWanWV Rn biRchaU XVing a WUadiWiRnal VRUSWiRn 

iVRWheUm (CaR eW al. 2009; Zhang eW al. 2013c; VenegaV eW al. 2015), Zhich can 

be e[SUeVVed aV a fXncWiRn Rf VRUbaWe cRncenWUaWiRn, VXch aV RUganic RU inRUganic 

SRllXWanWV, Rn Whe biRchaU aW cRnVWanW WemSeUaWXUeV. SeYeUal WheRUeWical 

iVRWheUmV haYe been XVed WR e[Slain Whe VRUSWiRn mechaniVm indiUecWl\; fRU 

e[amSle, a LangmXiU iVRWheUm aVVXmeV mRnRla\eU VRUSWiRn Rf a Vingle VRUbaWe 

Rn a Vingle VRUSWiRn ViWe (Zhang eW al. 2013a), ZheUeaV FUeXndlich iVRWheUm iV 

mRVW VXiWable fRU emSiUical daWa, aVVXming Rf eneUgeWic VXUface heWeURgeneiW\ 

(YaR eW al. 2013). The DXbinin±RadXVhkeYich iVRWheUm iV anRWheU emSiUical 

mRdel deVcUibed fRU nRn-ideal VRUSWiRn aW heWeURgeneRXV VXUfaceV (PinWR eW al. 

2010). ThXV, a cRmSaUiVRn Rf Whe fiWWing UeVXlWV RbWained fURm VRUSWiRn 

iVRWheUmV can enable Whe SUedicWiRn Rf Whe VRUSWiRn mechaniVm; hRZeYeU, VXch 

VRUSWiRn iVRWheUmV VXSSl\ Rnl\ indiUecW; WhXV, iW iV difficXlW WR idenWif\ Whe 

binding affiniW\ dXUing VRUSWiRn. 

RecenWl\, VSecWURVcRS\ haV been Zidel\ XVed WR UeYeal Whe inWeUacWiRn 

Rf enYiURnmenWal SRllXWanWV in Whe biRchaU (XX eW al. 2011; Chia eW al. 2012; Fan 

eW al. 2018). BaVed Rn Whe ZaYelengWh Rf lighW, WheUe aUe VeYeUal VSecWURVcRSieV 

WhaW haYe enabled XV WR idenWif\ VRUSWiRn mechaniVmV, namel\, X-Ua\- and 

infUaUed-baVed VSecWURVcRSieV. FRXUieU-WUanVfRUm infUaUed VSecWURVcRS\ (FTIR) 

iV eTXiSSed ZiWh WR deWeUmine VeYeUal facWRUV, VXch aV aWWenXaWed WRWal UeflecWiRn 

and diffXVe UeflecWance, ZheUeaV ShRWRacRXVWic VSecWURVcRS\ iV XVed WR 

UeSUeVenW Whe VWUXcWXUal cRnfigXUaWiRn Rf bRWh Whe biRchaU and Whe inWeUacWiRn Rf 

enYiURnmenWal SRllXWanWV aW Whe inWeUface beWZeen Whe biRchaU and liTXid ShaVeV 

(MinneV eW al. 2017). X-Ua\ abVRUSWiRn neaU edge VWUXcWXUe and e[Wended X-Ua\ 

abVRUSWiRn fine VWUXcWXUe aUe effecWiYe WechniTXeV in idenWif\ing Whe 

elecWURchemical VWUXcWXUe Rf Whe VXUURXnding aWRmV. X-Ua\ ShRWRelecWURn 
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VSecWUa (XPS) aUe XVed WR cRnfiUm Whe TXanWiWaWiYe meaVXUe Rf elemenWal 

cRmSRViWiRn fRU biRchaU inWeUacWing ZiWh enYiURnmenWal SRllXWanWV, in Zhich iWV 

UeVXlWV deWeUmine Whe binding VWaWeV beWZeen biRchaU and enYiURnmenWal 

SRllXWanWV (AWRm and KRnnR 2016). X-Ua\ flXRUeVcence (XRF) VSecWURmeWU\ iV 

XVed WR anal\]e Whe cRncenWUaWiRn Rf Whe inRUganic elemenWV Rf biRchaU, Zhile 

X-Ua\ diffUacWiRn (XRD) SURYideV UeVXlWV UegaUding Whe cU\VWallRgUaShic 

VWUXcWXUe, chemical cRmSRViWiRn, and Sh\Vical chaUacWeUiVWicV Rf biRchaU afWeU 

SRllXWanW VRUSWiRn (ChaWWeUjee eW al. 2016). NRW jXVW lighW-baVed WechniTXeV bXW 

alVR elecWURn-baVed meaVXUemenWV aUe XVefXl in idenWif\ing Whe SRURXV VWUXcWXUe 

Rf biRchaU. Field emiVViRn Vcanning elecWURn micURVcRS\ (SEM) XWili]ing an 

eneUg\ diVSeUViYe X-Ua\ VSecWURVcRS\ deWecWRU allRZV Whe mRUShRlRg\ and 

elemenWal cRmSRViWiRn Rf biRchaU inWeUacWing ZiWh chemical cRmSRXndV WR be 

anal\]ed (RadeV eW al. 2014). All Whe anal\Wical WechniTXeV haYe adYanWageV and 

diVadYanWageV; WhXV, Rnl\ limiWed infRUmaWiRn iV SURYided ZiWh a Vingle 

meaVXUemenW WechniTXe. CRnVeTXenWl\, iW iV eVVenWial WR cRmbine Whe daWa fURm 

YaUiRXV anal\Wical WechniTXeV WR YeUif\ Whe UeVXlWV, diminiVhing Whe 

diVadYanWageV Rf indiYidXal meaVXUemenW. TR dR VR, WhiV VWXd\ haV aWWemSWed WR 

idenWif\ Whe VRUSWiRn mechaniVmV and behaYiRUV Rf RUganic and inRUganic 

SRllXWanWV Rn biRchaU ZiWh RbVeUYaWiRnV fURm VeYeUal aVSecWV. 

 

1.5. ALPV RI GLVVHUWDWLRQ 

 The UemediaWiRn Rf enYiURnmenWal SRllXWanWV XVing biRchaU haV 

UeceiYed cRnVideUable aWWenWiRn becaXVe biRchaU iV an ecR-fUiendl\ and cRVW-

effecWiYe biR-VRUbenW. HRZeYeU, Xne[SecWed UeVXlWV haYe fUeTXenWl\ been 

UeSRUWed in SUeYiRXV biRchaU VWXdieV, Vince Whe Sh\VicRchemical chaUacWeUiVWicV 

Rf biRchaU haYe nRW been fXll\ addUeVVed. VaUiaWiRnV in Whe SURdXcWiRn Rf biRchaU 

caXVe a VignificanW diffeUence in Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU; 

WhXV, iV challenging WR eVWabliVh a VWandaUd SURcedXUe fRU chaUacWeUi]aWiRn.  
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FLJ. 1-2. SchemaWic illXVWUaWiRn Rf enYiURnmenW SRllXWanWV behaYiRU in Whe VRil 

enYiURnmenW.
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DeVSiWe Whe gUeaW SRWenWial Rf biRchaU fRU Whe UemediaWiRn Rf RUganic and 

inRUganic SRllXWanWV, iWV aSSURSUiaWe XVe aV a biR-VRUbenW XndeU YaUiRXV 

VXUURXnding enYiURnmenWal cRndiWiRnV haV nRW \eW been cRmSUehenViYel\ 

chaUacWeUi]ed. TheUefRUe, iW iV neceVVaU\ WR XndeUVWand Whe inWeUacWiRn Rf RUganic 

and inRUganic SRllXWanWV ZiWh biRchaU XndeU YaUiRXV enYiURnmenWal cRndiWiRnV 

fRU Whe fXUWheU XWili]aWiRn Rf biRchaU aV a biR-VRUbenW.  

ThXV, WhiV UeYieZ aimV WR SURYide cRmSUehenViYe inVighW inWR Whe 

fXndamenWal inWeUacWiRnV Rf RUganic and inRUganic SRllXWanWV ZiWh biRchaU 

SURdXced aW diffeUenW S\URl\ViV WemSeUaWXUeV XndeU YaUiRXV enYiURnmenWal 

cRndiWiRnV. The SURYided liWeUaWXUe UeYieZ VXmmaUi]eV Whe SUeYiRXV VWXdieV 

UegaUding Whe YaUiaWiRn Rf Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU XndeU 

VXUURXnding enYiURnmenWal cRndiWiRnV, VRUSWiRn Rf RUganic and inRUganic 

SRllXWanWV WR biRchaU, and Whe UeaVRn Zh\ enYiURnmenWal change iV cUXcial fRU 

Whe VRUSWiRn VWXdieV. The Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU SURdXced 

aW S\URl\ViV WemSeUaWXUeV Rf 400 and 700 �C (B400 and B700) ZeUe fXll\ 

e[amined ZiWh mRdeUn anal\WicV WR beWWeU XndeUVWand WheiU imSacWV Rn Whe 

VRUSWiRn mechaniVm. Sima]ine aV an RUganic SRllXWanW, cadmiXm aV a caWiRnic 

heaY\ meWal, and aUVenaWe aV an aniRnic R[\aniRn ZeUe VelecWed, and WheiU 

VRUSWiRn mechaniVmV ZeUe cRmSUehenViYel\ inWeUSUeWed WR XndeUVWand Whe 

fXndamenWal VRUSWiRn mechaniVm and eVWimaWe WheiU behaYiRUV and faWeV fRU 

fXUWheU imSlicaWiRn in VRil and ZaWeU enYiURnmenWV. BaVed Rn WheVe UeVXlWV and 

inWeUSUeWaWiRn, biRchaU VhRXld UeceiYe a gUeaW amRXnW Rf aWWenWiRn in Whe effRUW 

WR ma[imi]e Whe VRUSWiRn caSaciW\ and affiniW\ fRU SRllXWanW VWabili]aWiRn in Whe 

VRilV and minimi]e Xne[SecWed RXWcRmeV UeVXlWing fURm Whe miVXndeUVWanding 

Rf Whe fXndamenWal chaUacWeUiVWicV Rf biRchaU. 
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AbVWUacW 

BiRchaU iV a caUbRnaceRXV maWeUial SURdXced fURm feedVWRckV WhURXgh 

S\URl\ViV. IW haV UeceiYed a cRnVideUable aWWenWiRn aV a XniYeUVal VRUbenW fRU 

RUganic and inRUganic SRllXWanWV; hRZeYeU, iWV effecW haV demRnVWUaWed a YaUieW\ 

Rf UeVXlWV, RZing WR Whe YaUiaWiRn in Whe Sh\VicRchemical chaUacWeUiVWicV Rf 

biRchaU and SRllXWanWV XndeU flXcWXaWing enYiURnmenWal cRndiWiRnV. WiWh 

incUeaVing S\URl\ViV WemSeUaWXUe, biRchaU e[hibiWV a defRUmed SRURXV VWUXcWXUe, 

in Zhich aURmaWic caUbRn VheeWV aUe cRndenVed in an aligned WXUbRVWUaWic 

VWUXcWXUe ZiWh a laUge VXUface aUea and SRURViW\. The SH, SRinW Rf ]eUR neW chaUge, 

elecWUical cRndXcWiYiW\ (EC), and aVh cRnWenW Rf biRchaU incUeaVe dXe WR Whe 

deSRViWiRn Rf alkali ValWV b\ Whe SURgUeVViYe WheUmal decRmSRViWiRn Rf 

feedVWRckV. FXUWheUmRUe, Whe behaYiRU Rf SRllXWanWV diffeU baVed Rn VXUURXnding 

enYiURnmenWal cRndiWiRnV, aV Whe iRni]able RUganic SRllXWanWV changed ZiWh Whe 

pKa, and Whe incUeaVe in Whe iRnic Yalence Rf heaY\ meWalV and R[\aniRnV iV 

inflXenced b\ Whe inWeUacWiRn ZiWh h\dURgen RU h\dUR[\l iRnV in aTXeRXV 

VRlXWiRnV. CRnVeTXenWl\, Xne[SecWed UeVXlWV RccXU in Whe UemediaWiRn Rf 

SRllXWanWV WR biRchaU XndeU YaU\ing enYiURnmenWal cRndiWiRnV. ThiV UeYieZ aimV 

WR SURYide an RYeUYieZ Rf Whe changing Sh\VicRchemical chaUacWeUiVWicV Rf 

biRchaU WR eYalXaWe aV a biRVRUbenW, and diVcXVV Whe UeaVRnV fRU Whe Xne[SecWed 

UeVXlWV fURm Whe SeUVSecWiYeV Rf biRchaU chaUacWeUiVWicV, enYiURnmenWal facWRUV, 

and meaVXUemenW WechnRlRg\. We belieYe WhaW lab-Vcale VWXdieV fRU idenWif\ing 

Whe VRUSWiRn mechaniVmV beWZeen biRchaU and SRllXWanWV aUe eVVenWial fRU 

deVigning UemediaWiRn VWUaWegieV mRUe effecWiYel\ b\ cRnWURlling Whe 

biRaYailabiliW\ and leachabiliW\ in Ueal enYiURnmenWV. 

 

Ke\ZRUdV  

Ph\VicRchemical chaUacWeUiVWicV, BiRchaU, SRUSWiRn, IRni]able SRllXWanWV, SH 
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2.1. IQWURdXcWLRQ 

BiRchaU iV caUbRn-Uich maWeUial SURdXced fURm feedVWRckV, VXch aV 

ZRRd, leaYeV, RU manXUe WhURXgh S\URl\ViV XndeU R[\gen deficienW cRndiWiRnV 

(Lehmann 2007a; YXan eW al. 2011). VaUiaWiRnV in feedVWRckV W\Se and S\URl\ViV 

WemSeUaWXUe caXVe diffeUenW Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU (KlRVV 

eW al. 2012; RRnVVe eW al. 2013; MimmR eW al. 2014), Vince Whe WheUmal 

decRmSRViWiRn Rf mRlecXlaU VWUXcWXUe in feedVWRckV RccXUV aW VSecific S\URl\ViV 

WemSeUaWXUeV (Chen eW al. 2008; PhXRng eW al. 2015). DeVSiWe Whe XVe Rf Whe Vame 

feedVWRckV fRU Whe SURdXcWiRn Rf biRchaU, Whe Sh\VicRchemical chaUacWeUiVWicV Rf 

biRchaU YaU\ ZiWh Whe S\URl\ViV WemSeUaWXUeV XVed in Whe SURdXcWiRn. FRU 

e[amSle, Sine needle biRchaU SURdXced aW lRZeU S\URl\ViV WemSeUaWXUeV haV an 

amRUShRXV aliShaWic fUacWiRn; hRZeYeU, ZiWh incUeaVing S\URl\ViV WemSeUaWXUe, 

WhiV biRchaU e[hibiWV an incUeaVing aURmaWic fUacWiRn ZiWh a cRndenVed aURmaWic 

cRUe (Chen eW al. 2008). ThiV iV becaXVe Whe cellXlRVe and lignin in SlanW biRmaVV 

aUe degUaded aW 220±315 �C and aW > 400 �C, UeVSecWiYel\ (QX eW al. 2011; 

MimmR eW al. 2014). MiscanWhXs biRchaU incUeaVe in caUbRn cRnWenW and 

VSecific VXUface aUea ZiWh incUeaVing S\URl\ViV WemSeUaWXUeV, RZing WR 

SURgUeVViYe WheUmal decRmSRViWiRn (MimmR eW al. 2014; Elma\ eW al. 2015); 

meanZhile, R[\gen cRnWaining acidic fXncWiRnal gURXSV and SRViWiYel\ chaUged 

VXUface aUea ZeUe decUeaVed (Lee eW al. 2018). NRW Rnl\ dReV SlanW deUiYed 

biRchaU haYe diffeUenW Sh\VicRchemical chaUacWeUiVWicV cRmSaUed ZiWh biRchaU 

SURdXced fURm animal manXUe, bXW iW alVR cRnWainV a laUgeU inRUganic fUacWiRn 

(Zhang eW al. 2013b). SXch YaUiRXV Sh\VicRchemical chaUacWeUiVWicV dXUing Whe 

SURdXcWiRn Rf biRchaU ZRXld caXVe a SURblem aV a biRVRUbenW becaXVe Whe 

VRUSWiRn caSaciW\ and affiniW\ Rf biRchaU ZRXld nRW be XnifRUm fRU Whe 

UemediaWiRn Rf SRllXWanWV. 

 The UemediaWiRn Rf SRllXWed VRil and ZaWeU enYiURnmenWV ZiWh RUganic 

and inRUganic mRlecXleV iV an XUgenW SURblem, aV SRllXWiRn iV a diUecW WhUeaW WR 
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hXman healWh (WaVi eW al. 2013; Abdel-Shaf\ and ManVRXU 2016). HRZeYeU, 

VRlYing Whe SURblem Rf SRllXWiRn iV challenging becaXVe bRWh biRchaU and 

SRllXWanWV XndeUgR WUanViWiRn and WUanVfRUmaWiRn ZiWh changeV in enYiURnmenWal 

cRndiWiRnV, VXch aV SH, iRn cRmSRViWiRn, WemSeUaWXUe, and UedR[ cRndiWiRnV. 

FXUWheUmRUe, SRllXWanWV can inWeUacW ZiWh YaUiRXV elemenWV in VRil and ZaWeU 

enYiURnmenWV, UeVXlWing in a YaUieW\ Rf VRUSWiRn behaYiRU. OUganic acidV VXch aV 

2,4-D, ben]Ric acid, and chlRUinaWed ShenRlV haYe a neXWUal chaUge belRZ pKa 

(Uchimi\a eW al. 2012), ZheUeaV Whe\ aUe negaWiYel\ chaUged aW SH abRYe pKa, 

RZing WR deSURWRnaWiRn. MeanZhile, Whe RUganic baVe, cRmSRVed Rf Vima]ine 

and WUia]ine, iV SRViWiYel\ chaUged belRZ pKa becaXVe Rf SURWRnaWiRn, Zhile iW 

haV a neXWUal chaUge abRYe pKa (Lee eW al. 2018). HeaY\ meWalV aUe W\Sicall\ 

knRZn aV SRViWiYel\ chaUged iRnV XndeU neXWUal SH cRndiWiRnV; WhXV, Whe\ ZRXld 

be WUanVSRUWed fURm VRil WR ZaWeU ZiWh XSWake b\ RUganiVmV, UeVXlWing in 

R[idaWiYe VWUeVV. UndeU alkali cRndiWiRnV, heaY\ meWalV cRXld be SUeciSiWaWed 

ZiWh h\dUR[\l iRnV, ZheUeaV mRlecXlaU VWUXcWXUeV ZRXld be WUanVfRUmed in Whe 

SUeVence Rf RWheU negaWiYel\ chaUged elemenWV in Whe VRil and ZaWeU (BaVXalWR 

eW al. 2006; BRSaUai eW al. 2013). O[\aniRnV aUe negaWiYel\ chaUged mRlecXleV 

fRUmed ZiWh R[\gen, and ShRVShaWe and aUVenaWe (AV(V)) aUe UeSUeVenWaWiYe 

R[\aniRn VSecieV. PhRVShaWe iV Zell knRZn aV an eVVenWial elemenW fRU SlanW 

gURZWh, ZheUeaV AV(V) iV cRnVideUed a nRWRUiRXV R[\aniRn becaXVe Rf iWV 

cRmSle[ faWe in VRil and ZaWeU enYiURnmenWV. UndeU R[ic cRndiWiRnV, AV(V) 

cRe[iVWV ZiWh H3AVO4, H2AVO4
-, HAVO4

2-, and AVO4
3- dXe WR haYe WhUee pKa 

(KRng eW al. 2017); iW alVR WUanVfRUmV WR aUVeniWe (AV(რ)), Zhich iV a UedXced 

fRUm Rf AV(V) and iV fUeTXenWl\ UeSRUWed aV UeViding in Whe VXbR[ic and anR[ic 

cRndiWiRnV Rf VRilV. CRnVeTXenWl\, R[\aniRnV cRXld be SUeciSiWaWed ZiWh 

SRViWiYel\ chaUged elemenWV RU VRUbed ZiWh Whe SRViWiYel\ chaUged VXUface Rf 

VRil and ZaWeU cRmSRnenWV. AV VXch, WheiU behaYiRU deSendV Rn Whe VXUURXnding 

enYiURnmenWal cRndiWiRnV, VXch aV SH, UedR[ SRWenWial, and iRn cRmSRViWiRn. 
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Of Whe YaUiRXV UemediaWiRn WechnRlRgieV fRU SRllXWanWV, VRUSWiRn, 

Zhich RccXUV aV Whe VRUbaWe (RUganic and inRUganic SRllXWanWV) iV aWWached WR Whe 

VRUbenW, iV Whe mRVW WUadiWiRnal and effecWiYe WechniTXe (El-GeXndi 1991; 

Daࡤ bURZVki 2001). TheUe aUe nXmeURXV VWXdieV Rn Whe VRUSWiRn Rf SRllXWanWV, and 

VRUbenW iV W\Sicall\ XVed WR UedXce Whe mRbiliW\ and biRaYailabiliW\ Rf SRllXWanWV 

in VRil and ZaWeU. FRU e[amSle, calciWe, a VRil mineUal SURdXced fURm naWXUal 

VXbVWanceV, haV been VhRZn WR efficienWl\ VRUb aUVenaWe (S¡ eW al. 2008); in 

addiWiRn, Sh\llRVilicaWeV, meWal R[ideV, and V\nWheWic RUganR±mineUal 

cRmSle[eV aUe effecWiYe VRUbenWV fRU aUVenaWe and ShRVShaWe (ViRlanWe and 

Pigna 2002). SRil RUganic maWWeU iV Zell knRZn aV VRUbenWV fRU RUganic 

SRllXWanWV. HXmin, Zhich iV Whe inVRlXble fUacWiRn Rf VRil RUganic cRmSRnenWV, 

iV YalXable fRU UedXcing Whe caSaciW\ Rf VXlfameWha]ine (GXR eW al. 2017); 

meanZhile, hXmic RU fXlYic acid, Zhich iV Whe VRlXble fUacWiRn Rf VRil RUganic 

cRmSRnenWV, iV effecWiYe in managing eXURSiXm (Tan eW al. 2008). RecenWl\, 

V\nWheVi]ed SRl\meUV, VXch aV caUbRn nanRWXbeV and acWiYaWed caUbRn, haYe 

been fUeTXenWl\ XVed fRU UemediaWiRn Rf SRllXWanW (Abdel-Halim and Al-De\ab 

2011). MXlWiZall caUbRn nanRWXbeV haYe been VhRZn WR diminiVh Whe amRXnWV 

Rf caSaciW\ fRU S\Uene, ShenanWhUene, and naShWhalene (Yang eW al. 2006), Zhile 

acWiYaWed caUbRn haV demRnVWUaWed a cRmSaUaWiYe effecW in UedXcing heaY\ 

meWal cRncenWUaWiRn (P\U]\ĔVka and B\VWU]ejeZVki 2010).  

BiRchaU iV Whe mRVW effecWiYe ecR-fUiendl\ and cRVW-effecWiYe VRUbenW 

fRU enYiURnmenWal SRllXWanWV in VRil and aTXeRXV enYiURnmenWV (Ahmad eW al. 

2014), UeVXlWing in heWeURgeneRXV Sh\VicRchemical chaUacWeUiVWicV (SXn eW al. 

2011a; YaR eW al. 2011; Deng eW al. 2017). TheUe aUe nXmeURXV VWXdieV UegaUding 

Whe VRUSWiRn Rf biRchaU ZiWh SRllXWanWV. FRU e[amSle, Whe VRUSWiRn amRXnW Rf 

RUganic SRllXWanWV WR biRchaU SURdXced fURm ZRRdchiS ZeUe decUeaVed in 

MinneVRWa VRil (SSRkaV eW al. 2009); in addiWiRn, Sine needle biRchaU amended 

WR Whe VRil ZaV VhRZn WR enhance Whe VRUSWiRn Rf SRl\c\clic aURmaWic 
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h\dURcaUbRnV (Chen and YXan 2011). HRZeYeU, biRchaU S\URl\]ed aW 

WemSeUaWXUeV Rf 200±700 �C (100 �C inWeUYal) demRnVWUaWed diffeUenW leYelV Rf 

effecWiYeneVV fRU Whe VRUSWiRn Rf ShWhalic acid eVWeUV becaXVe Rf diffeUenceV in 

Whe SRlaU and aliShaWic dRmainV Rf biRchaU (SXn eW al. 2012). The VRUSWiRn Rf 

heaY\ meWalV ZeUe alVR immRbili]ed b\ Whe biRchaU SURdXced fURm SlanW 

biRmaVV (PaUk eW al. 2013), and Whe VRUSWiRn Rf ammRniXm, niWUaWe, and 

ShRVShaWe WR biRchaU S\URl\]ed fURm cRUn VWRYeU and Rak ZRRd incUeaVed 

RZing WR Whe deSRViWiRn Rf mineUalV Rn Whe VXUface Rf biRchaU (HRlliVWeU eW al. 

2013). The UemediaWiRn efficienc\ Rf SRllXWanWV YaUied in biRchaU, aV Whe 

Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU gRYeUn Whe VRUSWiRn mechaniVmV; 

hRZeYeU, WhiV haV nRW \eW been cRmSUehenViYel\ deWailed. TheUefRUe, iW iV 

imSRUWanW WR XndeUVWand nRW Rnl\ Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU 

bXW alVR Whe iRni]able VSecieV Rf SRllXWanWV XndeU flXcWXaWing enYiURnmenWal 

cRndiWiRnV WR eVWimaWe Whe VRUSWiRn caSaciW\ and affiniW\ in VRil and ZaWeU 

enYiURnmenWV.  

ThiV UeYieZ VXmmaUi]eV Whe diYeUViW\ in Whe Sh\VicRchemical 

chaUacWeUiVWicV Rf biRchaU b\ feedVWRckV W\Se and S\URl\ViV WemSeUaWXUe, Whe 

effecWiYeneVV Rf biRchaU aV biRVRUbenWV fRU RUganic and inRUganic SRllXWanWV in 

VRil RU ZaWeU enYiURnmenWV, and Whe Xne[SecWed UeVXlWV fRU Whe UemediaWiRn Rf 

SRllXWanWV.  

 

2.2. Ph\VLcRchePLcaO chaUacWeULVWLcV Rf bLRchaU  

Each biRchaU haV diVWincWiYe Sh\VicRchemical chaUacWeUiVWicV RZing WR 

Whe YaUieW\ Rf cRnVWiWXenW and mRlecXlaU VWUXcWXUeV in feedVWRckV (MXkRme eW al. 

2013; XX eW al. 2014; Xie eW al. 2015). BiRchaU deUiYed fURm animal biRmaVV 

haV mRUe enUichmenW mineUal cRnWenW, alRng ZiWh higheU elecWUic cRndXcWiYiW\ 

and aVh cRnWenWV, aV cRmSaUed ZiWh biRchaU SURdXced fURm SlanW biRmaVV 

(Uchimi\a and HiUadaWe 2014). PlanW biRchaU haV an abXndance in RUganic 
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caUbRn cRnWenW dXe WR Whe cRnWenWV Rf cellXlRVe, hemicellXlRVe, and lignin (XX 

eW al. 2014). HRZeYeU, Whe YaUiaWiRn in Whe Sh\VicRchemical chaUacWeUiVWicV Rf 

biRchaU ZiWh incUeaVing S\URl\ViV WemSeUaWXUeV demRnVWUaWeV a VimilaU Wendenc\, 

UegaUdleVV Rf Whe W\Se Rf feedVWRckV (Singh and CRZie 2010; RRnVVe eW al. 2013). 

 
2.2.1. MRlecXlaU VWUXcWXUeV  

WiWh incUeaVing S\URl\ViV WemSeUaWXUe, YXlneUable RUganic 

cRmSRnenWV in feedVWRckV aUe UeleaVed b\ WheUmal decRmSRViWiRn (QX eW al. 

2011; MimmR eW al. 2014). The mRlecXlaU VWUXcWXUe Rf feedVWRckV, Zhich 

e[hibiWV a higheU fUacWiRn Rf aURmaWic caUbRn and a highl\ diVRUdeUed 

amRUShRXV VWUXcWXUe, iV deYelRSed WhURXgh cRnjXgaWed aURmaWic caUbRn VheeWV 

and an aligned WXUbRVWUaWic VWUXcWXUe (Fig. 2-1). The fXUWheU SURgUeVViYe WheUmal 

decRmSRViWiRn Rf biRmaVV led WR a gUaShiWe VWUXcWXUe (Chen eW al. 2007; MimmR 

eW al. 2014). PhXRng eW al. (2015) demRnVWUaWed WhaW Whe VWUXcWXUe fRUmaWiRn Rf 

Uice hXVk and Uice VWUaZ ZeUe amRUShRXV, ZheUeaV Whe biRchaU ZaV 

chaUacWeUi]ed aV haYing a gUaShiWe-like VWUXcWXUe cRnfiUmed b\ SEM anal\ViV. 

Gyme]-ZRUUilla MaUWtn eW al. (2013) UeSRUWed WhaW Whe higheU S\URl\ViV 

WemSeUaWXUe UeVXlWed in Whe diVaSSeaUance Rf cU\VWalline cellXlRVe in Whe ZRRd 

biRmaVV, indicaWing Whe abVence Rf an amRUShRXV VWUXcWXUe. The UeVXlW Rf WhiV 

ZaV Whe fRUmaWiRn Rf a gUaShiWe VWUXcWXUe ZiWh imSURYed la\eU aVVignmenW, aV 

demRnVWUaWed b\ SEM and XRD anal\ViV. BekiaUiV eW al. (2016) RbVeUYed Whe 

VWUXcWXUal WUanVfRUmaWiRn Rf biRchaU ZiWh incUeaVing S\URl\ViV WemSeUaWXUe 

XVing FTIR VSecWUa; Whe\ nRWed WhaW Whe SeakV cRUUeVSRnded WR Whe O-H 

VWUeWching YibUaWiRn, ZiWh Whe aV\mmeWUic and V\mmeWUic C-H VWUeWching 

YibUaWiRnV diminiVhed; meanZhile, Whe C=C VWUeWching YibUaWiRn in aURmaWic 

VWUXcWXUeV ZaV incUeaVed, UegaUdleVV Rf feedVWRckV W\Se.   
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2.2.2. SXUface aUea  

The VXUface aUea Rf biRchaU iV cRnWURlled b\ Whe S\URl\ViV WemSeUaWXUe, 

Vince Whe YRlaWile maWeUialV in feedVWRckV aUe decRmSRVed ZiWh incUeaVing 

S\URl\ViV WemSeUaWXUe (ZhaR eW al. 2013; DRmingXeV eW al. 2017). PURgUeVViYe 

WheUmal decRmSRViWiRn caXVed Whe fRUmaWiRn Rf channel VWUXcWXUeV ZiWh a laUgeU 

SRUe VWUXcWXUe and incUeaVed VXUface aUea (MXkheUjee eW al. 2011; SigmXnd eW al. 

2016). LXa eW al. (2004) XVed BUXnaXeU±EmmeWW±TelleU (BET) anal\ViV WR VhRZ 

WhaW Whe VXUface aUea Rf biRchaU SURdXced SiVWachiR-nXW VhellV incUeaVed ZiWh 

S\URl\ViV WemSeUaWXUe RZing WR Whe eYRlXWiRn Rf YRlaWile maWeUialV in Whe 

feedVWRckV, UeVXlWing in an incUeaVe in Whe SRUe VWUXcWXUe. CanWUell eW al. (2012) 

VhRZed WhaW Whe mRVW dUaVWic incUeaVe in VXUface aUea Rf animal manXUe biRchaU 

ZaV demRnVWUaWed b\ biRchaU SURdXced aW  S\URl\ViV WemSeUaWXUe Rf 700 �C 

dXe WR Whe higheU WheUmal degUadaWiRn Rf RUganic mRlecXleV in Whe feedVWRckV. 

AlWhRXgh YaUiRXV W\SeV Rf feedVWRckV ZeUe XVed fRU biRchaU SURdXcWiRn, Whe 

change in Whe VXUface aUea ZiWh incUeaVing S\URl\ViV WemSeUaWXUe ZaV cRnViVWenW, 

UegaUdleVV Rf feedVWRckV XVed; meanZhile, Whe biRchaU SURdXced fURm SlanW 

biRmaVV e[hibiWed a gUeaWeU VXUface aUea Whan Whe biRchaU SURdXced fURm animal 

UeVidXeV (ZhaR eW al. 2013; Shaaban eW al. 2014; DRmingXeV eW al. 2017). 

 

2.2.3. PRURViW\  

The S\URl\ViV WemSeUaWXUe deWeUmineV nRW Rnl\ Whe VXUface aUea bXW alVR 

Whe SRURViW\, aV WheVe Sh\Vical chaUacWeUiVWicV Rf biRchaU aUe gRYeUned b\ Whe 

WheUmal decRmSRViWiRn Rf RUganic YRlaWileV in Whe feedVWRckV. The SRUe Vi]e 

diVWUibXWiRn ZaV cRUUelaWed WR Whe SRURViW\ and VXUface aUeaV, aV mRVW Rf Whe 

cRnWUibXWiRn WR Whe VXUface aUea came fURm Whe micUR-SRUeV (> 1.5 nm) Rf 

biRchaU, accRUding WR Gai eW al. (2014). FXUWheUmRUe, nanR-SRUeV (< 1.5 nm) 

ZeUe cRnYeUWed WR micURSRUeV ZiWh incUeaVing S\URl\ViV WemSeUaWXUe, Vince Whe 
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FLg. 2-1 SchemaWic illXVWUaWiRn fRU eYRlXWiRn Rf SRURXV VWUXcWXUeV ZiWh 

incUeaVing S\URl\ViV WemSeUaWXUe. ThiV figXUe iV fURm Whe SUeYiRXV DZRnie eW al 

(2012) VWXd\, iW iV inclXded fRU beWWeU XndeUVWanding Whe mRlecXlaU Vcale 

WUanVfRUmaWiRn Rf biRchaU VWUXcWXUe.  
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nanR-SRUeV cRllaSVed beWZeen Whe adjacenW SRUeV, UeVXlWing in an incUeaVe in 

SRUe VWUXcWXUeV (g]oimen and EUVR\-MeUiobR\X 2010; SigmXnd eW al. 2016). 

Angin (2013) VhRZed WhaW Whe BET VXUface aUea and micUR-SRUe YRlXme Rf 

biRchaU changed ZiWh incUeaVing S\URl\ViV WemSeUaWXUe and heaWing UaWe. Chen 

eW al. (2014) VhRZed WhaW Whe SRUe Vi]e and SRUe YRlXme Rf mXniciSal VeZage 

VlXdge biRchaU incUeaVed ZiWh incUeaVing S\URl\ViV WemSeUaWXUe, and Ahmad eW 

al. (2012) demRnVWUaWed WhaW a higheU VXUface aUea and SRUe YRlXme Rf biRchaU 

\ielded gUeaWeU VRUSWiRn caSaciW\ Rf WUichlRUReWh\lene. In addiWiRn, SlanW 

biRmaVV biRchaU S\URl\]ed aW higheU S\URl\ViV WemSeUaWXUeV, Zhich e[hibiWed a 

higheU BET VXUface aUea and micUR-SRUeV, ZeUe mRUe effecWiYe in Whe VRUSWiRn 

Rf heaY\ meWal in Whe VRil (Uchimi\a eW al. 2011b). CRnVeTXenWl\, Whe SRURViW\ 

and VXUface aUea aUe cUiWical facWRUV WhaW gRYeUn Whe caSaciW\ Rf biRchaU fRU Whe 

UemediaWiRn Rf SRllXWanWV and UeWenWiRn Rf nXWUienWV. 

 

2.2.4. SH, SRinW Rf ]eUR neW chaUge, elecWUical cRndXcWiYiW\ (EC) and aVh cRnWenWV 

The chemical cRmSRViWiRn Rf feedVWRckV changeV ZiWh incUeaVing 

S\URl\ViV WemSeUaWXUe, aV R[\gen cRnWaining fXncWiRnal gURXSV aUe eliminaWed 

Zhile alkali ValWV accXmXlaWe Rn Whe biRchaU (Uchimi\a eW al. 2011b; Al-Wabel 

eW al. 2013; Singh eW al. 2017). The R[\gen cRnWaining fXncWiRnal gURXSV aUe 

knRZn aV caUbR[\lic, lacWRnic, and ShenRlic acidic gURXSV (TVechanVk\ and 

GUabeU 2014; EVVandRh eW al. 2015), ZheUeaV Whe alkali ValWV aUe VRlXble ValWV, 

caUbRnaWeV, meWal R[ideV, h\dUR[ideV, and VilicaWeV (OkXnR eW al. 2005; Singh 

eW al. 2010). BRWh R[\gen cRnWaining fXncWiRnal gURXSV and alkali ValWV 

cRnWUibXWe WR Whe fXndamenWal chemical chaUacWeUiVWicV Rf biRchaU, VXch aV SH, 

SRinW Rf ]eUR neW chaUge (PZNC), elecWUical cRndXcWiYiW\ (EC), and aVh cRnWenW 

(UVman eW al. 2015; Tag eW al. 2016) (Table 2-1). Lehmann (2007) VhRZed WhaW 

Whe SH Rf biRchaU incUeaVed ZiWh S\URl\ViV WemSeUaWXUe, ZiWh a dUamaWic 

incUeaVe RbVeUYed aW S\URl\ViV WemSeUaWXUe Rf 500 �C, Vince Whe ma[imXm 
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WheUmal decRmSRViWiRn RccXUV in agUicXlWXUal biRmaVV aW WhaW WemSeUaWXUe. 

MXkheUjee eW al. (2011) VhRZed WhaW Whe incUeaVing SH ZiWh S\URl\ViV 

WemSeUaWXUe ZaV caXVed b\ Whe deSleWiRn Rf R[\gen cRnWaining acidic fXncWiRnal 

gURXSV accRmSanied b\ decUeaVing PZNC (Chen eW al. 2014; Zhang eW al. 2015). 

Gai eW al. (2014) indicaWed WhaW Whe EC and aVh cRnWenW Rf Whe fRXU W\SeV Rf 

biRchaU incUeaVed ZiWh incUeaVing S\URl\ViV WemSeUaWXUe, becaXVe Whe YRlaWile 

maWeUialV in Whe feedVWRckV ZeUe decRmSRVed WhURXgh cRnViVWenW SURgUeVViYe 

WheUmal decRmSRViWiRn b\ Whe Uemaining ValWV. YXan eW al. (2015) alVR indicaWed 

WhaW Whe SH, EC, and aVh cRnWenW Rf biRchaU SURdXced fURm VeZage VlXdge 

incUeaVed ZiWh S\URl\ViV WemSeUaWXUe, UeVXlWing in an incUeaVe in Whe baVic 

fXncWiRnal gURXSV and Whe deSRViWiRn Rf alkali ValWV (UVman eW al. 2015). 

TheUefRUe, WheVe YaUiaWiRnV in Whe fXndamenWal chemical chaUacWeUiVWicV Rf 

biRchaU affecW nRW Rnl\ Whe UemediaWiRn Rf SRllXWanW behaYiRU bXW alVR Whe VRil 

feUWiliW\ b\ nXWUienW UeWenWiRn (SXn eW al. 2011a; EVVandRh eW al. 2015). 

FXUWheUmRUe, XndeUVWanding Whe effecW Rf fXndamenWal chemical chaUacWeUiVWicV 

Rf biRchaU ZeUe imSRUWanW fRU biRchaU XWili]aWiRn (Yan ZZieWen eW al. 2010; 

Singh eW al. 2017). 

 

2.2.5. ElemenWal cRmSRViWiRn and aWRmic UaWiR 

 VRlaWile maWeUialV and R[\gen cRnWaining acidic fXncWiRnal gURXSV in 

feedVWRckV ZeUe UeleaVed WR Whe aWmRVSheUe dXUing Whe SURdXcWiRn Rf biRchaU 

ZiWh incUeaVing S\URl\ViV WemSeUaWXUe (Fang eW al. 2014; LXR eW al. 2015); 

meanZhile, Whe caUbRn VWUXcWXUe iV mainWained and aligned ZiWh WXUbRVWUaWic 

VWUXcWXUeV. ThiV iV cRnfiUmed b\ Whe YaUiaWiRn Rf aWRmic UaWiRV VXch aV (O+N)/C, 

H/C, and O/C, UeflecWiYe Rf Whe SRlaUi]aWiRn, caUbRni]aWiRn, and 

h\dURShili]aWiRn, UeVSecWiYel\ (NgX\en eW al. 2007; XiaR eW al. 2016). Al-Wabel 

eW al. (2013) demRnVWUaWed WhaW Whe elemenWal cRmSRViWiRn and Whe cRncenWUaWiRn 

Rf R[\gen, h\dURgen, and VXlfXU Rf biRchaU SURdXced fURm cRnRcaUSXV ZaVWe  
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FLg. 2-2 Van KUeYelen diagUam Rf YaUiRXV biRchaU deUiYed fURm YaUiRXV 

feedVWRckV XndeU diffeUenW S\URl\ViV WemSeUaWXUe. The gUa\ V\mbRlV indicaWed 

Whe SUeYiRXV VWXd\ accRUding WR Ahmad eW al. (2014) and cRlRUed V\mbRlV 

UeSUeVenWed Whe XSdaWed UeVXlWV in Whe RWheU SUeYiRXV VWXdieV.  
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TabOe 2-1 AVh and elemenWal cRnWenWV Rf biRchaU SURdXced XndeU YaUiRXV 
feedVWRckV and S\URl\ViV WemSeUaWXUeV. 
FeedVWRckV P\URl\ViV 

WemSeUaWXUe (RC) 
AVh 
(%) 

Na K Ca Mg P Fe RefeUenceV 
(g kg-1)  

PRXlWU\ 
liWWeU 

350 9.3 1.14 1.24 0.61 0.53 - - Tag eW al. 
(2016) 300 12.8 1.71 1.55 0.25 0.19 - - 

350 18.4 2.50 1.82 0.02 0.03 - - 
500 21.8 2.88 2.76 0.01 0.02 - - 
600 29.3 3.10 3.29 0.01 0.04 - - 

SeZage 
VlXdge 

300 65.8 - 7.47 20.6 6.19 38.8 34.5 YXan eW al. 
(2015) 400 75.5 - 8.99 22.7 6.96 42.7 38.4 

500 80.6 - 10.1 23.9 7.47 44.7 40.8 
600 83.8 - 13.3 24.0 7.86 45.1 41.7 
700 86.8 - 16.6 25.8 8.06 49.2 43.1 

MXniciSal 
VeZage 

500 74.2 1.17 8.52 59.3 14.7 18.2 31.1 Chen eW al. 
(2014) 600 77.9 1.72 8.50 62.7 15.5 18.8 33.6 

700 81.5 1.38 9.94 64.4 16.4 20.4 35.3 
800 83.9 1.93 9.29 65.8 16.6 19.3 35.8 
900 88.1 3.42 8.68 69.6 17.5 20.2 37.2 

Vine 
SUXning 

250 5.0 0.06 0.06 0.07 0.03 - - Tag eW al. 
(2016) 300 6.8 0.08 0.07 0.04 0.02 - - 

350 8.3 0.08 0.07 0.04 0.02 - - 
500 10.6 0.10 0.08 0.02 0.02 - - 
600 11.5 0.14 0.11 0.01 0.01 - - 

Palm WUee 300 14.4 4.0 21.8 48.5 15.3 - - UVman eW al. 
(2015) 400 16.3 4.2 21.7 60.4 15.7 - - 

500 19.7 4.8 22.3 58.1 19.3 - - 
600 20.7 5.3 25.8 77.7 19.0 - - 
700 21.1 5.0 26.9 76.5 19.2 - - 
800 21.4 5.8 27.1 80.8 20.2 - - 

OUange 
SRmace 

350 6.7 0.03 0.03 0.11 0.03 - - Tag eW al. 
(2016) 300 9.4 0.05 0.06 0.03 0.01 - - 

350 11.3 0.06 0.06 0.02 0.01 - - 
500 14.2 0.07 0.07 0.01 0.01 - - 
600 16.3 0.10 0.10 0.01 0.00 - - 

SeaZeed 250 22.9 2.17 3.24 0.87 0.07 - - Tag eW al. 
(2016) 300 28.7 2.86 3.73 0.75 0.06 - - 

350 33.4 2.90 4.12 0.22 0.08 - - 
500 40.0 3.33 4.51 0.21 0.08 - - 
600 42.7 4.29 5.49 0.16 0.08 - - 

SXgaU cane 
VWUaZ 

400 11.3 - 15.0 6.8 1.9 1.1 - MelR eW al. 
(2013) 500 11.7 - 19.0 7.4 2.4 1.2 - 

600 13.1 - 18.0 9.1 2.6 1.1 - 
700 13.2 - 22.0 9.5 2.8 1.1 - 

  



2-16 
 

decUeaVed ZiWh incUeaVing S\URl\ViV WemSeUaWXUe, ZheUeaV Whe caUbRn cRnWenW 

incUeaVed, caXVing a decUeaVe in Whe (O+N)/C, H/C, and O/C UaWiRV dXe WR Whe 

UeleaVe Rf YRlaWile maWeUialV fURm Whe feedVWRckV. XX eW al. (2014) e[Slained WhaW 

Whe cRnWenWV Rf niWURgen, h\dURgen, and R[\gen in manXUe deUiYed biRchaU 

decUeaVed ZiWh incUeaVing S\URl\ViV WemSeUaWXUe RZing WR Whe YRlaWili]aWiRn Rf 

RUganic maWeUialV in Whe manXUe biRmaVV, fRllRZed b\ Whe decUeaVe in (O+N)/C, 

H/C, and O/C. AlWhRXgh diffeUenW W\SeV Rf feedVWRckV ZeUe XVed fRU biRchaU 

SURdXcWiRn, Whe YaUiaWiRn in elemenWal cRmSRViWiRn ZaV idenWical ZiWh 

incUeaVing S\URl\ViV WemSeUaWXUe, Vince Whe YRlaWile RUganic maWeUial in Whe 

feedVWRckV ZaV UeleaVed WhURXgh SURgUeVViYe WheUmal decRmSRViWiRn (MXkRme 

eW al. 2013). 

 

2.2.6. O[\gen cRnWaining acidic fXncWiRnal gURXSV 

 DXUing Whe decRmSRViWiRn Rf YRlaWile RUganic maWeUialV in feedVWRckV, 

R[\gen cRnWaining acidic fXncWiRnal gURXSV ZeUe alVR UeleaVed ZiWh incUeaVing 

S\URl\ViV WemSeUaWXUe, Zhich decUeaVed Whe aUea Rf Whe h\dURShilic VXUface; 

meanZhile, Whe h\dURShRbic VXUface e[SeUienced RSSRViWe behaYiRU (KlRVV eW 

al. 2012; Shaaban eW al. 2014; Fan eW al. 2018). The acidic fXncWiRnal gURXSV Rn 

VXUface Rf biRchaU aUe geneUall\ knRZn aV caUbR[\lic, lacWRnic, and ShenRlic, 

and WheiU abXndance iV deWeUmined b\ Whe chemical cRmSRViWiRn in feedVWRckV 

(MXkheUjee eW al. 2011; Fidel eW al. 2013). The abXndance Rf acidic fXncWiRnal 

gURXSV decUeaVeV ZiWh incUeaVing S\URl\ViV WemSeUaWXUe (Fig. 2-3) and e[hibiWV 

an idenWical SaWWeUn WR WhRVe Rf YaUiRXV W\SeV Rf feedVWRckV (ChXn eW al. 2004; 

SXliman eW al. 2016). The TXalificaWiRn and TXanWificaWiRn Rf acidic fXncWiRnal 

gURXSV Rn biRchaU VXUface ZeUe cRndXcWed b\ BRehm WiWUaWiRn meWhRdV (BRehm 

1994; CRnWeVcX eW al. 1997), TXanWif\ing caUbR[\lic, lacWRnic, and ShenRlic 

acidic fXncWiRnal gURXSV WhURXgh WiWUaWiRn ZiWh WhUee diffeUenW baVeV (NaHCO3, 

Na2CO3, and NaOH) (Fidel eW al.  
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FLg. 2-3 VaUiaWiRn Rf chaUged VXUface Rf biRchaU ZiWh incUeaVing SH b\ 

deSURWRnaWed acidic fXncWiRnal gURXSV (e.g., caUbR[\lic, lacWRnic, and ShenRlic) 

Rn biRchaU VXUface. 
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2013; TVechanVk\ and GUabeU 2014). SXliman eW al. (2016) VhRZed WhaW Whe 

caUbR[\lic, lacWRnic, and ShenRlic acidic fXncWiRnal gURXSV Rf SlanW biRmaVV 

biRchaU decUeaVed ZiWh incUeaVing S\URl\ViV WemSeUaWXUe, RZing WR Whe UeleaVe 

Rf YRlaWile maWeUialV in Whe SlanW biRmaVV, in agUeemenW ZiWh Whe XPS UeVXlW. 

SXliman eW al. (2016) alVR indicaWed WhaW Whe caUbR[\lic, lacWRnic, and ShenRlic 

acidic fXncWiRnal gURXSV Rn Whe VXUface Rf biRchaU SURdXced fURm cRZ manXUe 

decUeaVed ZiWh incUeaVing S\URl\ViV WemSeUaWXUe, Zhich mighW be demRnVWUaWed 

b\ Whe decaUbR[\laWiRn, deh\dUaWiRn, and R[idaWiRn Rf feedVWRckV dXUing 

WheUmal decRmSRViWiRn. Uchimi\a eW al. (2011a) inViVWed WhaW Whe caUbR[\l and 

ShenRlic fXncWiRnal gURXSV Rn biRchaU VXUface Sla\ed an imSRUWanW URle in Whe 

VRUSWiRn Rf heaY\ meWalV, RZing WR Whe SURYiding Whe ligand VXUface. In addiWiRn, 

Whe chaUgeV Rf caUbR[\lic, lacWRnic, and ShenRlic fXncWiRnal gURXSV Rn Whe 

biRchaU VXUface changed ZiWh UeVSecWiYe lRgaUiWhmic acid diVVRciaWiRn cRnVWanW 

(pKa) (LeRn and RadRYic 1991), and Whe YaUiaWiRn Rf Whe VXUURXnding SH 

cRndiWiRn cRXld affecW Whe VXUface chaUge Rf biRchaU dXe WR Whe deSURWRnaWiRn Rf 

acidic fXncWiRnal gURXSV aV Zell aV iRni]able SRllXWanWV ZiWh incUeaVing SH 

(KlRVV eW al. 2012; Bian eW al. 2015). TheUefRUe, Whe YaUiaWiRn Rf Whe chaUged 

VSecieV fRU acidic fXncWiRnal gURXSV ZaV imSRUWanW fRU idenWif\ing VRUSWiRn 

mechaniVmV beWZeen biRchaU and iRni]able SRllXWanW WRZaUd a beWWeU 

XndeUVWanding Whe VRUSWiRn behaYiRU (Uchimi\a eW al. 2011a; PaUdR eW al. 2016). 

 

2.2.7. InRUganic cRnWenWV 

The cRnWenWV Rf inRUganic cRmSRnenWV in biRchaU ZeUe deWeUmined b\ 

Whe fXndamenWal chemical cRmSRViWiRn Rf Whe feedVWRckV emSlR\ed fRU biRchaU 

SURdXcWiRn (KlRVV eW al. 2012). ReSRUWedl\, animal deUiYed biRchaU haV gUeaWeU 

inRUganic cRnWenW Whan SlanW-deUiYed biRchaU (CanWUell eW al. 2012; Uchimi\a 

and HiUadaWe 2014). FXUWheUmRUe, inRUganicV gUeaWeU accXmXlaWed in biRchaU 

S\URl\]ed aW higheU WemSeUaWXUeV RZing WR Whe SURgUeVViYe UeleaVe Rf YRlaWile 
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RUganic maWeUialV (Wang 2017; HXang eW al. 2018a). ZhaR eW al. (2013) VhRZed 

WhaW Whe caWiRn cRnWenWV Rf biRchaU SURdXced fURm bRWh Sig manXUe and ZheaW 

VWUaZ incUeaVed ZiWh S\URl\ViV WemSeUaWXUe, ZheUeaV Whe caWiRn cRncenWUaWiRn 

Rf ZheaW VWUaZ biRchaU ZaV lRZeU Whan Whe cRncenWUaWiRn Rf Sig manXUe biRchaU 

XVing XRF UeVXlWV (MRhan eW al. 2014a). Ding eW al. (2014) demRnVWUaWed WhaW 

lead VRUSWiRn WR biRchaU SURdXced bagaVVe ZaV cRnWURlled b\ caWiRn e[change 

and cRmSle[aWiRn beWZeen Whe biRchaU and Whe lead iRn. ThiV iV becaXVe Whe 

biRchaU e[hibiWed gUeaWeU caWiRn VRUSWiRn caSaciW\ ZiWh incUeaVing S\URl\ViV 

WemSeUaWXUe. HXang eW al. (2018) e[Slained WhaW Whe cadmiXm VRUSWiRn 

mechaniVm WR biRchaU deUiYed fURm chicken manXUe ZaV deWeUmined fURm 

cRmSle[aWiRn, SUeciSiWaWiRn, and caWiRn e[change beWZeen Whe mineUal cRnWenWV 

Rf biRchaU and cadmiXm iRn. ThXV, Whe VRUSWiRn caSaciW\ Rf cadmiXm YaUied 

ZiWh SH cRndiWiRn aV a UeVXlW Rf Whe change in bRWh Whe chaUged VSecieV Rf 

cadmiXm and chaUged VXUface Rf biRchaU, UeVXlWing in Whe deSURWRnaWiRn Rf Whe 

acidic fXncWiRnal gURXSV (An and DXlW] 2007; ZaU]\cki and RRVVR 2018). 

CRnVeTXenWl\, VWXdieV chaUacWeUi]ing Whe inWeUacWiRn beWZeen biRchaU and 

iRni]able SRllXWanWV XndeU YaUied enYiURnmenWal cRndiWiRnV aUe eVVenWial fRU 

UeYealing Whe VRUSWiRn mechaniVmV mRUe accXUaWel\. 

 

2.3. BLRchaU aV UQLYeUVaO SRUbeQW 

2.3.1. RemediaWiRn Rf RUganic SRllXWanWV  

BiRchaU haV been XVed XniYeUVall\ aV a VRUbenW WR decUeaVe Whe 

biRaYailabiliW\ Rf RUganic SRllXWanWV in VRil and aTXeRXV enYiURnmenWV. BecaXVe 

Rf iWV effecWiYeneVV and cRVW VaYingV, biRchaU haV UeceiYed UemaUkable aWWenWiRn 

Vince 2000, and nXmeURXV VWXdieV aUe VWill in SURgUeVV WR chaUacWeUi]e Whe 

heWeURgeneiW\ Rf Sh\VicRchemical chaUacWeUiVWicV dXUing Whe SURdXcWiRn Rf 

biRchaU. Since, Whe VRUSWiRn Rf SRllXWanWV WR biRchaU iV cRnWURlled b\ Whe 

heWeURgeneiW\ Rf iWV Sh\VicRchemical chaUacWeUiVWicV. UndeU VRUSWiRn iVRWheUm  
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TabOe 2-2 SXmmaU\ Rf Whe VRUSWiRn iVRWheUm SaUameWeUV and maWUi[ inYRlYed 
in VRUSWiRn Rf RUganic SRllXWanWV SURdXced fURm YaUiRXV feedVWRckV aW diffeUenW 
S\URl\ViV WemSeUaWXUe (PT). The KF iV a cRnVWanW UelaWed WR VRUSWiRn caSaciW\. 

OUganic 
SRllXWanW 

FeedVWRckV PT (RC) MaWUi[ KF RefeUenceV 

AWUa]ine Sig manXUe 300 ZaWeU, VRil, biRchaU 7.38 Ren eW al. (2018) 
AWUa]ine ZRRd chiS 450 ZaWeU, biRchaU 541 Zheng eW al. (2010) 
CaWechRl Rak 250 ZaWeU, biRchaU 5014 KaVR]i eW al. (2010) 

  400 1495 
  650 11384 

CaWechRl Sine 250 ZaWeU, biRchaU 1212 KaVR]i eW al. (2010) 
  400 305 
  650 2901 

CaWechRl gUaVV 250 ZaWeU, biRchaU 6768 KaVR]i eW al. (2010) 
  400 4230 
  650 23624 

FlXUidRne gUaVV 200 ZaWeU, VRil, biRchaU 0.15 SXn eW al. (2011) 
300 44.2 
400 606.1 
500 437.4 
600 554 

FlXUidRne ZRRd 200 ZaWeU, VRil, biRchaU 0.38 SXn eW al. (2011) 
  300 35.2 
  400 342.2 
  500 126.9 
  600 405.9 

NaShWhalene Sine needle 100 ZaWeU, biRchaU 219.8 Chen eW al. (2008) 
  200 1086.4 
  300 3118.9 
  400 16672.5 
  500 19319.7 
  600 12502.6 
  700 120781.4 

NaShWhalene RUange Seel 200 ZaWeU, biRchaU 1698.2 Chen eW al. (2009) 
300 4570.9 
400 6760.8 
500 1778.3 
600 1412.5 
700 58884.4 

NaShWhalene Sine ZRRd 150 ZaWeU, VRil, biRchaU 152.4 Chen eW al. (2012) 
  250 2722.7 
  350 10543.9 
  500 58076.4 
  700 160694.1 

PhenanWhUene SRXlWU\ liWWeU 400 ZaWeU, biRchaU 281.8 SXn eW al. (2011) 
 ZheaW VWUaZ 400 120.2 

PhenanWhUene VaZdXVW 350 ZaWeU, VRil, biRchaU 0.35 Zhang eW al. (2010) 
  700 2.10 

Sima]ine cRUn VWUaZ 100 ZaWeU, biRchaU 124 Zhang eW al. (2011) 
  200 574 
  300 2669 
  400 1618 
  500 3133 
  600 4054 

Sima]ine ZRRd chiS 450 ZaWeU, biRchaU 514 Zheng eW al. (2010) 
Sima]ine miVcanWhXV 400 ZaWeU, biRchaU 803.3 Lee eW al. (2018) 
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TabOe 2-3 SXmmaU\ Rf Whe VRUSWiRn iVRWheUm SaUameWeUV and maWUi[ inYRlYed 
in VRUSWiRn Rf inRUganic SRllXWanWV SURdXced fURm YaUiRXV feedVWRckV aW 
diffeUenW S\URl\ViV WemSeUaWXUeV (PTV). 

InRUganic 
SRllXWanW 

FeedVWRckV PT (RC) BeWWeU fiW 
iVRWheUm 

IVRWheUm 
SaUameWeU 

RefeUenceV 

AUVenaWe mXniciSal ZaVWe 400 LangmXiU 0.0172 Jin eW al. (2014) 
500 0.1763 
600 0.1300 

AUVenaWe SeUilla leaYe 300 LangmXiU 0.0277 Nia]i eW al. (2017) 
  700  0.0519 

AUVenaWe Rak ZRRd 500 LangmXiU 0.0280  
AUVeniWe SeanXW Vhell 350 FUeXndlich 0.0017 Zama eW al. (2017) 

  450  0.0011 
  550  0.0013 
  650  0.0008 

AUVeniWe mXlbeUU\ ZRRd 350 LangmXiU 0.0001 Zama eW al. (2017) 
  550  0.000394 
  650  0.0004 

CadmiXm SeanXW Vhell 350 FUeXndlich 0.0002 Zama eW al. (2017) 
  450  0.0007 
  550  0.0005 
  650  0.0014 

CadmiXm cRUn cRbV 350 LangmXiU 0.322 Zama ea al. (2017) 
  450  0.588 
  550  0.416 
  650  0.526 

CadmiXm daiU\ manXUe 200 LangmXiU 0.285 XX eW al. (2013) 
  350 FUeXndlich 0.464 

CadmiXm SRXlWU\ manXUe 350 FUeXndlich 0.0001 Zama eW al. (2017) 
  450  0.0001 
  550  0.0005 

CXSSeU cRUn VWUaZ 600 LangmXiU 0.1970 Chen eW al. (2011) 
 haUd ZRRd 450  0.1068 

CXSSeU daiU\ manXUe 200 LangmXiU 0.762 XX eW al. (2013) 
  350 FUeXndlich 0.54 

Lead bXckZheaW 350 FUeXndlich 0.0005 Zama eW al. (2017) 
  450  0.0005 
  550  0.0006 
  650  0.0010 

Lead cRUn cRbV 350 FUeXndlich 0.0006 Zama eW al. (2017) 
  450  0.0003 
  550  0.0002 
  650  0.0002 

Lead daiU\ manXUe 200 LangmXiU 0.641 CaR eW al. (2009) 
  350  0.452 

Lead SRXlWU\ manXUe 350 FUeXndlich 0.0006 Zama eW al. (2017) 
  450  0.0007 
  550  0.0008 
  650  0.0008 

PhRVShaWe VXgaU cane 300 LangmXiU 0.0724 TUa]]i eW al. (2016) 
  500  0.1271 
  700  0.1391 

PhRVShaWe miVcanWhXV 300 LangmXiU 0.0868 TUa]]i eW al. (2016) 
  500  0.1524 
  700  0.1695 
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VWXdieV (Table 2-2), CaR eW al. (2009) cRnfiUmed WhaW daiU\ manXUe biRchaU 

affecWed Whe VRUSWiRn abiliW\ Rf aWUa]ine, Chen eW al. (2008) VhRZed WhaW biRchaU 

SURdXced Sine needleV ZaV effecWiYe in Whe VRUSWiRn Rf naShWhalene, 

niWURben]ene, and 1, 3-diniWURben]ene in an aTXeRXV VRlXWiRn, and Chen and 

Chen (2009) VhRZed WhaW Whe RUange Seel biRchaU ZiWh incUeaVing S\URl\ViV 

WemSeUaWXUe enhanced Whe VRUSWiRn abiliW\ Rf naShWhalene and 1-naShWhRl 

WhURXgh SRUe filling mechaniVmV. BaVed Rn WheVe VWXdieV, Whe e[SecWaWiRn Rf a 

SURmiVing effecWiYeneVV Rf biRchaU in Whe VRil enYiURnmenW haV UiVen, ZheUeb\ 

VRilV ZeUe amended ZiWh biRchaU fRU Whe UemediaWiRn Rf enYiURnmenWal 

SRllXWanWV WR imSURYe VRil healWh and feUWiliW\. YX eW al. (2009) indicaWed WhaW Whe 

SlanW XSWake Rf caUbRfXUan and chlRUS\UifRV ZeUe UedXced in VRil amended ZiWh 

Whe biRchaU S\URl\]ed aW 850 �C. SaUmah eW al. (2010) UeYealed WhaW Whe biRchaU 

UeWained Whe eVWURgenic VWeURid hRUmRne and iWV SUimaU\ meWabRliWe in Whe faUm 

VRil. YX eW al. (2010) alVR VhRZed WhaW Whe VRil amended ZiWh biRchaU enhanced 

Whe VRUSWiRn Rf Whe SeVWicide S\UimeWhanil, and Whe VRUSWiRn caSaciW\ ZaV 

incUeaVed in Whe biRchaU aW higheU S\URl\ViV WemSeUaWXUe. Zhang eW al. (2010) 

UeSRUWed WhaW Whe VRil amendmenW Rf biRchaU deUiYed fURm PinXs radiaWa 

imSURYed Whe VRUSWiRn Rf ShenanWhUene. The VRUSWiRn Rf ShenanWhUene WR 

biRchaU S\URl\]ed aW higheU WemSeUaWXUeV ZaV mRUe affRUdable RZing WR Whe 

higheU SRURViW\ and VXUface aUea. HRZeYeU, deVSiWe Whe cRnVideUable VRUSWiRn 

abiliW\ Rf biRchaU WRZaUd RUganic SRllXWanWV, Whe fXndamenWal Sh\VicRchemical 

chaUacWeUiVWicV Rf biRchaU UeVSRnVible fRU Whe VRUSWiRn mechaniVmV aUe VWill nRW 

XndeUVWRRd cRmSUehenViYel\; WhiV iV dXe nRW Rnl\ WR Whe heWeURgeneiW\ Rf Whe 

Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU bXW alVR Whe heWeURgeneRXV maWUi[ 

Rf Whe VRil, Zhich cRnViVWV Rf RUganic maWWeU, Sh\llRVilicaWeV, and meWal 

(h\dUR)R[ideV, alRng ZiWh ZaWeU and aiU WRgeWheU. 

 

2.3.2 RemediaWiRn Rf inRUganic SRllXWanWV 
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 OUganic SRllXWanWV aV Zell aV inRUganic SRllXWanWV ZeUe VRUbed b\ 

biRchaU WR UedXce Whe mRbiliW\ and biRaYailabiliW\ in aTXeRXV and VRil 

enYiURnmenWV (Table 2-3). CaR eW al. (2009) cRnfiUmed WhaW Whe VRUSWiRn Rf lead 

WR biRchaU SURdXced fURm daiU\ manXUe ZaV effecWiYe XndeU aTXeRXV cRndiWiRnV. 

LiX and Zhang (2009) alVR fRXnd WhaW Whe UemediaWiRn Rf lead XVing biRchaU 

deUiYed SlanW biRmaVV VhRZed an effecWiYe decUeaVe WhURXgh a Sh\Vical 

endRWheUmic SURceVV, and Uchimi\a eW al. (2010) UeYealed WhaW Whe mRbiliW\ Rf 

cRSSeU, cadmiXm, nickel, and lead ZaV effecWiYel\ decUeaVed b\ Whe VXUface 

VRUSWiRn and SaUWiWiRning mechaniVmV, UeVXlWing fURm Whe aSSlicaWiRn Rf biRchaU 

SURdXced bURileU liWWeU. FXUWheUmRUe, Whe VRUSWiRn VWXdieV XVing biRchaU in Whe 

VRil maWUi[ ZeUe alVR cRndXcWed WR aVVeVV Whe abiliW\ Rf UemediaWiRn fRU Whe 

R[\aniRnV. SWeineU eW al. (2008) cRnfiUmed WhaW Whe niWURgen UeWenWiRn and SlanW 

XSWake incUeaVed in Whe VRil amended ZiWh biRchaU. HaUWle\ eW al. (2009) fRXnd 

WhaW Whe aSSlicaWiRn Rf MiscanWhXs biRchaU in aUVenic SRllXWed VRilV ZeUe 

affecWed b\ Whe enhanced aUVenic mRbiliW\, Zhich alVR enhanced Whe aYailabiliW\ 

Rf ShRVShRUXV dXe WR cRmSeWiWiRn Rn Whe VRUSWiRn ViWe. Ding eW al. (2010) 

indicaWed WhaW Whe UeWenWiRn Rf ammRniXm niWURgen ZaV eleYaWed ZiWh Whe 

aSSlicaWiRn Rf biRchaU SURdXced fURm bambRR biRmaVV WR Whe VRil WhURXgh Whe 

UeVXlWing caWiRn e[change. Namga\ eW al. (2010) demRnVWUaWed WhaW Whe mRbiliW\ 

Rf aUVenic, cadmiXm, cRSSeU, lead, and ]inc in VRil decUeaVed ZiWh Whe 

aSSlicaWiRn Rf biRchaU. In cRnWUaVW, Whe mineUal cRnWenW in biRchaU ZaV decUeaVed 

RZing WR Whe flXcWXaWiRn Rf Whe VXUURXnding enYiURnmenW; WhiV mineUal cRnWenW 

ZRXld VeUYe aV a feUWili]eU RU WR[icanW in Whe VRil enYiURnmenW. BURckhRff eW al. 

(2010) VhRZed WhaW Whe mineUal nXWUiWiRn in Whe VRil amended ZiWh biRchaU 

incUeaVed RZing WR Whe UeleaVed niWURgen fURm Whe biRchaU. WaUUen eW al. (2009) 

deWeUmined WhaW Whe biRchaU SURdXced fURm animal bRne cRXld VeUYe aV a 

SRWenWial ShRVShRUXV feUWili]eU dXe WR Whe diVVRlXWiRn Rf Whe ShRVShRUXV in WhiV 

biRchaU. TheUefRUe, Whe SURdXcWiRn Rf biRchaU fRU Whe UemediaWiRn Rf inRUganic  
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FLg. 2-4 SchemaWic illXVWUaWiRn Rf inWeUacWiRn beWZeen biRchaU and iRni]able 

enYiURnmenWal SRllXWanWV XndeU changing enYiURnmenWal facWRUV (e.g., SH, 

caWiRnic and aniRnic Yalence, and RUganic maWWeU). 
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SRllXWanWV VhRXld cRnVideU nRW Rnl\ Whe fXndamenWal Sh\VicRchemical 

chaUacWeUiVWicV Rf biRchaU bXW alVR Whe enYiURnmenWal cRndiWiRnV, becaXVe Whe 

Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU and chemical VSecieV aUe cRmSle[l\ 

cRnWURlled b\ Whe flXcWXaWiRn Rf Whe VXUURXnding enYiURnmenW. 

 

2.4. UQe[SecWed UeVXOWV LQ UePedLaWLRQ Rf SROOXWaQWV 

2.4.1. PeUVSecWiYeV in Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU  

BiRchaU e[hibiWV YaUiRXV Sh\VicRchemical chaUacWeUiVWicV, Zhich aUe 

mainl\ deWeUmined b\ Whe cRndiWiRnV dXUing Whe S\URl\ViV and W\SeV Rf 

feedVWRckV (Lehmann 2007a; g]oimen and EUVR\-MeUiobR\X 2010). ThiV 

indicaWeV WhaW idenWical VamSleV Rf feedVWRckV XVed fRU biRchaU SURdXcWiRn 

ZRXld e[hibiW diVSaUaWe Sh\VicRchemical chaUacWeUiVWicV RZing WR Whe diffeUence 

in S\URl\ViV WemSeUaWXUeV (LXR eW al. 2015; Han eW al. 2016). If idenWical 

feedVWRckV ZiWh idenWical S\URl\ViV WemSeUaWXUeV ZeUe emSlR\ed fRU biRchaU 

SURdXcWiRn, iW ZRXld VWill SURdXce diVWincW Sh\VicRchemical chaUacWeUiVWicV dXe 

WR Whe lack Rf VWandaUdi]aWiRn in biRchaU SURdXcWiRn meWhRdV ZRUldZide (Cha 

eW al. 2016; SXliman eW al. 2016; DRmingXeV eW al. 2017). CRnVeTXenWl\, Whe 

facWRUV cRnWUibXWing WR Whe VRUSWiRn mechaniVmV Rf biRchaU and a fXndamenWal 

XndeUVWanding Rf Sh\ViRchemical chaUacWeUiVWicV aUe VWill XncleaU, demRnVWUaWing 

Whe cRnWURYeUVial UeVXlWV UegaUding Whe effecWiYeneVV Rf UemediaWiRn (Zhang eW 

al. 2010; SXn eW al. 2011b). BRWh Namga\ eW al. (2010) and PaUk eW al. (2011) 

demRnVWUaWed cadmiXm VRUSWiRn WR gUeen ZaVWe biRchaU S\URl\]ed aW 550 �C, 

and Whe diffeUence in Whe amRXnW Rf VRUSWiRn caSaciW\ ZaV dXe WR Whe indiYidXal 

heWeURgeneRXV Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU XndeU diffeUenW VRil 

enYiURnmenWal cRndiWiRnV. Jiang eW al. (2012a and 2012b) indicaWed WhaW Whe 

amRXnW Rf lead VRUSWiRn Rn Uice VWUaZ biRchaU SURdXced aW S\URl\ViV WemSeUaWXUe 

Rf 300 �C VhRZed cRnWUadicWRU\ UeVXlWV becaXVe Rf Whe heWeURgeneRXV 

Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU XndeU YaUiRXV VRilV. The amRXnW Rf 



2-28 
 

VRUSWiRn caSaciW\ Rf lead and aWUa]ine Rn daiU\ manXUe biRchaU S\URl\]ed aW 200 

and 350 �C ZeUe VWXdied b\ CaR eW al. (2009) and CaR and HaUUiV (2010), ZhR 

indicaWed idenWical UeVXlWV fRU Whe lead VRUSWiRn, in Zhich mRUe VRUSWiRn VhRZed 

in biRchaU SURdXced aW 350 �C; meanZhile, Whe aWUa]ine VRUSWiRn UeVXlWV ZeUe 

cRnWUadicWRU\. DeVSiWe Whe idenWical biRchaU and enYiURnmenWal SRllXWanWV 

emSlR\ing in VWXdieV, Whe VRUSWiRn Rf 1,3-diniWURben]ene ZaV fRXnd WR gUeaWeU 

Rn Sine needle biRchaU S\URl\]ed aW 300 �C in Whe VWXd\ Rf Chen eW al. (2012) 

cRmSaUed ZiWh WheiU SUeYiRXV VWXd\ in 2008. The VRUSWiRn caSaciW\ Rf 

naShWhalene and 1-naShWhRl WR RUange Seel biRchaU SURdXced aW 300 �C ZaV 

higheU in Whe VWXd\ Rf Chen and Chen (2009) Whan WhaW fURm WheiU VWXd\ in 2012. 

LikeZiVe, GRme]-E\leV eW al. (2011) and FUeddR eW al. (2012) VhRZed diffeUenW 

VRUSWiRn caSaciW\ Rf SRl\c\clic aURmaWic h\dURcaUbRnV (PAHV) in haUdZRRd 

biRchaU SURdXced aW 600 �C, RZing WR diffeUenceV in Whe maWUi[. AlWhRXgh 

biRchaU haV gUeaW effecWiYeneVV in UemediaWiRn bRWh RUganic and inRUganic 

enYiURnmenWal SRllXWanWV, man\ VWXdieV haYe VhRZn cRnWURYeUVial UeVXlWV fRU Whe 

UemediaWiRn Rf enYiURnmenWal SRllXWanWV, RZing WR Whe lack Rf an accXUaWe and 

cRmSUehenViYe e[aminaWiRn Rf Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU.  

 

2.4.2. PeUVSecWiYeV in enYiURnmenWal facWRUV 

 In Whe biRchaU VWXdieV fRU SRllXWanW UemediaWiRn, Whe Sh\VicRchemical 

chaUacWeUiVWicV Rf biRchaU UelaWed WR Whe cRUUeVSRnding VRUSWiRn mechaniVm haYe 

nRW been fXll\ UeYealed XndeU YaUiRXV enYiURnmenWal cRndiWiRnV (PaUk eW al. 

2017; Lee eW al. 2018). UndeU flXcWXaWing enYiURnmenWal cRndiWiRnV, nRW Rnl\ 

dR Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU change bXW alVR Whe iRni]able 

SRllXWanWV WhemVelYeV, caXVing a diYeUViW\ Rf Whe VRUSWiRn mechaniVmV beWZeen 

Whe biRchaU and Whe SRllXWanWV. TRng eW al. (2011) VhRZed WhaW Whe VRUSWiRn 

caSaciW\ Rf cRSSeU WR cURS VWUaZ biRchaU incUeaVed ZiWh incUeaVing SH WhURXgh 

Whe elecWURVWaWic aWWUacWiRn RZing WR Whe mRUe negaWiYel\ chaUged VXUface Rf 
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biRchaU b\ Whe deSURWRnaWiRn Rf acidic fXncWiRnal gURXSV Rn biRchaU. Oh eW al. 

(2012) cRndXcWed Whe flXRUide VRUSWiRn WR RUange Seel biRchaU, and fRXnd WhaW 

Whe VRUSWiRn changed ZiWh incUeaVing SH dXe WR Whe YaUiaWiRn Rf Whe inWeUacWiRn 

beWZeen biRchaU and Whe acidic fXncWiRnal gURXSV. HaUYe\ eW al. (2011) indicaWed 

WhaW Whe inWeUacWiRn Rf biRchaU ZiWh SRWaVViXm and cadmiXm YaUied ZiWh SH; Whe 

VRUSWiRn Rf SRWaVViXm WRRk Slace SUedRminanWl\ Rn deSURWRnaWed acidic 

fXncWiRnal gURXSV Yia iRn e[change, Zhile Whe VRUSWiRn Rf cadmiXm e[hibiWed 

caWiRn-Sie bRnding mechaniVmV ZiWh VRfW ligandV VXch aV C=O and an elecWURn-

Uich dRmain Rn Whe aURmaWic VWUXcWXUe. B\ changing Whe SH, Whe VSecieV Rf 

iRni]able VXlfameWha]ine (SMT) ZiWh incUeaVing SH alVR changed in 

accRUdance ZiWh pKa (pKa1 = 2.28, pKa2 = 7.42); Whe amRXnW Rf VRUSWiRn 

caSaciW\ WR biRchaU YaUied VXch WhaW SRViWiYel\ chaUged SMT XndeU acidic 

cRndiWiRnV inWeUacWed ZiWh biRchaU WhURXgh Si-Si elecWURn dRnRU acceSWRU 

inWeUacWiRn, ZheUeaV negaWiYel\ chaUged SMT in alkali cRndiWiRn UeacWed ZiWh 

SRViWiYel\ chaUged VXUface Rf biRchaU Yia H-bRnding mechaniVm (Tei[idy eW al. 

2011). 

NRW Rnl\ Whe SH bXW alVR YaUiRXV enYiURnmenWal facWRUV, VXch aV iRnic 

VWUengWh, iRn cRmSRViWiRn, and mineUal and RUganic maWWeU affecW Whe VRUSWiRn 

mechaniVm Rf RUganic and inRUganic enYiURnmenWal SRllXWanWV, Vince WheVe 

facWRUV indXce changeV in bRWh Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU 

and Whe enYiURnmenWal SRllXWanW VSecieV (Lian eW al. 2014; Wang eW al. 2015; 

Ahmed eW al. 2017). QiX eW al. (2009) VhRZed WhaW Whe VRUSWiRn Rf bUillianW blXe 

WR biRchaU incUeaVed ZiWh iRnic VWUengWh, Zhile Whe VRUSWiRn Rf UhRdamine B 

flXcWXaWed. YaR eW al. (2011) VWXdied WhaW UeWenWiRn Rf ShRVShaWe decUeaVed, Vince 

Whe cRmSle[aWiRn beWZeen biRchaU and ShRVShaWe ZaV inWeUUXSWed b\ RWheU 

aniRn VSecieV VXch aV chlRUine, niWUaWe, and caUbRnaWe. CXi eW al. (2011) VhRZed 

WhaW Whe amRXnW Rf ShRVShaWe VRUSWiRn caSaciW\ ZaV leVV XndeU SeUViVWenW 

feUUih\dUiWe cRndiWiRnV RZing WR Whe inWeUacWiRn Rf biRchaU ZiWh feUUih\dUiWe. 



2-30 
 

TheUefRUe, iW iV eVVenWial WR XndeUVWand Whe inWeUacWiRn beWZeen biRchaU and 

enYiURnmenWal SRllXWanWV XndeU a YaUieW\ Rf changing enYiURnmenWal facWRUV WR 

beWWeU eVWimaWe Whe faWe and behaYiRU Rf SRllXWanWV in Ueal enYiURnmenWV. 

 

2.4.3. PeUVSecWiYeV in anal\WicV fRU biRchaU chaUacWeUi]aWiRn 

 BefRUe Whe cXUUenW leYel Rf deYelRSmenW in biRchaU VWXdieV, Whe 

VRUSWiRn VWXdied ZaV mainl\ cRndXcWed WhURXgh VRUSWiRn iVRWheUm mRdelV, VXch 

aV Whe FUeXndlich and LangmXiU iVRWheUmV (Allen eW al. 1988; Khan eW al. 1995), 

and Whe VSecific inWeUacWiRnV beWZeen biRchaU and SRllXWanWV ZeUe nRW 

VSecificall\ inWeUSUeWed (Zheng eW al. 2010). HRZeYeU, in UecenW VWXdieV, Whe 

VRUSWiRn mechaniVmV haYe been chaUacWeUi]ed XVing YaUiRXV anal\Wical meWhRdV 

WR beWWeU XndeUVWand Whe Ueal inWeUacWiRn beWZeen biRchaU and SRllXWanWV XndeU 

iWV VXUURXnding enYiURnmenWV. ThiV haV enabled Whe RbVeUYaWiRn Rf VXch 

ShenRmena fURm VeYeUal SeUVSecWiYeV WR YeUif\ UeVXlWV. BaVed Rn WheVe UeVXlWV, 

iW iV SRVVible WR e[Slain Whe inWeUacWiRn Rf biRchaU ZiWh Whe SRllXWanWV. Chia eW al. 

(2012) demRnVWUaWed WhaW Whe cRmSRnenW and mRUShRlRg\ Rf biRchaU ZeUe 

RbWained XVing FTIR, Raman VSecWURVcRS\, SEM-EDS, and XPS. HXang eW al. 

(2018b) VhRZed Whe VWUXcWXUal WUanVfRUmaWiRn beWZeen meWal iRn in biRchaU and 

RflR[acin XVing FTIR. Zhang eW al. (2015) cRnfiUmed Whe cRmSle[ inWeUacWiRn 

Rf biRchaU ZiWh cadmiXm b\ SEM-EDS and XRD, and DRng eW al. (2011) 

e[Slained Whe VRUSWiRn Rf chURmiXm WR biRchaU XVing Whe FTIR and XPS UeVXlWV. 

ThXV, in Whe fXWXUe, VWXdieV Rn Whe VRUSWiRn mechaniVmV Zill e[SlRUe mRUe 

definiWiYel\ Whe inWeUacWiRn beWZeen biRchaU and SRllXWanWV Rn Whe baViV Rf 

WUadiWiRnal VRUSWiRn iVRWheUm UeVXlWV, alRng ZiWh YaUiRXV anal\Wical meWhRdV, WR 

UeYeal mRUe cRncUeWe and diUecW eYidence. The deYelRSmenW Rf anal\WicV Zill 

becRme mRUe cUiWical in Whe accXUaWe inWeUSUeWaWiRn Rf ShenRmena fRU VRUSWiRn 

mechaniVmV in Ueal enYiURnmenWV. 

 



2-31 
 

2.5. CRQcOXVLRQV 

BiRchaU iV knRZn aV a XniYeUVal VRUbenW RZing WR iWV heWeURgeneRXV 

Sh\VicRchemical chaUacWeUiVWicV, Zhich aUe caXVed b\ YaUiaWiRnV in feedVWRckV 

XndeU diYeUVe S\URl\ViV WemSeUaWXUeV; WhiV heWeURgeneiW\ iV Whe UeaVRn fRU Whe 

XnSUedicWabiliW\ Rf Whe UeVXlWV fRU Whe UemediaWiRn Rf enYiURnmenWal SRllXWanWV. 

AV bRWh Whe Sh\VicRchemical chaUacWeUiVWicV Rf biRchaU and VSecieV Rf iRni]able 

SRllXWanWV ZeUe changed b\ VXUURXnding enYiURnmenWal cRndiWiRnV. The VXUface 

chaUge Rf biRchaU ZaV mRUe negaWiYel\ chaUged ZiWh incUeaVing SH, RZing WR 

Whe deSURWRnaWiRn Rf R[\gen cRnWaining acidic fXncWiRnal gURXSV; in WhiV caVe, 

Whe inRUganic cRnWenW alVR UeleaVeV fURm Whe biRchaU VXUface b\ changing Whe SH 

and iRnic VWUengWh. The behaYiRU Rf chaUged SRllXWanWV ZaV cRnWURlled b\ 

elecWURchemical SURSeUWieV VXch aV pKa and iRnic Yalence. CRnVeTXenWl\, Whe 

VRUSWiRn mechaniVmV Rf biRchaU ZiWh iRni]able SRllXWanWV VhRXld be 

cRmSUehenViYel\ e[amined b\ changing Whe enYiURnmenWal facWRUV VXch aV SH, 

iRnic VWUengWh, and Whe SUeVence Rf caWiRnV, aniRnV, and RUganic maWWeU. FRU WhiV 

SXUSRVe, lab-Vcale VWXdieV WR idenWif\ing Whe VRUSWiRn mechaniVmV beWZeen 

biRchaU and enYiURnmenWal SRllXWanWV XndeU YaU\ing ZiWh enYiURnmenWal facWRUV 

aUe eVVenWial fRU Whe eVWimaWiRn Rf Whe inWeUacWiRn in Ueal enYiURnmenWV. 

TheUefRUe, a fXndamenWal XndeUVWanding Rf Whe Sh\VicRchemical chaUacWeUiVWicV 

Rf biRchaU and cRmSUehenViYe inWeUSUeWaWiRn Rf Whe VRUSWiRn mechaniVmV XndeU 

YaUiRXV enYiURnmenWal cRndiWiRnV ZRXld helS in Whe eVWimaWiRn Rf Whe behaYiRU 

and faWe Rf biRchaU ZiWh SRllXWanW in VRil and ZaWeU enYiURnmenWV. 
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AbVWUaFW 

BiRchaU haV UeceiYed cRQVideUable aWWeQWiRQ aV aQ ecR-fUieQdl\ biR-

VRUbeQW; hRZeYeU, PXlWifaUiRXV chaUacWeUiVWicV caXVed b\ S\URl\ViV aQd 

feedVWRck SRVe difficXlWieV iQ iWV aSSlicaWiRQ. The SH-deSeQdeQW VRUSWiRQ Rf Whe 

SeVWicide ViPa]iQe RQ Miscanthus biRchaU SURdXced aW WZR S\URl\ViV 

WePSeUaWXUeV (400 aQd 700 �C; heUeafWeU B400 aQd B700) ZaV chaUacWeUi]ed. 

The VSecific VXUface aUea (SSA) Rf Whe PicUR- aQd QaQR-SRUeV, elePeQWal 

cRPSRViWiRQ, VXUface acidiW\ aQd iQfUaUed VSecWUa ZeUe deWeUPiQed. The SSA 

ZaV gUeaWeU iQ B700 WhaQ iQ B400, aQd Whe fRUPeU had gUeaWeU SSA iQ PicUR-

SRUeV aQd lRZeU SSA iQ QaQR-SRUeV WhaQ Whe laWWeU. DXUiQg S\URl\ViV, Whe ViQgle-

bRQd VWUXcWXUeV Rf Whe feedVWRck ZeUe cRQYeUWed WR aURPaWic VWUXcWXUeV, aQd 

fXUWheU S\URl\ViV led WR ligQeRXV VWUXcWXUeV. AlWeUaWiRQV iQ SRUe VWUXcWXUe aQd 

cRQcaYe-XS ScaWchaUd SlRW cRUURbRUaWed Whe SUeVeQce Rf WZR VRUSWiRQ 

PechaQiVPV: elecWURVWaWic aWWUacWiRQV (Ses) aQd h\dURShRbic aWWUacWiRQV (Shp). 

DecUeaVeV iQ Pa[iPXP VRUSWiRQ iQ Whe qmax-L ZiWh iQcUeaViQg SH ZaV dXe WR 

decUeaVed Ses via deSURWRQaWiRQ Rf caUbR[\lic gURXSV RQ biRchaU, Zhile WhRVe iQ 

Whe qmax-H ZiWh iQcUeaViQg S\URl\ViV WePSeUaWXUe ZaV dXe WR decUeaVed Shp 

UeVXlWiQg fURP SRUe VWUXcWXUe defRUPaWiRQ. OXU aSSURach, Zhich addUeVVeV Whe 

SH-deSeQdeQce Rf chaUge deQViW\ Rf VRUbaWe aQd VRUbeQW, cRXld helS SURYide 

beWWeU XQdeUVWaQdiQg Rf Whe behaYiRU Rf ViPa]iQe. 

 

KH\ZRUGV  

SiPa]iQe, Miscanthus biRchaU, S\URl\ViV WePSeUaWXUe, SH-deSeQdeQW VRUSWiRQ, 

ScaWchaUd SlRW  
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3.1. IQWURGXFWLRQ 

BiRchaU iV a caUbRQ-Uich PaWeUial SURdXced WhURXgh S\URl\ViV Rf 

YaUiRXV feedVWRckV XQdeU diYeUVe ciUcXPVWaQceV (LehPaQQ 2007a), aQd haV 

UeceiYed iQcUeaVed aWWeQWiRQ becaXVe Rf iWV aSSlicaWiRQV WR ZaVWeZaWeU WUeaWPeQW, 

glRbal ZaUPiQg PiWigaWiRQ, VRil feUWiliW\ iPSURYePeQW, SRllXWiRQ UePediaWiRQ, 

agUicXlWXUal ZaVWe Uec\cliQg aQd caUbRQ VeTXeVWUaWiRQ (AWkiQVRQ eW al. 2010; YaQ 

ZZieWeQ eW al. 2010; Li eW al. 2016). TheUefRUe, PaQ\ aWWePSWV haYe beeQ Pade 

WR VWXd\ biRchaU aSSlicaWiRQ; hRZeYeU, XQe[SecWed RU iQcRQViVWeQW UeVXlWV 

fUeTXeQWl\ RccXUUed iQ in situ aSSlicaWiRQ, Zhile labRUaWRU\ e[SeUiPeQWV VhRZed 

gUeaW SRWeQWial (KlRVV eW al. 2014; XX eW al. 2016). MaiQ caXVeV Rf diVcUeSaQcieV 

aUiVe fURP abVWUXVe chaUacWeUiVWicV aQd a lack Rf XQdeUVWaQdiQg Rf Whe 

fXQdaPeQWal PechaQiVP (KlRVV eW al. 2012; ZhaR eW al. 2013).  

ReceQW VWXdieV VhRZed WhaW feedVWRckV aQd S\URl\ViV SUedRPiQaQWl\ 

deWeUPiQe biRchaU chaUacWeUiVWicV (CheQ eW al. 2008; MXkheUjee eW al. 2011). Of 

YaUiRXV S\URl\ViV SaUaPeWeUV, S\URl\ViV WePSeUaWXUe iV a ke\ facWRU WhaW gRYeUQV 

Whe chaUacWeUiVWicV Rf biRchaU (ZhaR eW al. 2013) becaXVe WheUPal decRPSRViWiRQ 

Rf VSecific PRlecXlaU VWUXcWXUeV QeedV VSecific WePSeUaWXUeV (QX eW al. 2011; 

MiPPR eW al. 2014). PUeYiRXV VWXdieV UeYealed WhaW dUaPaWic chaQgeV iQ Whe 

biRchaU VWUXcWXUe RccXUV aW Whe ceUWaiQ S\URl\ViV WePSeUaWXUe, aQd Whe chaQge 

VigQificaQWl\ affecWV Whe biRchaU chaUacWeUiVWicV (LehPaQQ 2007b; CheQ eW al. 

2008; ZhaQg eW al. 2011). TheUefRUe, WheUPal decRPSRViWiRQ deWeUPiQeV QRW 

RQl\ SRUe-geRPeWU\ aQd VSecific VXUface aUea (SSA) bXW alVR diVWiQcWiYe 

h\dURShRbic aQd h\dURShilic VXUfaceV (SRQg aQd GXR 2012; BXdai eW al. 2014; 

HaQ eW al. 2016a). 

SWUXcWXUal aQd chePical WUaQVfRUPaWiRQV dXUiQg S\URl\ViV UeQdeU 

biRchaU a SURPiViQg biRVRUbeQW fRU iQRUgaQic/RUgaQic SRllXWaQWV. High VRUSWiRQ 

caSaciW\ Rf biRchaU iV dXe WR Whe SUeVeQce Rf R[\geQaWed fXQcWiRQal gURXSV aQd 

iQRUgaQic UeVidXe fUacWiRQV fRU iQRUgaQic SRllXWaQWV (CaR eW al. 2009; UchiPi\a 
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eW al. 2011; QiaQ aQd CheQ 2013; XX aQd CheQ 2015) aQd aVVRciaWed ZiWh 

aURPaWic cRPSRViWiRQ Rf iWV SRURXV VWUXcWXUeV fRU RUgaQic SRllXWaQWV (AhPad eW 

al. 2012; OleV]c]Xk eW al. 2012). SiQce Whe QaWXUe Rf VXUface chaUge iV dXe WR Whe 

SUeVeQce Rf acidic/baVic fXQcWiRQal gURXSV iQ biRchaU, iW iV a fXQcWiRQ Rf 

VRlXWiRQ-SH aQd SRiQW Rf ]eUR QeW chaUge (PZNC) Rf Whe VRUbeQW (ZhaR eW al. 

2015). TheUefRUe, kQRZledge Rf SH-deSeQdeQW VRUSWiRQ iV a SUeUeTXiViWe WR 

XQdeUVWaQdiQg Whe VRUSWiRQ PechaQiVP fRU iQRUgaQic/RUgaQic SRllXWaQWV 

(UchiPi\a eW al. 2010; Jia eW al. 2013a). DeVSiWe e[WeQViYe iQYeVWigaWiRQV, Whe 

PechaQiVPV UeVSRQVible fRU Whe effecW Rf VRlXWiRQ-SH RQ Whe VRUSWiRQ Rf VRUbaWeV 

WR VRUbeQWV aUe QRW Zell-XQdeUVWRRd dXe WR WheiU heWeURgeQeiW\. 

ChaQgeV iQ acidic fXQcWiRQal gURXSV RQ Whe VXUface Rf acWiYaWed 

caUbRQV caQ lead WR VigQificaQW chaQgeV iQ Whe VRUSWiRQ PechaQiVPV fRU RUgaQic 

SRllXWaQWV (Jia eW al. 2013a; WaQg eW al. 2013). TheUefRUe, acidic aQd baVic 

fXQcWiRQal gURXSV SUeVeQW RQ biRchaU VXUface Sla\ a ceQWUal URle b\ aWWUacWiQg 

chaUged iRQV (UchiPi\a eW al. 2011) RU UeSelliQg h\dURShRbic RUgaQic SRllXWaQWV 

(FaQg eW al. 2014). SiQce R[\geQ cRQWaiQiQg caUbR[\lic, lacWRQic, aQd SheQRlic 

fXQcWiRQal gURXSV aUe SaUWicXlaUl\ UeVSRQVible fRU VRUSWiRQ behaYiRU Rf biRchaU 

(LeRQ aQd RadRYic 1991), kQRZledge Rf Whe effecWV Rf chaQgeV iQ WheVe 

fXQcWiRQal gURXSV RQ VRUSWiRQ PechaQiVPV Zill cRQWUibXWe WR XQdeUVWaQdiQg Rf 

Whe iQWeUacWiRQ Rf RUgaQic SRllXWaQWV ZiWh YaUiRXV W\SeV Rf biRchaU. 

SiPa]iQe [2-chlRUR-4,6-biV(eWh\laPiQR)-V-WUia]iQe] iV aQ heUbicide 

WhaW haV lRQe-SaiU elecWURQV iQ iWV VWUXcWXUe. ReceQW eYideQce VXggeVWV WhaW 

ViPa]iQe haV SRVed WhUeaWV WR gURXQd aQd VXUface ZaWeU TXaliW\ (FlRUeV eW al. 

2009; SilYa aQd I\eU 2014) dXe WR iWV lRZ VRlXbiliW\ iQ ZaWeU aQd cRPSaUaWiYe 

QRQYRlaWiliW\ (WhiWacUe 2010). UQdeU acidic SH cRQdiWiRQV belRZ Whe QegaWiYe 

lRgaUiWhPic acid diVVRciaWiRQ cRQVWaQW (pKa), ViPa]iQe iV SRViWiYel\ chaUged dXe 

WR SURWRQaWiRQ. OWheUZiVe, iW behaYeV aV a QeXWUal RUgaQic SRllXWaQW XQdeU Whe 

SH abRYe pKa (CeliV eW al. 2010; WebeU 2010). WheQ Whe SH iV lRZeU WhaQ 
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PZNC, Whe VRUbeQW VXUface iV SRViWiYel\ chaUged aQd Whe degUee Rf SURWRQaWiRQ 

decUeaVeV ZiWh iQcUeaViQg SH; RWheUZiVe, Whe VXUface iV QegaWiYel\ chaUged 

(YaQg eW al. 2004). TheUefRUe, Whe behaYiRU Rf ViPa]iQe acURVV Whe 

eQYiURQPeQWal SH UaQge iV QeceVVaU\ WR VWXd\ PechaQiVWic ViPa]iQe VRUSWiRQ WR 

Whe VXUface Rf a VRUbeQW WhaW haV a ceUWaiQ PZNC. 

SRUSWiRQ PechaQiVPV beWZeeQ iQRUgaQic VRUbaWeV aQd PeWal-baVed 

VRUbeQW caQ be deWeUPiQed XViQg X-Ua\- aQd elecWURQ-baVed PeWhRdV (BeWWV eW 

al. 2013; FaQg eW al. 2016); hRZeYeU, WheVe PeWhRdV aUe QRW aSSlicable WR 

VRUSWiRQ beWZeeQ RUgaQic SRllXWaQWV aQd RUgaQic VRUbeQWV becaXVe RUgaQic 

SRllXWaQWV aUe eaVil\ decRPSRVed XQdeU Whe UadiaWiRQ Rf X-Ua\V aQd elecWURQV 

(GUXbb 1974). AV alWeUQaWiYeV, VeYeUal WheRUeWical iVRWheUPV haYe beeQ 

ePSlR\ed WR iQWeUSUeW Whe VRUSWiRQ PechaQiVPV: LaQgPXiU, FUeXQdlich aQd 

DXbiQiQ-RadXVhkeYich iVRWheUPV. PaUWicXlaUl\, Whe DXbiQiQ-RadXVhkeYich 

iVRWheUP caQ fRUPXlaWeV adVRUSWiRQ fRllRZiQg a SRUe filliQg PechaQiVP WR 

SUedicW VRUSWiRQ aW hRPRgeQeRXV aQd heWeURgeQeRXV VXUfaceV (LiX aQd CheQ 

2015). TheUefRUe, cRPSaUiVRQ Rf Whe fiWWiQg UeVXlWV RbWaiQed fURP VRUSWiRQ 

iVRWheUPV caQ eQable SUedicWiRQ Rf VRUSWiRQ PechaQiVPV Rf aQ RUgaQic VRUbaWe 

RQWR Whe hRPRgeQeRXV RU heWeURgeQeRXV VXUface Rf Whe VRUbeQW. 

OXU RbjecWiYeV ZeUe WR ideQWif\ diffeUeQceV iQ Whe Sh\VicRchePical 

chaUacWeUiVWicV Rf Miscanthus biRchaU SURdXced aW WZR diffeUeQW S\URl\ViV 

WePSeUaWXUeV, SUedicW Whe behaYiRUV Rf ViPa]iQe iQ Whe eQYiURQPeQW, iQWeUSUeW 

Whe SH-deSeQdeQW PechaQiVP Rf ViPa]iQe VRUSWiRQ WR biRchaU XViQg WhUee 

iVRWheUP PRdelV aQd ScaWchaUd SlRW aQal\ViV, aQd SUeVeQW a cRPSUeheQViYe 

aSSURach WR aVVeVViQg aQd SUedicWiQg Whe faWe aQd behaYiRU Rf ViPa]iQe. 

 

3.2. MaWHULaO aQG PHWKRGV 

3.2.1. Ph\VicRchePical chaUacWeUiVWicV Rf biRchaU  

TZR W\SeV Rf biRchaU ZeUe SURdXced fURP a Miscanthus feedVWRck aW 
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diffeUeQW S\URl\ViV WePSeUaWXUe V (400 aQd 700 �C) (heUeafWeU, B400 aQd B700), 

Zhich iV befRUe aQd afWeU S\URl\ViV WePSeUaWXUe Rf 500 �C, ZheUe Whe dUaPaWic 

chaQge ZaV RbVeUYed iQ Whe SUeYiRXV VWXdieV (LehPaQQ 2007b; CheQ eW al. 2008; 

ZhaQg eW al. 2011). The heaWiQg UaWe ZaV aSSUR[iPaWel\ 10 �C PiQ-1 aQd Whe 

WaUgeW WePSeUaWXUeV ZeUe PaiQWaiQed fRU RQe hRXU fRU cRPSleWe S\URl\ViV XQdeU 

N2 gaV SXUgiQg. The biRchaU ZaV ball-Pilled (MM400, ReWVch, GeUPaQ\) aQd 

VieYed WhURXgh a 106-ȝP PeVh WR PiQiPi]e Vi]e-effecWV (ZheQg eW al. 2010). 

Si]e fUacWiRQaWiRQ XViQg AQal\VeWWe 3 SUR (FUiWVch, GeUPaQ\) WR ideQWif\ Whe 

fUacWiRQ Rf < 25 ȝP, 25-53 ȝP aQd 53-106 ȝP ZaV SeUfRUPed. The SSA Rf 

biRchaU ZaV deWeUPiQed XViQg Whe BUXQaXeU-EPPeWW-TelleU iVRWheUP ZiWh WZR 

gaV adVRUbaWeV: N2 (ASAP 2010, MicURPeUiWicV, USA) fRU QaQR-SRUeV (<1.5 QP) 

aQd CO2 (BELSORP-PiQi II, MicURWUac BEL, JaSaQ) fRU bRWh QaQR- aQd PicUR-

SRUeV (>1.5 QP) (MXkheUjee eW al. 2011; SigPXQd eW al. 2016). The PZNC ZaV 

deWeUPiQed XViQg Whe SH dUifW PeWhRd (YaQg eW al. 2004).  

CaUbRQ (C), h\dURgeQ (H), QiWURgeQ (N), aQd VXlfXU (S) ZeUe aQal\]ed 

XViQg aQ elePeQWal aQal\]eU (FlaVh 2000, TheUPR, USA). O[\geQ (O) ZaV 

calcXlaWed b\ VXbWUacWiQg each SeUceQW Rf C, H, N aQd S fURP 100 % (CheQ eW 

al. 2008). Acidic fXQcWiRQal gURXSV Rf biRchaU ZeUe deWeUPiQed b\ Whe BRehP¶V 

WiWUaWiRQ (BRehP 1994; Fidel eW al. 2013). BiRchaU ZaV SUeWUeaWed ZiWh dilXWe 

HCl (SH 2) WR PiQiPi]e Vide-effecWV (CRQWeVcX eW al. 1997), aQd WheQ added WR 

each 20 PL Rf WhUee baVeV Rf 0.05 M VRlXWiRQV (NaHCO3, Na2CO3, aQd NaOH) 

RQ a flaVk-VhakeU aW 160 USP fRU 24 h. Each Pi[ ZaV ceQWUifXged XViQg a MF-

600 ceQWUifXge (HaQil, KRUea) aW 4000 USP fRU 40 PiQ. TeQ PilliliWeUV Rf each 

VXSeUQaWaQW ZaV back-WiWUaWed ZiWh 0.01 M HCl XViQg aQ aXWRPaWic WiWUaWRU (702 

SM TiWUiQR, MeWURhP, SZiW]eUlaQd). Yield cRQWeQW ZaV calcXlaWed b\ diYidiQg 

Whe ZeighW Rf biRchaU afWeU S\URl\ViV b\ Whe ZeighW Rf feedVWRckV befRUe 

S\URl\ViV. AVh cRQWeQW ZaV eVWiPaWed b\ Whe cRPbXVWiRQ PeWhRd, Zhich 
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PeaVXUed Whe UeVidXal ZeighW afWeU heaWiQg aW 750 �C (CaR aQd HaUUiV 2010; 

SWefaQiXk aQd OleV]c]Xk 2015).  

FRXUieU-WUaQVfRUP iQfUaUed (FT-IR) VSecWUa Rf feedVWRckV aQd iWV 

deUiYed biRchaU ZeUe RbWaiQed XViQg aQ IR TUaceU-100 FT-IR VSecWURPeWeU 

(ShiPad]X, JaSaQ) eTXiSSed ZiWh a MIRacle aWWeQXaWed WRWal UeflecWaQce (ATR) 

acceVVRU\ (PikeWech, USA) ZiWh a ZQSe cU\VWal SlaWe aW aQ iQcideQce aQgle Rf 

45� (MiPPR eW al. 2014). The UeVRlXWiRQ ZaV VeW WR 4 cP-1, aQd Whe VSecWUal 

UaQge cRYeUed Whe 4000-650 cP-1. Si[W\-fRXU VcaQV ZeUe cRllecWed fRU each 

PeaVXUePeQW, aQd ATR cRUUecWiRQ aQd VPRRWhiQg ZeUe aSSlied WR PiQiPi]e Whe 

diffeUeQce iQ SeQeWUaWiRQ deSWh. CRQceQWUaWiRQ Rf iQRUgaQic elePeQWV ZeUe 

PeaVXUed XViQg aQ X-Ua\ flXRUeVceQce (XRF) VSecWURPeWeU (S4 PiRQeeU, BUXkeU, 

USA) ZiWh SRZeU VeWWiQgV Rf 4 kW XQdeU a heliXP SXUge. ASSaUeQW deQViW\ Rf 

biRchaU ZaV PeaVXUed fRllRZiQg Whe ASTM D-285 SURcedXUe. 

 

3.2.2. BaWch VRUSWiRQ e[SeUiPeQWV  

FRXU baWch e[SeUiPeQWV ZeUe cRQdXcWed: VRUSWiRQ kiQeWicV, 

degUadaWiRQ kiQeWicV, VSeciaWiRQ, aQd VRUSWiRQ iVRWheUPV. All UeageQWV ZeUe 

SXUchaVed fURP SigPa-AldUich (USA), aQd cRQceQWUaWiRQV Rf ViPa]iQe aQd 

CaCl2 ZeUe 5 Pg L-1 (Pa[iPXP VRlXbiliW\) aQd 0.05 M, UeVSecWiYel\ (ZheQg eW 

al. 2010). The SH ZaV dail\ adjXVWed ZiWh 0.1 M HCl RU 0.1 M NaOH fRU 

degUadaWiRQ kiQeWicV, aQd ZiWh 1 M HCl RU 1 M NaOH WR VRUSWiRQ iVRWheUPV. 

Each VaPSle ZaV allRZed WR eTXilibUaWe iQ a 30 PL aPbeU glaVV Yial ZiWh a 

TeflRQ-liQed caS RQ a Yial-VhakeU aW 160 USP afWeU 81 h XQdeU URRP WePSeUaWXUe 

(cRQWURlled WR 25 �C), aQd each Pi[ ZaV filWeUed WhURXgh a 0.45-ȝP Q\lRQ 

PePbUaQe filWeU. FRU VaPSle e[WUacWiRQ, 2 PL Rf he[aQe ZaV iQjecWed iQWR 10 

PL Rf each filWeUaWe. OQe PilliliWeU Rf VXSeUQaWaQW ZaV WUaQVfeUUed iQWR a 2 PL 

aPbeU Yial ZiWh a UXbbeU caS fRU GC aQal\ViV. All e[SeUiPeQWV ZeUe SeUfRUPed 

iQ WUiSlicaWe. 
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3.2.2.1. SRUSWiRQ kiQeWicV  

The VRUSWiRQ kiQeWicV ZaV PeaVXUed ZiWhRXW SH adjXVWPeQW. A 

cRQceQWUaWed ViPa]iQe VRlXWiRQ ZaV SUeSaUed b\ Pi[iQg 5 PL Rf a VWaQdaUd 

VWRck VRlXWiRQ ZiWh PeWhaQRl (20 Pg L-1) aQd diVWilled ZaWeU (15 PL) iQ Whe Yial 

WR Pake 5 Pg L-1 aV Whe iQiWial ViPa]iQe cRQceQWUaWiRQ. The ViPa]iQe VRlXWiRQ 

ZaV Pi[ed ZiWh 0.2 g Rf biRchaU, aQd Whe VXVSeQViRQ ZaV allRZed WR eTXilibUaWe 

iQ a 30 PL aPbeU glaVV Yial ZiWh a TeflRQ-liQed caS RQ a Yial-VhakeU (DS-300L, 

DaVRl, KRUea) aW 160 USP ZiWhRXW adjXVWiQg Whe SH. The Pi[WXUe ZaV VhakeQ 

fRU 0.5, 1, 2, 6, 12, 24, 48, 72, 96 aQd 185 h XQdeU URRP WePSeUaWXUe (cRQWURlled 

WR 25 �C). Each Pi[ ZaV filWeUed WhURXgh a 0.45-ȝP Q\lRQ PePbUaQe filWeU. FRU 

VaPSle e[WUacWiRQ, 2 PL Rf he[aQe ZaV iQjecWed iQWR 10 PL Rf each filWUaWe. OQe 

PilliliWeU Rf VXSeUQaWaQW ZaV WUaQVfeUUed iQWR a 2 PL aPbeU Yial ZiWh a UXbbeU 

caS fRU GC aQal\ViV (MeWhRd S6). All e[SeUiPeQWV ZeUe SeUfRUPed iQ WUiSlicaWe. 

 

3.2.2.2. DegUadaWiRQ kiQeWicV 

The SH-deSeQdeQW ViPa]iQe degUadaWiRQ ZaV PeaVXUed acURVV SH 

UaQgeV fURP 1 WR 12 WR RbWaiQ WiPe-cRXUVe YaUiaWiRQV iQ ViPa]iQe cRQceQWUaWiRQ. 

A cRQceQWUaWed ViPa]iQe VRlXWiRQ ZaV SUeSaUed b\ Pi[iQg 5 PL Rf a VWaQdaUd 

VWRck VRlXWiRQ ZiWh PeWhaQRl (20 Pg L-1) aQd diVWilled ZaWeU (15 PL) iQ Whe Yial 

WR Pake 5 Pg L-1 aV Whe iQiWial cRQceQWUaWiRQ. The SH ZaV adjXVWed dail\ ZiWh 

0.1 M HCl RU 0.1 M NaOH. The ViPa]iQe VRlXWiRQ ZaV allRZed WR eTXilibUaWe 

iQ a 30 PL aPbeU glaVV Yial ZiWh a TeflRQ-liQed caS RQ a Yial-VhakeU (DS-300L, 

DaVRl, KRUea) aW 160 USP XQdeU cRQWURlled URRP WePSeUaWXUe (25 �C) cRQdiWiRQV. 

The iQiWial SH YalXeV ZeUe VeW aW 1, 2, 4, 6, 8, 10, 11 aQd 12, aQd Whe VaPSle ZaV 

cRllecWed aW 1, 12, 24 aQd 81 h. The SH ZaV PeaVXUed aW Whe VWaUW aQd eQd Rf 

each SH-UXQ ZiWhRXW adjXVWiQg Whe SH dXUiQg agiWaWiRQ. FRU VaPSle e[WUacWiRQ, 

Whe SH Rf VRlXWiRQ ZaV adjXVWed WR SH 7 WR PiQiPi]e VSeciaWiRQ effecW RQ 

e[WUacWiRQ, aQd 2 PL Rf he[aQe ZaV iQjecWed iQWR 10 PL Rf each filWUaWe. OQe 
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PilliliWeU Rf VXSeUQaWaQW ZaV WUaQVfeUUed iQWR a 2 PL aPbeU Yial ZiWh a UXbbeU 

caS fRU GC aQal\ViV. All e[SeUiPeQWV ZeUe SeUfRUPed iQ WUiSlicaWe. 

 

3.2.2.3. SSeciaWiRQ 

The SH-deSeQdeQW VSeciaWiRQ Rf ViPa]iQe ZaV PeaVXUed fURP SH 2 WR 

12 (2 SH iQWeUYalV). A cRQceQWUaWed ViPa]iQe VRlXWiRQ ZaV SUeSaUed b\ Pi[iQg 

5 PL Rf a VWaQdaUd VWRck VRlXWiRQ ZiWh PeWhaQRl (20 Pg L-1) aQd diVWilled ZaWeU 

(15 PL) iQ Whe Yial WR Pake 5 Pg L-1 aV Whe iQiWial cRQceQWUaWiRQ. The ViPa]iQe 

VRlXWiRQ ZaV allRZed WR eTXilibUaWe iQ a 30 PL aPbeU glaVV Yial ZiWh a TeflRQ-

liQed caS RQ a Yial-VhakeU (DS-300L, DaVRl, KRUea) aW 160 USP XQdeU cRQWURlled 

URRP WePSeUaWXUe (25 �C) cRQdiWiRQV. I SeUfRUPed WZR VeWV Rf WUiSlicaWe fRU Whe 

he[aQe e[WUacWiRQ. The SH iQ a VeW Rf WUiSlicaWe ZaV adjXVWed WR SH 7, aQd Whe 

SH Rf aQRWheU VeW Rf WUiSlicaWe ZaV QRW UeadjXVWed. TZR PL Rf he[aQe ZaV 

iQjecWed iQWR 10 PL Rf each filWUaWe. OQe PilliliWeU Rf VXSeUQaWaQW ZaV WUaQVfeUUed 

iQWR a 2 PL aPbeU Yial ZiWh a UXbbeU caS fRU GC aQal\ViV. OQe VeW adjXVWed WR 

SH 7 ZaV XVed fRU aQal\ViV Rf Whe WRWal cRQceQWUaWiRQ Rf ViPa]iQe, aQd Whe RWheU 

VeW ZiWh QR SH adjXVWPeQW ZaV fRU Whe cRQceQWUaWiRQ Rf QeXWUal ViPa]iQe. 

 

3.2.2.4. SRUSWiRQ iVRWheUP 

FiYe PilliliWeUV Rf ViPa]iQe VWRck VRlXWiRQ (20 Pg L-1) aQd 5 PL Rf 0.2 

M CaCl2 ZeUe Pi[ed ZiWh diffeUeQW cRQceQWUaWiRQV (2.5, 5, 7.5, aQd 10 g L-1) Rf 

biRchaU. The Pi[ ZaV allRZed WR eTXilibUaWe iQ a 30 PL aPbeU glaVV Yial ZiWh a 

TeflRQ-liQed caS RQ a Yial-VhakeU (DS-300L, DaVRl, KRUea) aW 160 USP XQdeU 

cRQWURlled URRP WePSeUaWXUe (25 �C) cRQdiWiRQV. The SH Rf Whe VaPSle ZaV 

adjXVWed dail\ WR 3, 5.5 aQd 9 XViQg 1 M HCl RU 1 M NaOH. FRU VaPSle 

e[WUacWiRQ, Whe SH Rf VRlXWiRQ ZaV adjXVWed WR SH 7 WR PiQiPi]e VSeciaWiRQ 

effecW RQ e[WUacWiRQ, aQd 2 PL Rf he[aQe ZaV iQjecWed iQWR 10 PL Rf each filWUaWe. 
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OQe PilliliWeU Rf VXSeUQaWaQW ZaV WUaQVfeUUed iQWR a 2 PL aPbeU Yial ZiWh a 

UXbbeU caS fRU GC aQal\ViV. All e[SeUiPeQWV ZeUe SeUfRUPed iQ WUiSlicaWe. 

 

3.2.2.5. SRUSWiRQ iVRWheUP fRU ScaWchaUd SlRW aQal\ViV 

The ViPa]iQe VWRck VRlXWiRQ (20 Pg L-1), diVWilled ZaWeU aQd Whe 

backgURXQd VRlXWiRQ (0.2 M CaCl2) ZeUe Pi[ed XS WR Pake diffeUeQW 

cRQceQWUaWiRQ Rf ViPa]iQe (0.5, 1, 2, 3, 4 aQd 5 Pg L-1) ZiWh cRQVWaQW iRQic 

VWUeQgWh (0.05 M CaCl2). The Pi[ ZaV allRZed WR eTXilibUaWe iQ a 30 PL aPbeU 

glaVV Yial cRQWaiQiQg 0.2 g Rf Whe biRchaU ZiWh a TeflRQ-liQed caS RQ a Yial-

VhakeU (DS-300L, DaVRl, KRUea) aW 160 USP XQdeU cRQWURlled URRP WePSeUaWXUe 

(25 �C) cRQdiWiRQV. The VaPSleV ZeUe VhakeQ fRU 81 h, aQd Whe SH ZaV dail\ 

UeadjXVWed XViQg 1 M HCl RU 1 M NaOH. The WaUgeW SH Rf Whe VaPSle ZaV 3.5 

aQd 7.5. FRU VaPSle e[WUacWiRQ, Whe SH Rf VRlXWiRQ ZaV adjXVWed WR SH 7 WR 

PiQiPi]e VSeciaWiRQ effecW RQ e[WUacWiRQ, aQd 2 PL Rf he[aQe ZaV iQjecWed iQWR 

10 PL Rf each filWUaWe. OQe PilliliWeU Rf VXSeUQaWaQW ZaV WUaQVfeUUed iQWR a 2 PL 

aPbeU Yial ZiWh a UXbbeU caS fRU GC aQal\ViV. All e[SeUiPeQWV ZeUe SeUfRUPed 

iQ WUiSlicaWe. 

 

3.2.2.6. SiPa]iQe aQal\ViV 

SaPSleV ZeUe iQjecWed iQWR a gaV chURPaWRgUaSh eTXiSSed ZiWh a 

PicUR-elecWURQ caSWXUe deWecWRU (GC-ȝECD) (6890N, AgileQW TechQRlRgieV IQc., 

USA). A Vilica caSillaU\ cRlXPQ (HP-5, 0.32 PP i.d. [ 30 P [ 0.25 ȝP) ZaV 

XVed (MRUgaQWe eW al. 2012). The iQleW WePSeUaWXUe ZaV PaiQWaiQed aW 250 �C 

aQd RSeUaWed iQ VSliW-PRde ZiWh a 1 PL VaPSle iQjecWiRQ-YRlXPe XViQg aQ 

aXWRVaPSleU. The GC RYeQ-WePSeUaWXUe ZaV iQiWiall\ VeW WR 50 �C ZiWh a hRld-

WiPe Rf 1 PiQ, aQd WheQ UaiVed WR 150 �C aW 20 �C PiQ-1 ZiWh a hRld-WiPe Rf 4 

PiQ, WR 230 �C aW 3 �C PiQ-1 ZiWh a hRld-WiPe Rf 1 PiQ aQd fiQall\ WR 300 �C aW 

10 �C PiQ-1 ZiWh a fiQal hRld-WiPe Rf 2.5 PiQ. TRWal aQal\ViV-WiPe SeU VaPSle 



3-11 

 

ZaV 50 PiQ, aQd Whe UeWeQWiRQ-WiPe ZaV 19 PiQ. The ȝECD ZaV keSW aW 300 �C. 

All calibUaWiRQV ZeUe SeUfRUPed iQ ChePSWaWiRQ (AgileQW, USA). 

 

3.2.3. DaWa aQal\ViV aQd fiWWiQg  

A fRUPXlaWiRQ WhaW ViPXlaWe ViPa]iQe VSeciaWiRQ ZaV SURSRVed baVed 

RQ Whe HeQdeUVRQ-HaVVelbach eTXaWiRQ (1) (GXQaVekaUa eW al. 2007), aQd 1.7 

ZaV XVed fRU Whe pKa Rf ViPa]iQe (GXQaVekaUa eW al. 2007). 

𝑝𝐻 ൌ 𝑝𝐾𝑎 ൅ logሺሾ𝑆ሿ ሾ𝐻𝑆ାሿ⁄ ሻ              (1)   

ZheUe [S] aQd [HS+] aUe Whe cRQceQWUaWiRQV Rf QeXWUal aQd SURWRQaWed ViPa]iQe 

(PRl L-1), UeVSecWiYel\. CRQceQWUaWiRQ Rf ViPa]iQe VRUbed (qeT, Pg kg-1) ZeUe 

calcXlaWed fURP diffeUeQceV beWZeeQ Whe iQiWial aQd eTXilibUiXP cRQceQWUaWiRQV 

iQ VRlXWiRQ (2): 

𝑞௘௤ ൌ  ሺ஼బ ି ஼೐೜ሻ ൈ ௏
௠

                                      (2)  

ZheUe C0 aQd Ceq aUe Whe iQiWial aQd eTXilibUiXP cRQceQWUaWiRQV Rf ViPa]iQe (Pg 

L-1) iQ VRlXWiRQ, aQd m (kg) aQd V (L) aUe Whe PaVV Rf VRUbeQW aQd YRlXPe Rf 

VRlXWiRQ, UeVSecWiYel\.  

 PeUceQW ViPa]iQe UecRYeU\ (3) ZaV RbWaiQed b\ e[WUacWiQg Whe VRUbed 

ViPa]iQe XViQg PeWhaQRl (MRUgaQWe eW al. 2012), aQd 98-103% (daWa e[clXded). 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 ൌ  ሺ஼೐೜ା஼೐ೣሻ
஼బ

 x 100                                  (3) 

ZheUe Cex iV Whe cRQceQWUaWiRQ (Pg L-1) afWeU PeWhaQRl-e[WUacWed. 

A fiUVW-RUdeU kiQeWicV (4) ZaV aSSlied WR deVcUibe Whe degUadaWiRQ Rf 

ViPa]iQe (BeUVaQeWWi eW al. 2005). 

ln 𝐶௧ ൌ ln 𝐶଴ െ 𝑘ௗ௚ ⋅ 𝑡                                        (4) 

ZheUe Ct iV Whe cRQceQWUaWiRQ (Pg L-1) aW WiPe t (h) aQd kdg iV Whe UaWe cRQVWaQW 

(Pg L-1h-1) aW 1/t. IVRWheUP UeVXlWV aW SH YalXeV (3, 6 aQd 9) ZeUe fiWWed WR Whe 
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LaQgPXiU, FUeXQdlich, aQd DXbiQiQ-RadXVhkeYich iVRWheUP (FRR aQd HaPeed 

2010; LiX aQd CheQ 2015). 

The LaQgPXiU PRdel iV e[SUeVVed aV fRllRZV: 

𝑞௘௤ ൌ ௤೘ೌೣ∙௄ಽ∙஼೐೜

ሺଵା௄ಽ∙஼೐೜ሻ
                                       (5) 

ZheUe KL iV a cRQVWaQW (L Pg-1) UelaWed WR eQeUg\, aQd qmax is the maximum 

sorption capacity (mg kg-1).  

The Freundlich model is expressed as follows: 

𝑞௘௤ ൌ 𝐾ி ∙ 𝐶ୣ୯

భ
೙                                    (6) 

ZheUe KF (Pg kg-1(Pg L-1)-Q) aQd 1/n aUe Whe eTXilibUiXP cRQVWaQWV iQdicaWiYe 

Rf Whe VRUSWiRQ caSaciW\ aQd iQWeQViW\, UeVSecWiYel\.  

The DXbiQiQ-RadXVhkeYich PRdel, Zhich deVcUibeV QRQ-ideal 

adVRUSWiRQ b\ heWeURgeQeRXV VXUface eQeUgieV, iV e[SUeVVed aV fRllRZV 

(DaÞbURZVki 2001):  

𝑞௘௤ ൌ 𝑞௠௔௫ ∙ 𝑒൫ିఉ∙ிమ൯                                          (7) 

𝐹 ൌ 𝑅 ∙ 𝑇 ∙ ln ൬1 ൅ ଵ
஼೐೜

൰                                  (8) 

ZheUe ȕ iV UelaWed WR PeaQ VRUSWiRQ eQeUg\ (PRl2 kJ-2), F iV Whe PRlaQ\i SRWeQWial, 

R iV Whe gaV laZ cRQVWaQW (kJ Pg-1 K-1), aQd T iV abVRlXWe WePSeUaWXUe (K). ThiV 

PRdel VeUYeV aV a SUR[\ WR check ZheWheU VRUSWiRQ fRllRZV Sh\ViVRUSWiRQ RU 

chePiVRUSWiRQ. The Es iQdicaWeV Whe fUee eQeUg\ chaQgeV (kJ PRl-1) ZheQ RQe 

PRle Rf iRQV iV WUaQVfeUUed iQWR iQfiQiWe VSace fURP iWV VRUbeQW VSace dXUiQg 

VRUSWiRQ, VeUYiQg aV a cUiWeUiRQ WR diVWiQgXiVh beWZeeQ Sh\ViVRUSWiRQ aQd 

chePiVRUSWiRQ (9). 

𝐸௦ ൌ ଵ
ඥଶ∙ఉ

                                         (9) 

TR cRPSaUe Whe aSSlicabiliW\ Rf Whe PRdel, Whe SeUceQW QRUPali]ed 

VWaQdaUd deYiaWiRQ (Δq) ZaV calcXlaWed aV fRllRZV (Mihal\ CR]PXWa eW al. 2012): 
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∆𝑞 ൌ  100 x
ඨ∑ ቈ൬

೜೐ೣ೛ష ೜೎ೌ೗
೜೐ೣ೛

൰
೔
቉

మ
 ೙

೔సభ

௡ିଵ
                               (10) 

where qexp and qcal are measured and calculated amount of simazine sorbed on 

biochar (mg kg-1) for the number of experimental points (n).  

Scatchard plot (11) is used to evaluate the affinities of binding sites 

for a particular sorption (Gezici et al. 2005; Pehlivan et al. 2008). 
௤೐೜

஼೐೜
ൌ െሺ ଵ

௄೏౩
ሻ𝑞௘௤ ൅ ௤೘ೌೣ

௄೏౩
                                 (11) 

ZheUe Kds iV Whe diVVRciaWiRQ cRQVWaQW (Pg L-1) Rf Whe biQdiQg ViWe. LRZeU Kds 

iQdicaWeV iQYRlYePeQW Rf PRUe acWiYe ViWeV fRU VRUSWiRQ (PehliYaQ eW al. 2008). 

A SlRW WhaW deYiaWeV fURP liQeaUiW\ PeaQV Whe SUeVeQce Rf PRUe WhaQ RQe W\Se Rf 

biQdiQg ViWe, Zhile a liQeaU SlRW aVVXPeV WhaW Whe biQdiQg ViWeV aUe ideQWical aQd 

iQdeSeQdeQW (Ge]ici eW al. 2007; LiX aQd CheQ 2015).  

 

3.3. RHVXOWV aQG GLVFXVVLRQ 

3.3.1. Ph\VicRchePical chaUacWeUiVWicV Rf biRchaU  

The SSA ZaV eVWiPaWed aW 5.6 P2 g-1 fRU PicUR-SRUeV aQd 191.6 P2 g-1 

fRU QaQR-SRUeV iQ B400, aQd 236.3 aQd 293.5 P2 g-1, UeVSecWiYel\, iQ B700 

(Table 3-1). PUeYiRXV iQYeVWigaWiRQV RQ Miscanthus biRchaU UeSRUWed WhaW SSA 

Rf PicUR-SRUeV UaQged fURP 2.4 WR 381.5 P2 g-1, aQd VhaUSl\ iQcUeaVed iQ 

S\URl\ViV WePSeUaWXUe UaQge beWZeeQ 400 aQd 600 �C (KiP eW al. 2013). LXR eW 

al. (2015) aQd HaQ eW al. (2016b) aVcUibed WhiV SSA iQcUeaVe WR SURgUeVViYe 

YRlaWili]aWiRQ Rf cellXlRVe, hePicellXlRVe aQd ligQiQ aV WePSeUaWXUe iQcUeaVed, 

ViQce YRlaWili]aWiRQ caXVeV fRUPaWiRQ Rf chaQQel VWUXcWXUeV ZiWh laUgeU SRUe-Vi]e, 

iQcUeaViQg WRWal SSA. The UeVXlW Rf Vi]e fUacWiRQaWiRQ fRU < 25 ȝP, 25-53 ȝP 

aQd 53-106 ȝP ZeUe 14.7, 52.8 aQd 32.5 % fRU B400 Zhile 15.6, 62.0 aQd 22.4 % 

fRU B700, UeVSecWiYel\. 
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NXPeURXV VWXdieV RQ biRchaU haYe UelaWed VRPe PRlaU elePeQWal 

UaWiRQV VXch aV (O+N)/C, H/C aQd O/C WR SRlaUi]aWiRQ, caUbRQi]aWiRQ aQd 

h\dURShili]aWiRQ, UeVSecWiYel\ (CheQ aQd CheQ 2009; CheQ eW al. 2012a). IQ WhiV 

VWXd\, B400 had a (O+N)/C Rf 0.28, O/C Rf 0.27 aQd H/C Rf 0.60, ZheUeaV B700 

had 0.19, 0.18 aQd 0.17, UeVSecWiYel\, dXe WR iQcUeaVed C aQd decUeaVed H, N, 

O aQd S cRQWeQWV (KeilXZeiW eW al. 2010), iQdicaWiQg decUeaVed SRlaUi]aWiRQ aQd 

h\dURShili]aWiRQ aQd iQcUeaVed caUbRQi]aWiRQ ZiWh iQcUeaViQg S\URl\ViV 

WePSeUaWXUe. PUeYiRXV VWXdieV haYe VhRZQ WhaW Miscanthus biRchaU SURdXced aW 

400 �C had a (O+N)/C UaQgiQg beWZeeQ 0.26 aQd 0.48, O/C beWZeeQ 0.26 aQd 

0.48, aQd H/C beWZeeQ 0.05 aQd 0.09, Zhile WhRVe SURdXced aW 700 �C had Whe 

UeVSecWiYe UaWiRV UaQged fURP 0.08 WR 0.09, 0.07 WR 0.08, aQd ZaV 0.02 (BXdai eW 

al. 2014; TUa]]i eW al. 2016). The \ield aQd AVh cRQWeQW ZeUe 31.0 aQd 8.8 fRU 

B400 Zhile iW ZaV 26.0 aQd 11.6 fRU B700, UeVSecWiYel\. 

The PZNC ZaV deWeUPiQed aV 8.8 fRU B400 aQd 10.0 fRU B700, WhXV 

iQdicaWiQg WhaW PRUe alkaliQeV, PeWal R[ideV aQd PiQeUalV ZeUe UeleaVed fURP 

Whe laWWeU, caXViQg Whe deYelRSPeQW Rf PRUe SRViWiYel\ chaUged ViWeV aW a giYeQ 

SH (Al-Wabel eW al. 2013). SiQce VRlXWiRQ-SH deWeUPiQeV iWV QeW VXUface chaUge, 

biRchaU caQ haYe SRViWiYel\ aQd QegaWiYel\ chaUged VXUfaceV fRU h\dURShilic 

iQWeUacWiRQV aW a giYeQ SH (AV 2010). ThiV PeaQV WhaW QeW VXUface chaUge Rf 

B400 aQd B700 aUe SRViWiYe aW ciUcXPQeXWUal SH, ZiWh PRUe SRViWiYe chaUgeV aW 

Whe VXUface Rf Whe laWWeU. The acidiWieV Rf B400 aQd B700 ZeUe PeaVXUed aW 0.150 

aQd 0.013 PPRl g-1 fRU caUbR[\lic acid gURXSV, 0.167 aQd 0.125 PPRl g-1 fRU 

lacWRQic acid gURXSV, aQd 0.421 aQd 0.013 PPRl g-1 fRU SheQRlic acid gURXSV, 

UeVSecWiYel\, aQd Whe decUeaVe iQ Whe acidiW\ Rf VXUface fXQcWiRQal gURXSV ZiWh 

iQcUeaViQg S\URl\ViV WePSeUaWXUe ZaV dXe WR YRlaWili]aWiRQ Rf R[\geQ cRQWaiQiQg 

VWUXcWXUeV  
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TabOH 3-1 Ph\VicRchePical chaUacWeUiVWicV Rf Miscanthus biRchaU SURdXced aW WZR S\URl\ViV WePSeUaWXUeV aW 400 �C (B400) aQd 700 �C (B700). 

aSpecific surface area (SSA) was estimated based on the results obtained from BET isotherms using N2 (N2-BET) and CO2 (CO2-BET). 
bThe SSA of micropores was equal to the N2-BET results, while that of nanopores was calculated by subtracting the CO2-BET results from the 
N2-BET results. 
cElemental composition was measured using an elemental analyzer, and the atomic ratio was calculated. 
dAcidic functional groups were measured by Boehm titration. 
eThe point of zero net charge (PZNC) was estimated by the pH drift method. 
fAsh content was estimated by the combustion method. 

BiRchaU 
 

SSecific VXUface aUeaa  
(P2 g-1)  ElePeQWal  

cRPSRViWiRQc (%) AWRPic UaWiR  Acidic fXQcWiRQal gURXSd  
(PPRl g-1)  

PZNCe 
Yield AVhf 

MicUR-SRUeVb NaQR-SRUeVb  C H O N S (O+N)/C H/C O/C  CaUbR[\lic LacWRQic PheQRlic TRWal  (%) (%) 
B400 5.6 191.6  70.5 3.5 25.4 0.6 0.02 0.28 0.60 0.27  0.150 0.167 0.421 0.74  8.8 31.0 8.8 
B700 236.3 57.2  79.2 1.1 19.3 0.4 0.02 0.19 0.17 0.18  0.013 0.125 0.013 0.15  10.0 26.0 11.6 
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TabOH 3-2 X-Ua\ flXRUeVceQce (XRF) VSecWURVcRS\ UeVXlWV Rf dUied Miscanthus 
aQd biRchaU SURdXced aW 400 �C (B400) aQd 700 �C (B700). 
CRPSRQeQWV 

 
DUied Miscanthus B400 B700 

WeighW SeUceQW (%) 
CH2 99.9 97.0 95.7 
Si 0.60 1.61 2.35 
K 0.05 0.68 0.98 
Ca 0.11 0.22 0.30 
P 0.04 0.17 0.23 

Mg 0.05 0.15 0.22 
S 0.02 0.04 0.05 
Al 0.01 0.03 0.05 
Fe 0.01 0.02 0.03 
Cl 0.08 0.02 0.06 
MQ 0.01 0.02 0.02 
ZQ 0.00 0.00 0.01 
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(ChXQ eW al. 2004; SRQg aQd GXR 2012). The XRF UeVXlWV Rf B400 aQd B700 

UeYealed WhaW each cRQceQWUaWiRQ Rf Si, K, Ca, P, Mg, S, Al aQd Fe ZaV belRZ 

1%. CRQceQWUaWiRQV Rf Si ZeUe 0.60% fRU biRchaU feedVWRck, 1.61% fRU B400 

aQd 2.35% fRU B700, aV a UeVXlW Rf Si-accXPXlaWiRQ dXe WR S\URl\ViV. 

 

3.3.2. SWUXcWXUal WUaQVfRUPaWiRQ Rf biRchaU  

CRPSaUed ZiWh biRchaU feedVWRck, Whe baQdV UeSUeVeQWiQg YibUaWiRQV 

fRU SRl\VacchaUide, aliShaWic, eVWeU, SheQRl aQd caUbRh\dUaWe VWUXcWXUeV 

diVaSSeaUed dXUiQg S\URl\ViV, Zhile WhRVe iQdicaWiQg dRXble bRQdV Rf aURPaWic 

C=C (1596 cP-1) aQd caUbRQ\l C=O (1695 cP-1) (CheQ eW al. 2008) aSSeaUed iQ 

B400 bXW cRPSleWel\ diVaSSeaUed iQ B-700 (Fig. 3-1), leaYiQg RQl\ ligQiQ C=C 

(1540 cP-1) aQd Si-cRQWaiQiQg VWUXcWXUeV (1200-900 cP-1). RelaWiYe iQWeQViWieV 

Rf biRchaU SeakV ZeUe lRZeU aW higheU S\URl\ViV WePSeUaWXUe (700 �C) dXe WR 

Whe fRUPaWiRQ Rf UiQg-VWUXcWXUed ligQiQ C=C aQd cRQcRPiWaQW decUeaVeV iQ 

caUbRQ\l C=O aQd aURPaWic C=C (Fig. 3-1), cUeaWiQg laUgeU SRUeV (Table 3-1). 

ThiV ZaV cRUURbRUaWed b\ Whe VcaQQiQg elecWURQ ShRWRPicURgUaSh (SEM) 

iPageV (Fig. 3-2). IW ZaV RbVeUYed WhaW Whe decUeaVe Rf acidiW\ Rf VXUface 

fXQcWiRQal gURXS ZiWh iQcUeaViQg S\URl\ViV WePSeUaWXUe, aQd Whe VWUXcWXUal 

WUaQVfRUPaWiRQ WR aURPaWic VWUXcWXUe led VXch UeVXlW (Table 3-1).  

IQ bRWh biRchaU, Whe baQd iQdicaWiQg Si-O-Si aQd Si-O YibUaWiRQV 

aSSeaUed aW 1094 cP-1 (XX aQd CheQ 2015). The XRF VSecWURgUaPV Rf biRchaU 

alVR cRUURbRUaWed Si-accXPXlaWiRQ aQd PiQeUal deSRViWV (Table 3-2). XiaR eW al. 

(2014) UeSRUWed aQ accXPXlaWiRQ Rf Si-cRQWaiQiQg VWUXcWXUeV aQd a cRQcXUUeQW 

decUeaVe iQ ViQgle bRQdV aPRQg C, S aQd O aWRPV iQ biRchaU ZiWh iQcUeaViQg 

S\URl\ViV WePSeUaWXUe. TheUefRUe, iW iQfeUUed WhaW S\URl\ViV caXVed cRQYeUViRQ 

Rf ViQgle-bRQd VWUXcWXUeV Rf Miscanthus feedVWRck iQWR aURPaWic VWUXcWXUeV ZiWh 

Si-accXPXlaWiRQ. FXUWheU S\URl\ViV WR 700 �C led WR Whe fRUPaWiRQ Rf ligQeRXV 

VWUXcWXUeV ZiWh PiQeUal ValW deSRViWV, iQcUeaViQg SSA dXe WR Whe iQcUeaVe iQ 
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PicUR-SRUe (laUgeU SRUe) YRlXPeV (Fig. 3-2 aQd Table 3-1). ASSaUeQW deQViW\ Rf 

biRchaU iQcUeaVeV ZiWh iQcUeaViQg acWiYaWiRQ dXUiQg S\URl\ViV dXe WR Whe cRllaSVe 

Rf SRUeV (DiQg eW al. 2014), aQd ZaV 0.43 Mg P-3 fRU B400 aQd 0.48 Mg P-3 fRU 

B700. The SEM ShRWRPicURgUaShV (Fig. 3-2) aQd XRF VSecWURgUaPV (Table 3-

2) VXSSRUWed Whe accXPXlaWiRQ Rf PiQeUal ValWV RQ biRchaU VXUface, VXggeVWiQg a 

SURbable cRQWUibXWiRQ Rf PiQeUal VXUface PRieWieV Rf biRchaU WR ViPa]iQe 

VRUSWiRQ. HRZeYeU, ViQce VRUSWiRQ diVWUibXWiRQ cRefficieQWV (Kd) fRU WUia]iQe RQWR 

PiQeUal VXUfaceV iQ Whe liWeUaWXUe ZeUe YeU\ lRZ (ClaXVeQ eW al. 2001) aQd Whe 

PiQeUal fUacWiRQV Rf RXU Miscanthus biRchaU ZeUe lRZ (3.0% fRU B400 aQd 4.3% 

fRU B700) (Table 3-2), aQd iW diVUegaUded Whe cRQWUibXWiRQ Rf PiQeUal VXUfaceV 

Rf biRchaU WR Whe VRUSWiRQ Rf ViPa]iQe. 

 

3.3.3. SRUSWiRQ kiQeWicV, VSeciaWiRQ, aQd degUadaWiRQ  

AlWhRXgh VRUSWiRQ eTXilibUiXP ZaV Ueached ZiWhiQ 24 h fRU bRWh 

biRchaU (Fig. 3-3), aQd all baWch e[SeUiPeQWV ZeUe cRQdXcWed fRU 81 h WR 

gXaUaQWee Whe achieYePeQW Rf eTXilibUiXP XQdeU YaUiRXV e[SeUiPeQWal 

cRQdiWiRQV. The PRle UaWiR Rf QeXWUal WR SURWRQaWed ViPa]iQe VSecieV ZaV 0.60 

aW SH 1.9, aQd iQcUeaVed WR QeaU XQiW\ aW SH 5; WhiV iQcUeaViQg SaWWeUQ fiWWed Zell 

WR WheRUeWical calcXlaWiRQ XViQg Whe HeQdeUVRQ-HaVVelbalch eTXaWiRQ (Fig. 3-4). 

RaWeV Rf ViPa]iQe degUadaWiRQ (kdg) ZeUe 0.012 aW SH 1.0 aQd 0.032 h-1 aW SH 

12.1, Zhile iWV degUadaWiRQ did QRW RccXU acURVV Whe WZR SH e[WUePeV 

(2.0�SH�10.0) (Fig. 3-4). TheUefRUe, degUadaWiRQ aQd SURWRQaWiRQ Rf ViPa]iQe 

ZaV diVUegaUded acURVV ZRUkiQg SH UaQgeV (3.5�SH�10). 

SiPa]iQe degUadeV abiRWicall\ WhURXgh chePical aQd ShRWRl\Wic 

SURceVVeV (RahPaQ aQd HRllaQd 1985); hRZeYeU, Whe SRVVibiliW\ Rf 

ShRWRdegUadaWiRQ ZaV diVUegaUded b\ eQcaSVXlaWiRQ Rf ViPa]iQe VaPSleV ZiWh 

aiUWighW aPbeU YialV. SiPa]iQe UePaiQV VWable iQ QeXWUal SH UaQge, bXW becRPeV  
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FLJ. 3-1 SWacked ATR FT-IR VSecWUa Rf dUied Miscanthus aQd biRchaU SURdXced 

aW 400 �C (B400) aQd 700 �C (B700). AUURZV aQd QXPbeUV iQdicaWe Whe 

fUeTXeQc\ Rf Whe YibUaWiRQ PRde iQ Whe PRlecXlaU VWUXcWXUe.   
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FLJ. 3-2 ScaQQiQg elecWURQ PicURgUaShV Rf Miscanthus biRchaU SURdXced aW 

400 �C (B400) aQd 700 �C (B700). All iPageV ZeUe UecRUded ZiWh a SURbe 

cXUUeQW Rf 15.5 kV. 
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FLJ. 3-3 SRUSWiRQ kiQeWicV Rf ViPa]iQe WR Miscanthus biRchaU SURdXced aW 

400 �C (B400; VRlid ciUcle) aQd 700 �C (B700; RSeQ ciUcle). The iQiWial SH Rf 

ViPa]iQe VRlXWiRQ ZaV 4.5, aQd Whe fiQal SH Rf Whe Pi[WXUe ZaV 7.9 fRU B400 

aQd 9.6 fRU B700. The iQiWial cRQceQWUaWiRQ Rf ViPa]iQe ZaV 5 Pg L-1. 
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FLJ. 3-4 MRlaU fUacWiRQ Rf SURWRQaWed (gUa\ daVhed liQe) aQd QeXWUal (gUa\ VRlid 

liQe) ViPa]iQe calcXlaWed XViQg Whe HeQdeUVRQ-HaVVelbach eTXaWiRQ aQd Rf 

QeXWUal ViPa]iQe RbWaiQed fURP baWch e[SeUiPeQWV (VRlid WUiaQgle) aV a fXQcWiRQ 

Rf VRlXWiRQ SH aQd Whe fiUVW-RUdeU degUadaWiRQ kiQeWicV (kdg) Rf ViPa]iQe 

eVWiPaWed b\ YaU\iQg Whe SH (VRlid ciUcle ZiWh a liQe). 
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XQVWable XQdeU e[WUePel\ acidic RU alkaliQe cRQdiWiRQV. SiPa]iQe haV beeQ 

kQRZQ WR XQdeUgR h\dURl\Wic dechlRUiQaWiRQ dXe WR SURWRQaWiRQ Rf lRQe-SaiU 

elecWURQV RQ Whe N aWRP iQ Whe aURPaWic UiQg VWUXcWXUe aQd VXbVeTXeQW cleaYage 

Rf C-Cl bRQd dXe WR elecWURQ deficieQc\ XQdeU acidic cRQdiWiRQV aQd WR Whe diUecW 

QXcleRShilic VXbVWiWXWiRQ Rf Cl b\ OH XQdeU alkaliQe cRQdiWiRQV (AUPVWURQg eW 

al. 1967; BXUkhaUd aQd GXWh 1981). 

 

3.3.4. SRUSWiRQ iVRWheUP  

ETXilibUiXP VRUSWiRQ daWa ZeUe fiWWed WR Whe LaQgPXiU aQd FUeXQdlich 

iVRWheUPV WR ideQWif\ Whe VRUSWiRQ PechaQiVPV Rf ViPa]iQe RQWR biRchaU, aQd WR 

Whe DXbiQiQ-RadXVhkeYich iVRWheUP WR eVWiPaWe Es. FiWWed iVRWheUP SaUaPeWeUV 

iQdicaWed WhaW ViPa]iQe VRUSWiRQ daWa RbWaiQed aW WhUee VeW SH YalXeV Rf 3, 6 aQd 

9 fiWWed beVW WR Whe FUeXQdlich PRdel (Fig. 3-5) iQ WeUPV Rf aYeUage R2 and Δq 

(Table 3-3). IQ WhiV SH UegiRQ, ViPa]iQe PRlecXle UePaiQV XQdegUaded, Zhile 

VXUface acidiW\ Rf biRchaU chaQgeV aW SH 4-5 dXe WR iWV caUbR[\lic acid gURXSV 

aQd aW SH 7-8 dXe WR iWV lacWRQic acid gURXSV (LeRQ aQd RadRYic 1991). The 

fiWWed UeVXlW iQdicaWed WhaW Whe ViPa]iQe VRUSWiRQ RQ Whe biRchaU iQ WhiV VWXd\ ZaV 

PRUe e[SlaiQable b\ Whe heWeURgeQeRXV adVRUSWiRQ ZiWh Whe FUeXQdlich aQd Whe 

DXbiQiQ-RadXVhkeYich iVRWheUP WhaQ Whe LaQgPXiU iVRWheUP, Zhich aVVXPeV 

PRQRla\eU adVRUSWiRQ RQ Whe hRPRgeQeRXV VRlid VXUface. 

From the DXbiQiQ-RadXVhkeYich isotherm plots, the isotherm constant 

ȕ ZaV calcXlaWed aV 0.1021 fRU B400 aQd 0.1392 fRU B700; Whe Pa[iPXP 

VRUSWiRQ caSaciW\ (qmax) ZaV 1154.5 aQd 856.9 Pg kg-1, UeVSecWiYel\. The 

cRUUeVSRQdiQg PeaQ fUee eQeUg\ (Es) was calculated as 1.72-2.92 kJ mol-1 for 

B400 and 1.46-2.54 kJ mol-1 for B700, thus indicating that Whe VRUSWiRQ Rf 

ViPa]iQe WR biRchaU fRllRZed a Sh\ViVRUSWiRQ. RelaWiYel\ high YalXeV Rf Es 

iQdicaWe eQWhalS\-UelaWed VRUSWiRQ, Zhile UelaWiYel\ lRZ YalXeV iQdicaWe eQWURS\-

UelaWed VRUSWiRQ (Liu and Chen 2015). If Es lieV beWZeeQ 0-8 kJ PRlí1, Whe 
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VRUSWiRQ SURceVV fRllRZV Sh\ViVRUSWiRQ, Zhile a YalXe Rf Es beWZeeQ 8-16 kJ 

PRlí1 iQdicaWeV chePiVRUSWiRQ (MelYiQ eW al. 2015). In general, qmax and Es 

decreased with increasing pH and pyrolysis temperature, while the isotherm 

constant increased (Table 3-3). Based on the results, it infer that the sorption of 

simazine occurs at heterogeneous sorption sites of biochar surface with a non-

uniform distribution of sorption energy, and this inference was well predicted 

by the results of previous studies (Cao et al. 2009; Zheng et al. 2010). 

Decrease in KF (a proxy of sorption capacity) of the Freundlich model 

from 1104 to 546 for B400 and from 643 to 427 in B700 with increasing pH 

(Table 3-3) indicated that the sorption capacity of biochar would vary with pH, 

posing a challenge to our presumption that hydrophobic interactions would be 

a dominant process for simazine sorption to biochar surface. To date, few 

attempts have been made to predict the pH-dependent sorption-behavior of 

organic pollutants on biochar surface. Yang et al. (2004) reported that the 

maximum sorption of diuron occurred at pH 2.5, while ametryne showed its 

maximum sorption at pH 4.0. Zheng et al. (2010) demonstrated that simazine 

sorption gradually decreased with increasing pH. Jia et al. (2013) observed that 

KF of oxytetracycline sorption to maize-straw-derived biochar varied with 

solution-pH. Previous investigations on the sorption of organic pollutants with 

ionizable functional groups suggested that their sorption capacity decreases 

with increasing pH due to electrostatic repulsion between ionizable organic 

pollutants and biochar (Lingamdinne et al. 2015; Rajapaksha et al. 2015). In 

our study, however, neutral simazine remained undegraded over a wide pH 

range from 3 to 10 (Fig. 3-4). 

Contrary to our presumption that the sorption capacity of biochar 

would increase due to an increase in SSA (Chen and Chen 2009; Chen et al. 

2012b), our results obviously showed that the mean value of the parameters 

related to sorption capacity (KF and qmax) of biochar decreased with increasing 
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pyrolysis temperatures (Table 3-3), while SSA increased (Table 3-1). In 

particular, the values of KF and qmax also decreased (Table 3-3) as more pH-

dependent sorption sites were deprotonated with increasing pH and pyrolysis 

temperature (Ping et al. 2014), resulting in decreased sorption of neutral 

simazine (Fig. 3-5). 

 

3.3.5 ScaWchaUd SlRW aQal\ViV Rf ViPa]iQe VRUSWiRQ  

Estimates of the fitted values of Es (Table 3-3) indicated simazine 

sorption followed an entropy-related physisorption. Concave-upward 

Scatchard plots indicated the presence of two classes of binding sites with 

differing Kds and/or involvement of at least two sorption processes (Fig. 3-6). 

Nonlinear Scatchard plots indicate involvement of more than one sorption 

process (Gezici et al. 2007). The nonlinearity may imply the presence of two 

types of binding sites having different affinities for the simazine sorption. For 

that reason, two sorption types were calculated, where has lower sorption range 

(type-L) and higher sorption range (type-H). The suffix after Kds and qmax 

indicate the sorption types.  

Increasing pH increased Kds-L from 0.007 to 0.105 Pg L-1 aQd qmax-L 

from 287.5 to 296.5 mg kg-1 for B400, and from 0.027 to 0.048 Pg L-1 and from 

313.5 to 355.1 mg kg-1 for B700. However, Kds-H increased in B400 but 

decreased in B700, while qmax-H decreased (Fig. 3-6). In contrast, increasing 

pyrolysis temperature decreased Kds-H from 0.242 to 0.196 Pg L-1 aQd qmax-H 

from 558.8 to 511.9 mg kg-1; however, Kds-L responded oppositely to pH, while 

qmax-L increased (Fig. 3-6). From these relationships, it infers that pH affected 

simazine sorption more in the lower sorption-range, while sorption affinity of 

biochar decreased as pH increased. In contrast, pyrolysis temperature affected 

more in the higher sorption-range, lowering qmax and raising sorption affinity of 

biochar at higher pyrolysis temperature. Therefore, it deduced that Kds-L 



3-30 

 

responded sensitively to pH in the lower sorption- range that causes change in 

the electrostatic field, while Kds-H was responsible for simazine sorption 

associated with changes in surface and pore-structure modification caused by 

pyrolysis temperature changes (Table 3-1) in the higher sorption-range. 

Therefore, increases in pH decreased Kds-L more in B400 than in B700 (Table 

3-1), while increases in pyrolysis temperature decreased Kds-H more at higher 

pH than at lower pH. EVWiPaWeV Rf Whe fiWWed Kds and qmax iQdicaWed WhaW Whe 

Pa[iPXP VRUSWiRQ (Whe VXP Rf qmax-L aQd qmax-H) Rf ViPa]iQe decUeaVed aV SH 

aQd/RU pyrolysis temperature iQcUeaVed (Fig. 3-5). 

Three possible binding mechanisms are involved in the sorption of 

simazine onto biRchaU VXUface: YaQ deU WaalV (YdW) fRUceV, ʌ-ʌ elecWURQ dRQRU-

acceptor (EDA) interactions, and weak H-bonding (Zhu et al. 2004). Based on 

the Scatchard plot analysis, it could ascribe strong electrostatic attraction (Ses) 

to a dominant sorption mechanism in the lower sorption-range (Park et al. 2017), 

and a relatively weak hydrophobic attraction (Shp) to another process that 

governs in the higher sorption-range (Xu et al. 2007), since the EDA or H-

bonding interactions are responsible for Ses and the vdW interactions explain 

Shp (Gauthier et al. 1987; Krichko and Gagarin 1990). As consequences, two 

types of binding sites of biochar responded independently to changing pH 

and/or pyrolysis temperature.  

 

3.3.6. SRUSWiRQ PechaQiVP  

Based on the physicochemical characteristics of biochar and batch 

sorption results, it addresses two questions about simazine sorption in response  

to changes in pH and pyrolysis temperature. The first question is the causal 

relationships for decrease qmax with increasing pH (Fig. 3-6). At pH 3.6 or 3.8 

(almost pKa+2), simazine behaves as a neutral molecule, causing strong Shp with 

positively charged biochar while weakening the contribution of Ses. Increases 
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FLJ. 3-5 FiWWiQg Rf Whe FUeXQdlich iVRWheUP WR each daWaVeW Rf ViPa]iQe VRUSWiRQ 

RbWaiQed aW WhUee VeW SH YalXeV [3.0 (ciUcle), 5.5 (UecWaQgle) aQd 9 (WUiaQgle)] fRU 

(a) B400 aQd (b) B700. 
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TabOH 3-3 IVRWheUP SaUaPeWeUV fRU VRUSWiRQ Rf ViPa]iQe RQ Whe Miscanthus biRchaU SURdXced S\URl\ViV WePSeUaWXUe aW 400 �C (B400) aQd 700 �C 
(B700). The biRchaU dRVage ZaV 2.5, 5.0, 7.5 aQd 10 g L-1 ZiWh 5 Pg L-1 ViPa]iQe fRU 81 h Rf agiWaWiRQ XViQg Yial-VhakeU (DS-300L, DaVRl, KRUea) 
aW 160 USP XQdeU URRP WePSeUaWXUe (cRQWURlled WR 25 �C). The WaUgeW SH ZaV 3.0, 5.5 aQd 9.0, aQd Whe SH ZaV dail\ adjXVWed ZiWh 1M HCl RU 
1M NaOH. The YalXe iQ SaUeQWheVeV iQdicaWeV Whe VWaQdaUd eUURU Rf iVRWheUP fiWWiQg. 

BiRchaU SH 
Langmuir isotherm  Freundlich isotherm  Dubinin-Radushkevich isotherm 

KL qmax R
2
 Δq  KF 1/n R

2
 Δq  ȕ qmax Es R

2
 Δq 

B400 

3.0 
(0.02) 

1.44 
(0.85) 

1939 
(520) 0.90 16.3  1104 

(63.0) 
0.523 
(0.09) 0.96 10.3  0.059 

(0.02) 
1361 
(212) 2.92 0.83 18.7 

5.5 
(0.26) 

1.43 
(0.41) 

1452 
(170) 0.96 7.42  803.3 

(21.3) 
0.438 
(0.04) 0.99 5.35  0.079 

(0.02) 
1122 
(105) 2.52 0.91 10.3 

9.0 
(0.03) 

0.50 
(0.41) 

1665 
(733) 0.85 14.5  546.2 

(62.8) 
0.590 
(0.16) 0.88 12.5  0.169 

(0.07) 
980.5 
(161) 1.72 0.76 16.8 

B700 

3.0 
(0.02) 

1.67 
(0.89) 

1089 
(194) 0.85 11.7  643.0 

(41.9) 
0.372 
(0.09) 0.91 9.10  0.078 

(0.03) 
894.8 
(108) 2.54 0.78 13.3 

5.5 
(0.57) 

1.21 
(0.96) 

1078 
(312) 0.73 16.3  563.1 

(69.2) 
0.412 
(0.16) 0.79 14.6  0.105 

(0.06) 
844.8 
(136) 2.18 0.66 17.4 

9.0 
(0.21) 

0.47 
(0.37) 

1315 
(540) 0.81 13.3  426.8 

(61.2) 
0.551 
(0.17) 0.84 12.4  0.235 

(0.10) 
831.0 
(127) 1.46 0.75 14.5 
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in pH to 7.7 or 7.9 induces deprotonation of acidic carboxylic groups, 

decreasing sorption affinity of biochar to neutral simazine due to increased 

negative charge densities on biochar surface, which therefore decreases qmax 

due to increased electrostatic and/or hydrophobic repulsion (Chen and Chen 

2009). However, despite increased Kds-L, qmax-L slightly increased, indicating the 

presence of attractive electrostatic interactions as surface negativity increased 

(Qiu et al. 2009). ThiV SheQRPeQRQ ZaV cRUURbRUaWed b\ Whe e[SeUiPeQWal 

VRUSWiRQ daWa WhaW ZeUe fiWWed WR Whe FUeXQdlich PRdel (Fig. 3-5). TheUefRUe, iW 

cRQclXded WhaW pH is a major factor that governs simazine sorption through Ses 

that controls deprotonation of acidic functional groups of biochar and 

protonation of simazine. 

Second, qmax decreased with increasing pyrolysis temperature (Table 

3-3) while SSA increased (Table 3-1). This observation was not consistent with 

SUeYiRXV UeVXlWV WhaW Whe VRUSWiRQ Rf RUgaQic SRllXWaQWV WR biRchaU iQcUeaVed aV 

SSA iQcUeaVed (CheQ aQd CheQ 2009; CheQ eW al. 2012a). IQ WhiV VWXd\, SSA 

iQcUeaVed ZiWh SRUe-Vi]e eQlaUgePeQW dXe WR SRUe-VWUXcWXUe defRUPaWiRQ dXUiQg 

S\URl\ViV aV pyrolysis temperature iQcUeaVed (Table 3-1). Increase in pyrolysis 

temperature induced deformation of smaller pores to more open-structured 

larger pores that may provide more accessible sorption sites (Table 3-1), 

leading to increased biochar sorption affinity at a given pH. However, increases 

in pyrolysis temperature decreased maximum sorption over a higher sorption-

range (qmax-H) while the affinity of biochar for simazine increased, indicating 

possible unstable simazine sorption favoring desorption in large micro-pores 

prior to sorption-desorption equilibrium. Lian et al. (2011) observed that during 

the sorption/desorption process, desorption of organic pollutants was less 

hindered in relatively smaller nano-pores with turbostratic and partly 

compartmentalized structures. However, simazine sorption to biochar in lower 
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FLJ. 3-6 ScaWchaUd SlRW (\-a[iV: Whe UaWiR Rf biRchaU-bRXQd ViPa]iQe WR fUee 

ViPa]iQe, qeq/Ceq; [- a[iV: qeq) VhRZiQg WZR W\SeV Rf VRUSWiRQ PechaQiVP 

beWZeeQ ViPa]iQe aQd biRchaU RbWaiQed aW: (a) SH = 3.8 (VRlid ciUcle) aQd (b) 

SH = 7.7 (VRlid WUiaQgle) fRU B400, aQd (c) SH = 3.6 (RSeQ ciUcle) aQd (d) SH = 

7.9 (RSeQ WUiaQgle) fRU B700. DaWa SRiQWV UeSUeVeQW e[SeUiPeQWal UeVXlWV. SRlid 

liQeV UeSUeVeQW elecWURVWaWic iQWeUacWiRQ; daVhed liQeV deQRWe h\dURShRbic 

iQWeUacWiRQ. 
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sorption-range (qmax-L) increased with pyrolysis temperature (Fig. 3-6), and this 

increase was due to Ses (Lian et al. 2011). However, pyrolysis temperature -

induced deformation of pore-structure resulted in overall decrease in qmax, and 

WhiV dedXcWiRQ agUeed Zell ZiWh e[SeUiPeQWal VRUSWiRQ daWa (Fig. 3-5). TheUefRUe, 

pyrolysis temperature is a dominant factor that governs simazine sorption 

through Shp due to deformation of smaller pores to open-structured pores. 

 

3.4. CRQFOXVLRQV 

I h\SRWheVi]ed WhaW SH ZRXld deWeUPiQe Whe VXUface chaUge deQViW\ Rf 

biRchaU aQd ViPa]iQe WhaW alWeUV Whe UeVSRQVe Rf ViPa]iQe VRUSWiRQ, aQd WhiV 

UeVSRQVe ZRXld YaU\ ZiWh pyrolysis temperature. P\URl\ViV UeVXlWed iQ 

cRQYeUViRQ Rf ViQgle bRQd VWUXcWXUeV Rf Miscanthus feedVWRck iQWR aURPaWic 

VWUXcWXUeV ZiWh Si-accXPXlaWiRQ, aQd fXUWheU S\URl\ViV aW 700 �C led WR Whe 

fRUPaWiRQ Rf ligQeRXV VWUXcWXUeV ZiWh PiQeUal ValW deSRViWV aQd iQcUeaVed SSA 

dXe WR aQ iQcUeaVe iQ PicUR-SRUe. AlWeUaWiRQV iQ SRUe-VWUXcWXUeV aQd VXUface-

PiQeUalV Rf biRchaU ZiWh cRQcaYe-XSZaUd ScaWchaUd SlRWV cRUURbRUaWed Whe 

e[iVWeQce Rf aW leaVW WZR dRPiQaQW VRUSWiRQ PechaQiVPV ZiWh PXlWiSle W\SeV Rf 

biQdiQg ViWeV: VWURQg VRUSWiRQ SURceVV dXe WR elecWURVWaWic aWWUacWiRQ aQd Zeak 

VRUSWiRQ SURceVV via h\dURShRbic aWWUacWiRQ. OYeUall, qmax decUeaVed aV SH aQd 

pyrolysis temperature iQcUeaVed. DecUeaVeV iQ qmax-L ZiWh iQcUeaViQg SH cRXld 

be e[SlaiQed b\ decUeaVeV iQ Ses dXe WR SURgUeVViYe deSURWRQaWiRQ Rf acidic 

fXQcWiRQal gURXSV, decUeaViQg SRViWiYel\ chaUged VXUface aW biRchaU. HRZeYeU, 

decUeaVeV iQ qmax-H ZiWh iQcUeaViQg pyrolysis temperature ZaV dXe WR decUeaVeV 

iQ Shp, UeVXlWiQg fURP SURgUeVViYe defRUPaWiRQ Rf SRUe-VWUXcWXUe. The UeVXlWV 

cRQfiUPed RXU h\SRWheViV WhaW VRlXWiRQ-SH aQd pyrolysis temperature 

diffeUeQWl\ affecW Whe VRUSWiRQ Rf ViPa]iQe cRQWaiQiQg lRQe-SaiU elecWURQV RQWR 

Whe VXUface Rf biRchaU ZiWh YaUiable VXUface chaUge deQViW\. TheUe aUe QXPeURXV 

VWXdieV WR aPeQd Whe biRchaU iQ Whe VRil eQYiURQPeQW fRU VeTXeVWUaWiQg Whe 
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caUbRQ, iPSURYiQg Whe VRil Sh\Vical SURSeUW\, hRldiQg Whe QXWUieQWV aQd 

decRPSRViQg Whe RUgaQic SRllXWaQWV. MaQ\ SURPiViQg UeVXlWV haYe VhRZed XS 

VR faU, bXW Whe fXQdaPeQWal aQd cUXcial PechaQiVPV haYe QRW fXll\ XQdeUVWRRd 

\eW. BaVed RQ WhiV VWXd\, RQe VWeS fRUZaUd WR XQdeUVWaQd Whe feaVible PechaQiVP 

beWZeeQ RUgaQic SRllXWaQWV aQd biRchaU XQdeU YaUiRXV SH cRQdiWiRQV, aQd iW 

ZRXld be aSSlicable WR eVWiPaWe Whe WUaQVSRUW aQd degUadaWiRQ SheQRPeQa Rf 

RUgaQic SRllXWaQW iQ Whe SUeVeQce Rf biRchaU XQdeU VRil eQYiURQPeQW.  
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AbVWUaFW 

BiRchaU haV cRQVideUabOe VRUSWiRQ efficieQc\ fRU RUgaQic SROOXWaQWV; 

hRZeYeU, effecW Rf Sh\VicRchePicaO chaUacWeUiVWicV aQd WheiU aOWeUaWiRQ b\ 

eQYiURQPeQWaO cRQdiWiRQV RQ Whe VRUSWiRQ PechaQiVP iV VWiOO XQkQRZQ. The SH-

deSeQdeQW VRUSWiRQ Rf ViPa]iQe RQ MiscanWhXs biRchaU SURdXced aW WZR 

S\URO\ViV WePSeUaWXUeV (400 aQd 700 �C; heUeafWeU B400 aQd B700) ZaV 

iQYeVWigaWed XQdeU WZR diffeUeQW eOecWURO\WeV aQd iQWeUSUeWed Whe VRUSWiRQ 

PechaQiVP. The VXUface chaUge deQViW\ (SCD) decUeaVed PRUe iQ B400 WhaQ iQ 

B700 aW higheU SH dXe WR PRUe deSURWRQaWiRQ Rf acidic fXQcWiRQaO gURXSV 

(AFGV), bXW gUeaWeU decUeaVeV ZeUe RbVeUYed iQ B700 WhaQ iQ B400 fURP SH 2 

WR SH 3 aV a UeVXOW Rf aOkaOi VaOWV deSRViWiRQ. The decUeaVe iQ KF ZiWh iQcUeaViQg 

SH VhRZed WhaW ViPa]iQe VRUSWiRQ decUeaVed aV YaQ deU WaaOV fRUceV becaXVe 

VXUface Rf biRchaU caUUied a gUeaWeU QegaWiYe SCD, Zhich UeSXOVe ViPa]iQe 

PROecXOeV dXe WR Whe eQhaQced deSURWRQaWiRQ Rf AFGV. AW a giYeQ SH, KF ZaV 

ORZeU iQ CaCO2 WhaQ iQ NaCO dXe WR Whe fRUPaWiRQ Rf OaUgeU PeWaO-biRchaU 

cRPSOe[eV, UeVXOWiQg iQ eQhaQced bORckiQg Rf SRUeV aYaiOabOe fRU ViPa]iQe 

VRUSWiRQ. KQRZOedge Rf Whe SH-deSeQdeQce Rf SCD aQd acceVVibiOiW\ Rf biRchaU 

SRUeV cRXOd heOS beWWeU iQWeUSUeW Whe behaYiRU Rf ViPa]iQe-Oike SROOXWaQWV iQ VRiO 

aQd aTXaWic eQYiURQPeQWV. 

 

KH\ZRUGV  

SiPa]iQe, EOecWURO\We, BiRchaU, SRUSWiRQ, IVRWheUP, SH, CaWiRQ VaOeQce 
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4.1. IQWURGXFWLRQ 

BiRchaU iV a caUbRQaceRXV PaWeUiaO SURdXced WhURXgh S\URO\ViV Rf 

YaUiRXV fRUPV Rf feedVWRckV XQdeU R[\geQ OiPiWed cRQdiWiRQV (LehPaQQ 2007a; 

QiX eW aO. 2009), UeVXOWiQg iQ diYeUVe Sh\VicRchePicaO chaUacWeUiVWicV. 

FeedVWRckV aQd S\URO\ViV WePSeUaWXUe aUe ke\ facWRUV WhaW deWeUPiQe Whe 

Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU (ZhaR eW aO. 2013; ZieOiĔVka eW aO. 

2015), ViQce WheUPaO decRPSRViWiRQ Rf VSecific PROecXOaU VWUXcWXUeV iQ 

feedVWRckV UeTXiUeV VSecific S\URO\ViV WePSeUaWXUeV (QX eW aO. 2011; MiPPR eW 

aO. 2014). AV ceOOXORVe degUadeV aW 220-315 �C, hePiceOOXORVe degUadeV aW 315-

400 �C aQd OigQiQ degUadeV aW >400 �C (QX eW aO. 2011; MiPPR eW aO. 2014) 

dXUiQg S\URO\ViV, iQcUeaVed S\URO\ViV WePSeUaWXUe caXVeV aQ iQcUeaVe iQ 

aURPaWic C VWUXcWXUeV RQ Whe VXUface Rf SOaQW-deUiYed biRchaU (EOPa\ eW aO. 2015) 

dXe WR SURgUeVViYe SRO\PeUi]aWiRQ (DRPiQgXeV eW aO. 2017). AV a UeVXOW, biRchaU 

SURdXced b\ S\URO\ViV aW diffeUeQW S\URO\ViV WePSeUaWXUeV ZiOO haYe diffeUeQW 

VSecific VXUface aUea (SSA) aQd VXUface h\dURShiOiciW\/h\dURShRbiciW\ 

SURSeUWieV; WhXV, biRchaU caQ VeUYe aV a cRVW-effecWiYe (AQgiQ 2013; MpQde] eW 

aO. 2013), eQYiURQPeQWaOO\ VRXQd VROXWiRQ iQ Whe effecWiYe UePediaWiRQ Rf 

RUgaQic SROOXWaQWV XQdeU YaUiRXV eQYiURQPeQWaO cRQdiWiRQV (CaR aQd HaUUiV 

2010; ZhaQg eW aO. 2013b). HRZeYeU, Whe efficieQc\ Rf UePediaWiRQ XViQg 

biRchaU haV QRW beeQ fXOO\ iQYeVWigaWed RU XQdeUVWRRd iQ WeUPV Rf Whe 

iQWeUacWiRQV Rf RUgaQic SROOXWaQWV ZiWh YaUiRXV W\SeV Rf biRchaU dXe WR 

iQVXfficieQW kQRZOedge Rf Whe Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU; WhXV, 

adYeUVe effecWV RU XQSUecedeQWed UeVXOWV haYe fUeTXeQWO\ beeQ UeSRUWed iQ UeceQW 

iQYeVWigaWiRQV (TaQg eW aO. 2013; CeO\ eW aO. 2014; KXPaUi eW aO. 2014). TheUefRUe, 

XQdeUVWaQdiQg Whe VRUSWiRQ PechaQiVPV Rf biRchaU fRU RUgaQic SROOXWaQWV iQ 

UeOaWiRQ WR Whe Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU iV a SUeUeTXiViWe fRU 

iQWeUSUeWiQg Whe iQWeUacWiRQV beWZeeQ RUgaQic SROOXWaQWV aQd biRchaU iQ UeaO 

eQYiURQPeQWV. 
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UQdeU YaUiRXV eQYiURQPeQWaO cRQdiWiRQV, Whe UeOaWiRQVhiS beWZeeQ Whe 

Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU aQd VRUSWiRQ PechaQiVPV Pa\ YaU\, 

deSeQdiQg PaiQO\ RQ SH aQd backgURXQd eOecWURO\We, aQd WhiV diffeUeQce iQ WXUQ 

affecWV Whe iQWeUacWiRQV Rf RUgaQic SROOXWaQWV ZiWh biRchaU (ZheQg eW aO. 2010; 

LiaQ eW aO. 2014). Acidic fXQcWiRQaO gURXSV (AFGV) RQ Whe VXUface Rf biRchaU 

aUe PaiQO\ UeVSRQVibOe fRU Whe UePediaWiRQ Rf RUgaQic SROOXWaQWV (UchiPi\a eW 

aO. 2011; VX eW aO. 2017), aQd WheiU cRQceQWUaWiRQV caQ be PeaVXUed b\ BRehP 

WiWUaWiRQ, Zhich TXaQWifieV caUbR[\Oic, OacWRQic aQd SheQROic acidic gURXSV 

(BRehP 1994). SiQce each R[\geQ cRQWaiQiQg AFG haV a QegaWiYe ORgaUiWhPic 

acid diVVRciaWiRQ cRQVWaQW (pKa), ZheQ Whe SH iV higheU WhaQ Whe pKa, iW iV 

QegaWiYeO\ chaUged dXe WR deSURWRQaWiRQ (Reddad eW aO. 2002; RahPaQ aQd 

IVOaP 2009). MRUeRYeU, Whe VXUface chaUge deQViW\ (SCD) Rf biRchaU becRPeV 

PRUe QegaWiYe ZiWh iQcUeaViQg SH, ViQce fXUWheU iQcUeaVeV iQ SH deSURWRQaWe 

caUbR[\Oic (pKa ≃ 4.4), OacWRQic (pKa ≃ 8.2) aQd SheQROic (pKa ≃ 10) acidic 

gURXSV (LeRQ aQd RadRYic 1991). WheQ Whe SH iV ORZeU WhaQ Whe SRiQW Rf ]eUR 

QeW chaUge (PZNC), Whe VXUface Rf biRchaU iV SRViWiYeO\ chaUged, aQd Whe degUee 

Rf SURWRQaWiRQ decUeaVeV ZiWh iQcUeaViQg SH; RWheUZiVe, Whe VXUface iV 

QegaWiYeO\ chaUged (GUabeU 2010; PigQaWeOOR eW aO. 2011). AV a cRQVeTXeQce, 

chaUged biRchaU caQ UeSeO QeXWUaO RUgaQic SROOXWaQWV bXW aWWUacW chaUged RUgaQic 

SROOXWaQWV (DRQg eW aO. 2011; ZheQg eW aO. 2013). CRQcXUUeQWO\, chaUged biRchaU 

caQ iQWeUacW ZiWh backgURXQd eOecWURO\WeV, Zhich affecW Whe iRQic aWPRVSheUe Rf 

Whe VROXWiRQ, WR achieYe eOecWURVWaWic VWabiOi]aWiRQ (CheQ eW aO. 2017). TheUefRUe, 

XQdeUVWaQdiQg Whe behaYiRU Rf ViPa]iQe aQd biRchaU acURVV aQ eQYiURQPeQWaO 

SH UaQge ZiWh YaU\iQg backgURXQd eOecWURO\WeV iV QeceVVaU\ WR VWXd\ Whe 

PechaQiVP Rf ViPa]iQe VRUSWiRQ WR Whe VXUface Rf biRchaU. HRZeYeU, deVSiWe 

cXUUeQW kQRZOedge UegaUdiQg Whe effecW Rf SH aQd backgURXQd eOecWURO\WeV RQ 

Whe VRUSWiRQ PechaQiVP, Whe iQWeUacWiRQV Rf ViPa]iQe PROecXOeV RQ Whe VXUface 
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Rf biRchaU UePaiQ OaUgeO\ XQkQRZQ dXe WR Whe heWeURgeQeiW\ Rf biRchaU (ZheQg 

eW aO. 2010). 

SiPa]iQe [2-chORUR-4,6-biV(eWh\OaPiQR)-V-WUia]iQe] iV aQ heUbicide 

WhaW haV ORQe-SaiU eOecWURQV iQ iWV QiWURgeQ cRQWaiQiQg heWeURc\cOic VWUXcWXUe aQd 

iQhibiWV Whe ShRWRV\QWheWic eOecWURQ WUaQVSRUW SURceVV iQ aQQXaO gUaVVeV aQd 

bURadOeaf ZeedV (SiOYa aQd I\eU 2014). DXe WR iWV UePaUkabO\ efficieQW Zeed 

cRQWURO, ViPa]iQe haV beeQ ZideO\ XVed aV a QRQVeOecWiYe heUbicide ViQce iWV 

iQWURdXcWiRQ iQ 1956 (GXQaVekaUa eW aO. 2007). HRZeYeU, UeceQW eYideQce haV 

VhRZQ WhaW ViPa]iQe SRVeV WhUeaWV WR Whe eQYiURQPeQW aQd WR hXPaQ heaOWh 

becaXVe Rf iWV SeUViVWeQce aQd accXPXOaWiRQ, UeVXOWiQg fURP iWV ORZ VROXbiOiW\ 

aQd QRQ-YROaWiOiW\ (GXQaVekaUa eW aO. 2007); WUia]iQeV caQ caXVe hRUPRQaO 

diVUXSWiRQ aQd daPage WR Whe kidQe\V aQd Wh\URid (TUeQWacRVWe eW aO. 2001; 

USEPA 2006). TheUefRUe, Whe UePRYaO RU UePediaWiRQ Rf ViPa]iQe fURP SROOXWed 

VRiOV iV XUgeQW; QeYeUWheOeVV, Whe SH-deSeQdeQce Rf Whe VRUSWiRQ PechaQiVP Rf 

ViPa]iQe WR biRchaU QeedV WR be beWWeU XQdeUVWRRd WR SURSeUO\ aVVeVV Whe UiVkV 

aQd WhUeaWV fURP Whe eQYiURQPeQWaO SURbOePV aVVRciaWed ZiWh ViPa]iQe XQdeU 

QaWXUaO eQYiURQPeQWaO cRQdiWiRQV. AW SH YaOXeV beORZ iWV pKa Rf 1.7 

(GXQaVekaUa eW aO. 2007), ViPa]iQe, Zhich iV aQ RUgaQic baVe, iV SRViWiYeO\ 

chaUged dXe WR SURWRQaWiRQ, ZhiOe iW iV QeXWUaO abRYe WhiV pKa (WebeU 2010); 

WhXV, Whe VRUSWiRQ PechaQiVPV Rf ViPa]iQe WR biRchaU aUe SH-deSeQdeQW. 

TheUefRUe, kQRZOedge Rf Whe behaYiRU Rf ViPa]iQe aQd biRchaU acURVV aW OeaVW 

Whe VXUURXQdiQg eQYiURQPeQWaO SH aQd backgURXQd eOecWURO\We cRQdiWiRQV iV 

eVVeQWiaO WR iQWeUSUeW Whe VRUSWiRQ PechaQiVPV Rf ViPa]iQe WR biRchaU aQd 

deYeORS VXiWabOe UePediaWiRQ WechQRORg\ fRU UeaO eQYiURQPeQWV.  

IW h\SRWheVi]ed WhaW chaQgeV iQ S\URO\ViV WePSeUaWXUe aOWeU Whe VXUface 

PRUShRORg\ aQd chaUge chaUacWeUiVWicV Rf biRchaU aQd WhaW Whe S\URO\ViV 

WePSeUaWXUe-dUiYeQ VRUSWiRQ behaYiRU Rf biRchaU YaUieV ZiWh SH, caWiRQ YaOeQce 

(CV) aQd WheiU iQWeUacWiRQ iQ backgURXQd eOecWURO\We VROXWiRQ, WhXV chaQgiQg Whe 
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VRUSWiRQ caSaciW\ aQd PechaQiVP Rf ViPa]iQe VRUSWiRQ WR biRchaU. HeUe, WhiV 

h\SRWheViV ZaV WeVWed b\ iQWeUSUeWiQg Whe effecWV Rf SH, CV aQd WheiU 

iQWeUacWiRQV RQ S\URO\ViV WePSeUaWXUe-dUiYeQ ViPa]iQe VRUSWiRQ. TR WhiV eQd, 

baWch VRUSWiRQ iVRWheUPV Rf ViPa]iQe WR MiscanWhXs biRchaU SURdXced aW WZR 

diffeUeQW S\URO\ViV WePSeUaWXUeV (400 aQd 700 �C) ZaV cRQdXcWed XQdeU 

diffeUeQW SH aQd CV cRQdiWiRQV iQ backgURXQd eOecWURO\We VROXWiRQV; fiWWed Whe 

e[SeUiPeQWaO VRUSWiRQ daWa WR VRUSWiRQ iVRWheUP PRdeOV; PeaVXUed Whe SCD aQd 

PRUShRORgicaO chaUacWeUiVWicV Rf biRchaU befRUe aQd afWeU WUeaWPeQW; aQaO\]ed 

Whe effecW Rf SH, CV aQd WheiU iQWeUacWiRQ RQ ViPa]iQe VRUSWiRQ WR biRchaU. 

 

4.2. MaWHULaO aQG PHWKRGV 

4.2.1. Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU  

BiRchaU ZaV SURdXced fURP MiscanWhXs feedVWRck aW diffeUeQW 

S\URO\ViV WePSeUaWXUeV (400 aQd 700 �C) (heUeafWeU, B400 aQd B700, 

UeVSecWiYeO\) WR diVWiQgXiVh Whe Sh\VicRchePicaO chaUacWeUiVWicV baVed RQ 

WheUPaO decRPSRViWiRQ, Zhich RccXUUed beORZ RU abRYe a S\URO\ViV WePSeUaWXUe 

Rf 500 �C (LehPaQQ 2007b; CheQ eW aO. 2008; ZhaQg eW aO. 2011). The UaWe Rf 

heaWiQg ZaV aSSUR[iPaWeO\ 10 �C PiQ-1, aQd Whe WaUgeW WePSeUaWXUeV ZeUe 

PaiQWaiQed fRU 1 h fRU Whe cRPSOeWiRQ Rf S\URO\ViV XQdeU N2 gaV SXUgiQg. 

BiRchaU ZaV baOO-PiOOed (MM400, ReWVch, GeUPaQ\) aQd VieYed WhURXgh a 106-

ȝP PeVh WR PiQiPi]e Whe Vi]e effecWV (ZheQg eW aO. 2010). The SSA ZaV 

deWeUPiQed XViQg Whe BUXQaXeU-EPPeWW-TeOOeU (BET) iVRWheUP ZiWh N2 aQd 

CO2 gaV adVRUbaWeV becaXVe N2 (ASAP 2010, MicURPeUiWicV, USA) iV VRUbed 

RQO\ RQ PicUR-SRUeV (>1.5 QP), ZhiOe CO2 (BELSORP-PiQi II, MicURWUac BEL, 

JaSaQ) iV VRUbed RQ bRWh PicUR- aQd QaQR-SRUeV (<1.5 QP) (SigPXQd eW aO. 

2016). BiRchaU SaUWicOeV ZeUe VeSaUaWed iQWR WhUee fUacWiRQV (<25, 25-53 aQd 53-

106 ȝP) XViQg AQaO\VeWWe 3 SUR (FUiWVch, GeUPaQ\). The PaVV SeUceQW Rf caUbRQ 

(C), h\dURgeQ (H), QiWURgeQ (N) aQd VXOfXU (S) ZaV aQaO\]ed XViQg aQ eOePeQWaO 
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aQaO\]eU (FOaVh 2000, TheUPR, USA), aQd WhaW Rf O (R[\geQ) ZaV caOcXOaWed b\ 

VXbWUacWiQg %C, %H, %N aQd %S fURP 100%. 

The AFGV ZaV deWeUPiQed b\ BRehP WiWUaWiRQ (MXkheUjee eW aO. 2011; 

WaQg eW aO. 2014). SiQce Whe UeVXOWV Rf BRehP WiWUaWiRQ caQ be affecWed b\ 

diVVROYed VaOWV, biRchaU ZaV SUeWUeaWed ZiWh diOXWe HCO aW SH 2 fRU 3 da\V 

fROORZed b\ ZaVhiQg ZiWh deiRQi]ed ZaWeU XQWiO Whe AgNO3 WeVW fRU CO- iRQV ZaV 

QegaWiYe aQd WheQ RYeQ dUied aW 80 �C fRU 24 h (CRQWeVcX eW aO. 1997). AfWeU 

SUeWUeaWPeQW, biRchaU (0.2 g) ZaV added WR 20 PL Rf 0.05 M Rf WhUee baVe 

VROXWiRQV (NaHCO3, Na2CO3 aQd NaOH) fRU 24 h aQd VhakeQ RQ a fOaVk VhakeU 

aW 160 USP (DS-300L, DaVRO, KRUea). TheQ, biRchaU VXVSeQViRQ ZaV VeSaUaWed 

b\ ceQWUifXgaWiRQ (MF-600 SOXV, HaQiO, KRUea) fRU 40 PiQ aW 4000 USP. TeQ 

PiOOiOiWeUV Rf Whe VXSeUQaWaQW ZaV back-WiWUaWed ZiWh 0.01 M HCO XViQg aQ 

aXWRPaWic WiWUaWRU (702 SM TiWUiQR, MeWURhP, SZiW]eUOaQd). The AFGV ZeUe 

eVWiPaWed RQ Whe aVVXPSWiRQ WhaW 0.05 M NaHCO3 QeXWUaOi]eV caUbR[\O gURXSV, 

0.05 M Na2CO3 QeXWUaOi]eV caUbR[\O aQd OacWRQic gURXSV, aQd 0.05 M NaOH 

QeXWUaOi]eV caUbR[\O, OacWRQic aQd SheQROic gURXSV. 

AVh cRQWeQW Rf biRchaU ZaV eVWiPaWed b\ Whe cRPbXVWiRQ PeWhRd, iQ 

Zhich Whe UeVidXaO ZeighW ZaV PeaVXUed afWeU heaWiQg aW 750 �C fRU 6 h (ZhaQg 

eW aO. 2013a). The eOecWUicaO cRQdXcWiYiW\ (EC) aQd SH ZeUe PeaVXUed iQ a 1:20 

(Z/Y) biRchaU/ZaWeU VXVSeQViRQ ZiWh aQ EC PeWeU (OUiRQ 3 VWaU, TheUPR, USA) 

aQd a SH PeWeU (OUiRQ 3 VWaU, TheUPR, USA) afWeU VhakiQg fRU 1.5 h (RajkRYich 

eW aO. 2012). The PZNC ZaV deWeUPiQed XViQg Whe SH dUifW PeWhRd (YaQg eW aO. 

2004). ASSUR[iPaWeO\ 60 Pg Rf biRchaU ZaV Pi[ed ZiWh 20 PL Rf 0.05 M CaCO2, 

aQd Whe SH ZaV adjXVWed XViQg 0.5 M HCO RU 0.5 M NaOH. TheQ, Whe VaPSOe 

ZaV VhakeQ fRU 24 h RQ a fOaVk VhakeU aW 160 USP. The SH ZaV PeaVXUed ZiWh 

a SH PeWeU aQd SORWWed agaiQVW Whe iQiWiaO SH, ZiWh Whe PZNC WakeQ aW Whe eTXaO 

SRiQW beWZeeQ Whe iQiWiaO aQd fiQaO SH. The cRQceQWUaWiRQ Rf iQRUgaQic eOePeQWV 

ZaV aQaO\]ed XViQg X-Ua\ fOXRUeVceQce (XRF) (S4 PiRQeeU, BUXkeU, USA). 
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4.2.2. SCD aQd PRUShRORgicaO chaUacWeUiVWicV Rf biRchaU  

AOO UeageQWV ZeUe SXUchaVed fURP SigPa-AOdUich (SW. LRXiV, MO, 

USA). The SCD Rf biRchaU ZaV PeaVXUed b\ Whe SRWeQWiRPeWUic WiWUaWiRQ 

PeWhRd (S]ekeUeV aQd TRPbic] 2012). TR achieYe cRPSOeWe SURWRQaWiRQ Rf 

AFGV, biRchaU (1 g) ZaV added WR 100 PL Rf 0.05 M CaCO2 VROXWiRQ iQ a 250 

PL DXUaQ OabRUaWRU\ gOaVV bRWWOe VeaOed ZiWh a PTFE caS, aQd Whe Pi[WXUe ZaV 

eTXiOibUaWed b\ VhakiQg RQ a YiaO VhakeU (DS-300L, DaVRO, KRUea) aW 160 USP 

fRU 3 da\V aW 25 � 0.5 �C. DXUiQg eTXiOibUaWiRQ, Whe VXVSeQViRQ ZaV adjXVWed 

daiO\ WR SH 2 XViQg 1 M HCO VROXWiRQ, aQd WheQ 0.01 M NaOH VROXWiRQ (WiWUaQW) 

ZaV added dURSZiVe WR Whe acidic VXVSeQViRQ (SH 2) XViQg aQ aXWRPaWic WiWUaWRU 

WR UaiVe Whe SH WR 11. The YROXPe Rf WiWUaQW cRQVXPed aQd Whe cRUUeVSRQdiQg 

SH ZeUe UecRUded iQ 10 V iQWeUYaOV dXUiQg Whe WiWUaWiRQ. A bOaQk WiWUaWiRQ ZaV 

UeSeaWed ZiWhRXW biRchaU WR cRUUecW fRU Whe YROXPe Rf WiWUaQW cRQVXPed. The 

SCD, į0,H (C P-2), ZaV caOcXOaWed fURP Whe SRiQWV RQ Whe WiWUaWiRQ cXUYe aV 

fROORZV: 

𝛤ு+ ൅ 𝛤ைுି ൌ 𝐶ಿೌೀಹሺ௏್ି௏ೌ ሻ
௦⋅ఊ⋅௏

                                      (1) 

𝛿0,ு ൌ  𝐹ሺ𝛤ு+ ൅ 𝛤ைுିሻ                                         (2) 

ZheUe īH+ aQd īOH- (PRO P-2) aUe Whe cRQceQWUaWiRQV Rf H+ aQd OH- RQ Whe 

VXUface Rf biRchaU, UeVSecWiYeO\, CNaOH (PRO L-1) iV Whe cRQceQWUaWiRQ Rf WiWUaQW, 

Vb aQd Va (L) aUe Whe YROXPeV Rf WiWUaQW added iQ Whe bOaQk aQd aQaO\We (biRchaU) 

WiWUaWiRQV, UeVSecWiYeO\, s (P2 kg-1) iV Whe SSA, Ȗ (kg L-1) iV Whe PaVV 

cRQceQWUaWiRQ, V (L) iV Whe WRWaO YROXPe Rf Whe VROXWiRQ, aQd F (C PRO-1) iV Whe 

FaUada\ cRQVWaQW. 

The PRUShRORg\ aQd eOePeQWaO cRPSRViWiRQ Rf biRchaU afWeU ViPa]iQe 

VRUSWiRQ aW diffeUeQW SH YaOXeV aQd CVV iQ backgURXQd eOecWURO\We VROXWiRQV 

ZeUe aQaO\]ed ZiWh a fieOd ePiVViRQ-VcaQQiQg eOecWURQ PicURVcRSe (FE-SEM) 

(AURIGA, CaUO ZeiVV, GeUPaQ\) eTXiSSed ZiWh aQ eQeUg\ diVSeUViYe X-Ua\ 
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VSecWURVcRS\ (EDS) deWecWRU (BUXkeU NaQR GPbH, BeUOiQ, GeUPaQ\). FRU FE-

SEM aQaO\ViV, biRchaU VaPSOeV ZeUe SOaced iQ a fRUced-aiU RYeQ (DS-80-2, 

DaVRO, KRUea) aW 80 �C fRU aW OeaVW 48 h aQd WheQ PRXQWed RQ aQ aOXPiQXP VWXb 

XViQg dRXbOe-Vided cRQdXcWiYe cRSSeU WaSe. The PicURVcRSe ZaV RSeUaWed aW aQ 

acceOeUaWiQg YROWage Rf 10 kV, aQd Whe ZRUkiQg diVWaQce ZaV VeW aW 10 QP fURP 

Whe fiQaO OeQV aW YaU\iQg PagQificaWiRQV. 

 

4.2.3. SRUSWiRQ iVRWheUP e[SeUiPeQW  

AOO UeageQWV ZeUe SXUchaVed fURP SigPa-AOdUich (SW. LRXiV, MO, 

USA), aQd aQ aTXeRXV VWaQdaUd VROXWiRQ Rf ViPa]iQe ZaV SUeSaUed b\ diOXWiQg 

Whe ViPa]iQe VWRck VROXWiRQ iQ PeWhaQRO (99.8% SXUiW\) (ZheQg eW aO. 2010). 

FiYe PiOOiOiWeUV Rf Whe ViPa]iQe VWRck VROXWiRQ (20 Pg L-1) ZaV Pi[ed ZiWh 10 

PL Rf 0.2 M NaCO RU 0.1 M CaCO2 VROXWiRQ aQd biRchaU (0.2 g) iQ a 30 PL 

aPbeU gOaVV YiaO ZiWh a TefORQ-OiQed caS WR SUeYeQW ShRWRdegUadaWiRQ Rf 

ViPa]iQe (GXQaVekaUa eW aO. 2007). The SH ZaV adjXVWed WR 3.5, 7.5 aQd 10 XViQg 

1 M HCO RU 1 M NaOH, aQd diVWiOOed ZaWeU ZaV added WR Pake a WRWaO YROXPe 

Rf 20 PL; Whe fiQaO VROXWiRQ cRQWaiQed ViPa]iQe (5 Pg L-1, Whe Pa[iPXP 

VROXbiOiW\), NaCO (0.1 M) aQd CaCO2 (0.05 M). Each VaPSOe ZaV eTXiOibUaWed b\ 

VhakiQg RQ a fOaVk VhakeU aW 160 USP fRU 81 h aW 25 � 0.5 �C, aQd Whe SH ZaV 

UeadjXVWed daiO\ dXUiQg eTXiOibUaWiRQ. Each Pi[WXUe ZaV fiOWeUed WhURXgh a 0.45-

ȝP Q\ORQ PePbUaQe fiOWeU WR VeSaUaWe ViPa]iQe fURP biRchaU PaWUi[. FRU Whe 

deWeUPiQaWiRQ Rf ViPa]iQe cRQceQWUaWiRQV, 10 PL Rf each fiOWUaWe ZaV VhakeQ 

YigRURXVO\ afWeU addiQg 2 PL Rf he[aQe, aQd RQe PiOOiOiWeU Rf VXSeUQaWaQW ZaV 

WUaQVfeUUed WR a 2 PL aPbeU YiaO ZiWh a UXbbeU caS fRU GC aQaO\ViV. TR eQVXUe 

Whe TXaOiW\ Rf Whe daWa cROOecWiRQ (accXUac\ aQd SUeciViRQ), aOO baWch VRUSWiRQ 

e[SeUiPeQWV ZeUe SeUfRUPed iQ WUiSOicaWe accRUdiQg WR Whe US EQYiURQPeQWaO 

PUeWeQWiRQ AgeQc\ (US EPA) (USEPA 1998). 
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The ViPa]iQe cRQceQWUaWiRQ ZaV PeaVXUed XViQg a gaV chURPaWRgUaSh 

ZiWh PicUR-eOecWURQ caSWXUe deWecWRU (GC-ȝECD) (6890N, AgiOeQW 

TechQRORgieV IQc., USA) ZiWh a ViOica caSiOOaU\ cROXPQ (HP-5, 0.32 PP i.d. [ 

30 P [ 0.25 ȝP) (MRUgaQWe eW aO. 2012). The iQOeW aQd deWecWRU WePSeUaWXUeV 

ZeUe 250 �C aQd 300 �C, UeVSecWiYeO\, aQd Whe caUUieU gaV ZaV N2 ZiWh a fORZ 

UaWe Rf 1.2 PL PiQ-1 XQdeU cRQVWaQW fORZ PRde. The RYeQ WePSeUaWXUe ZaV VeW 

aV fROORZV: iQiWiaO WePSeUaWXUe Rf 50 �C (heOd fRU 1 PiQ), 20 �C PiQ-1 WR 150 �C 

(heOd fRU 4 PiQ), 3 �C PiQ-1 WR 230 �C (heOd fRU 1 PiQ), aQd fiQaOO\ 10 �C PiQ-1 

WR 300 �C (heOd fRU 5 PiQ). The WRWaO aQaO\ViV WiPe SeU VaPSOe ZaV 50 PiQ, aQd 

Whe UeWeQWiRQ WiPe fRU ViPa]iQe ZaV 19 PiQ. AOO caOibUaWiRQV ZeUe SeUfRUPed iQ 

ChePSWaWiRQ (AgiOeQW, USA). TR gXaUaQWee Whe VWabiOiW\ Rf GC-ȝECD 

PeaVXUePeQWV, Whe iQVWUXPeQW caOibUaWiRQ ZaV SeUfRUPed b\ aQaO\]iQg Whe 

VWaQdaUd ViPa]iQe VROXWiRQV aQd SORWWiQg Whe UeOaWiYe UeVSRQVe facWRUV Rf aQaO\We 

iQ each baWch VRUSWiRQ e[SeUiPeQW. 

 

4.2.4. DaWa caOcXOaWiRQ aQd fiWWiQg  

The cRQceQWUaWiRQ Rf ViPa]iQe VRUbed RQ biRchaU (qeq, Pg kg-1) ZaV 

caOcXOaWed fURP Whe diffeUeQce beWZeeQ Whe iQiWiaO aQd eTXiOibUiXP 

cRQceQWUaWiRQV Rf ViPa]iQe iQ VROXWiRQ: 

𝑞௘𝑞 ൌ ሺ𝐶0ି𝐶೐𝑞ሻൈ௏
௠

                                              (3) 

ZheUe C0 aQd Ceq aUe Whe iQiWiaO aQd eTXiOibUiXP cRQceQWUaWiRQV Rf ViPa]iQe (Pg 

L-1) iQ VROXWiRQ, UeVSecWiYeO\, V iV Whe YROXPe Rf VROXWiRQ (L), aQd m iV Whe PaVV 

Rf biRchaU (kg). 

The VRUSWiRQ iVRWheUP UeVXOWV cRQVWUXcWed aW SH 3.5, 7.5 aQd 10 ZeUe 

fiWWed WR Whe LaQgPXiU aQd FUeXQdOich iVRWheUP PRdeOV WR ViPXOaWe Whe VRUSWiRQ 

SURceVV Rf ViPa]iQe WR biRchaU (WaQg eW aO. 2014; RajaSakVha eW aO. 2015). The 
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LaQgPXiU PRdeO, Zhich deVcUibeV ideaO PRQROa\eU adVRUSWiRQ, iV e[SUeVVed aV 

fROORZV: 

𝑞௘𝑞 ൌ 𝑞೘ೌೣ∙𝐾ಽ∙𝐶೐𝑞

ሺ1+𝐾ಽ∙𝐶೐𝑞ሻ
                                              (4) 

ZheUe qma[ iV Whe Pa[iPXP VRUSWiRQ caSaciW\ (Pg kg-1) aQd KL iV a cRQVWaQW 

UeOaWed WR eQeUg\ (L Pg-1). The OiQeaU fRUP Rf Whe FUeXQdOich PRdeO, Zhich 

deVcUibeV QRQideaO VRUSWiRQ iQ PXOWiOa\eUV aQd iV baVed RQ heWeURgeQeRXV 

VXUfaceV ZiWh QRQ-XQifRUP diVWUibXWiRQ eQeUg\, iV e[SUeVVed aV fROORZV: 

𝑙𝑜𝑔 𝑞௘𝑞 ൌ 𝑙𝑜𝑔 𝐾𝐹 ൅  1
௡

 𝑙𝑜𝑔𝐶௘𝑞                                  (5) 

ZheUe KF iV Whe eTXiOibUiXP cRQVWaQW iQdicaWiQg VRUSWiRQ caSaciW\ (Pg kg-1(Pg 

L-1)-Q) aQd 1/n iV Whe VRUSWiRQ iQWeQViW\. 

TR aVVeVV Whe aSSOicabiOiW\ Rf Whe VRUSWiRQ iVRWheUP PRdeO, Whe SeUceQW 

QRUPaOi]ed VWaQdaUd deYiaWiRQ (ǻ q) ZaV caOcXOaWed aV fROORZV (EO-KaPaVh eW 

aO. 2005; MihaO\ CR]PXWa eW aO. 2012): 

∆ q ൌ  100 x
ඨ∑ ቈ൬

𝑞೐ೣ೛ష 𝑞೎ೌ𝑙
𝑞೐ೣ೛

൰
೔
቉

మ
 ೙

೔=1

௡ି1
                              (6) 

ZheUe qe[p aQd qcal aUe Whe PeaVXUed aQd eVWiPaWed aPRXQWV Rf ViPa]iQe VRUbed 

RQ biRchaU fRU each daWa SRiQW (Pg kg-1), UeVSecWiYeO\, aQd n iV Whe QXPbeU Rf 

e[SeUiPeQWaO PeaVXUePeQW daWa SRiQWV. 

 

4.2.5. SWaWiVWicaO aQaO\ViV 

DaWa ZeUe aQaO\]ed XViQg Whe geQeUaO OiQeaU PRdeO (GLM) SURcedXUe 

iQ SPSS VRfWZaUe (SPSS IQc., VeUViRQ 25.0, ChicagR, IL, USA). The effecWV Rf 

WZR facWRUV (SH aQd CV) aQd WheiU iQWeUacWiRQ RQ Whe fiWWiQg SaUaPeWeUV fRU Whe 

FUeXQdOich aQd LaQgPXiU iVRWheUPV ZeUe eYaOXaWed fRU each biRchaU, B400 aQd 

B700. TZR-Za\ aQaO\ViV Rf YaUiaQce (ANOVA) Rf a cRPSOeWeO\ UaQdRPi]ed 

deVigQ ZiWh WhUee UeSOicaWiRQV SeU WUeaWPeQW ZaV SeUfRUPed WR WeVW fRU 

VigQificaQW diffeUeQceV aPRQg Whe WUeaWPeQW PeaQV ZiWhiQ each facWRU aQd fRU 
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iQWeUacWiRQV beWZeeQ facWRUV. The OeaVW VigQificaQce diffeUeQce (LSD) WeVW aW Whe 

VigQificaQce OeYeO Rf S < 0.05 ZaV XVed WR VeSaUaWe PeaQV. 

 

4.3. RHVXOWV aQG GLVFXVVLRQ 

4.3.1. Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU  

The SSA ZaV eVWiPaWed aW 5.6 P2 g-1 fRU PicUR-SRUeV aQd 191.6 P2 g-1 

fRU QaQR-SRUeV iQ B400, aQd 236.3 P2 g-1 aQd 57.2 P2 g-1, UeVSecWiYeO\, iQ B700 

(TabOe 4-1). PUeYiRXV iQYeVWigaWiRQV RQ MiscanWhXs biRchaU UeSRUWed WhaW SSA 

Rf biRchaU iQcUeaVed ZiWh iQcUeaViQg S\URO\ViV WePSeUaWXUe (CaR aQd HaUUiV 

2010; ZieOiĔVka aQd OOeV]c]Xk 2015). The SSA Rf PicUR-SRUeV Rf WhiV biRchaU 

VhaUSO\ iQcUeaVed fURP 10.97 WR 443.92 P2 g-1 b\ iQcUeaViQg S\URO\ViV 

WePSeUaWXUe fURP 300 �C WR 700 �C, ZhiOe WhaW Rf QaQR-SRUeV gUadXaOO\ 

decUeaVed fURP 110.83 WR 11.04 P2 g-1 (AbdXO eW aO. 2017). AQ iQcUeaVe iQ SSA 

Rf PicUR-SRUeV ZiWh a cRQcXUUeQW decUeaVe iQ SSA Rf QaQR-SRUeV ZiWh iQcUeaViQg 

S\URO\ViV WePSeUaWXUe caQ be e[SOaiQed b\ SURgUeVViYe YROaWiOi]aWiRQ Rf VSecific 

PROecXOaU VWUXcWXUeV VXch aV ceOOXORVe, hePiceOOXORVe aQd OigQiQ, OeadiQg WR 

fRUPaWiRQ Rf chaQQeO VWUXcWXUeV Rf OaUgeU SRUe-Vi]e aQd WheUeb\ iQcUeaViQg Whe 

TXaQWiW\ Rf PicUR-SRUeV (QX eW aO. 2011; HaQ eW aO. 2016). The SeUceQWage Rf 

SaUWicOeV haYiQg a giYeQ eTXiYaOeQW diaPeWeU (<25 ȝP, 25-53 ȝP aQd 53-106 

ȝP) ZaV 14.7, 52.8 aQd 32.5% fRU B400, aQd 5.6, 62.0 aQd 22.4% fRU B700, 

UeVSecWiYeO\. 

SRPe aWRPic UaWiRV cRXOd be XVed WR chaUacWeUi]e Whe aURPaWiciW\, 

h\dURShRbiciW\ aQd SROaUiW\ Rf biRchaU (ZheQg eW aO. 2010), aQd Whe UaWiR Rf 

(O+N)/C, O/C aQd H/C caQ be SUR[ieV Rf SROaUi]aWiRQ, caUbRQi]aWiRQ aQd 

h\dURShiOi]aWiRQ Rf biRchaU, UeVSecWiYeO\ (EVVaQdRh eW aO. 2015; Li eW aO. 2017). 

IQ WhiV VWXd\, Whe UaWiRV Rf Whe cRUUeVSRQdiQg YaOXeV aW higheU S\URO\ViV 

WePSeUaWXUe (B700) ZeUe ORZeU WhaQ WhRVe aW ORZeU S\URO\ViV WePSeUaWXUe 

(B400) (TabOe 4-1). IQ RWheU ZRUdV, Whe UaWiR Rf (O+N)/C, O/C aQd H/C Rf 
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TabOH 4-1 Ph\VicRchePicaO chaUacWeUiVWicV Rf MiscanWhXs biRchaU S\URO\]ed aW WZR WePSeUaWXUeV Rf 400 �C (B400) aQd 700 �C (B700). 

aSpecific surface area (SSA) was estimated based on the results obtained from BET isotherms using N2 (N2-BET) and CO2 (CO2-BET). 
bThe SSA of micropores was equal to the N2-BET results, while that of nanopores was calculated by subtracting the CO2-BET results from the 
N2-BET results. 
cElemental composition was measured using an elemental analyzer, and the atomic ratio was calculated. 
dAcidic functional groups were measured by Boehm titration. 
eAsh content was estimated by the combustion method. 
fEC and pH were measured with an EC meter and a pH meter, respectively. 
gThe point of zero net charge (PZNC) was estimated by the pH drift method. 

BiRchaU 
 

SSecific VXUface aUeaa  
(P2 g-1) 

 EOePeQWaO cRPSRViWiRQc 
(%) 

AWRPic UaWiRc  Acidic fXQcWiRQaO gURXSVd  
(PPRO g-1)d 

 AVhe ECf SHf PZNCg 

MicUR-
SRUeVb 

NaQR- 
SRUeVb  C H O N S (O+N)/C H/C O/C  CaUbR[\Oic LacWRQic PheQROic  % (dS P-1)   

B400 5.6 191.6  70.5 3.5 25.4 0.6 0.02 0.28 0.60 0.27  0.150 0.167 0.421  8.80 0.21 9.0 8.84 
B700 236.3 57.2  79.2 1.1 19.3 0.4 0.02 0.19 0.17 0.18  0.013 0.125 0.013  11.6 0.53 10.5 10.0 
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MiscanWhXs biRchaU decUeaVed fURP 0.28 WR 0.19, 0.27 WR 0.18 aQd 0.60 WR 0.17, 

UeVSecWiYeO\, aV a UeVXOW Rf iQcUeaVed C aQd decUeaVed H, O, N aQd S cRQWeQWV. 

WiWh Whe decUeaVe iQ Whe UaWiR Rf (O+N)/C, O/C aQd H/C, iW iQfeUUed WhaW SROaUiW\ 

aQd Whe h\dURShiOiciW\ Rf biRchaU decUeaVed ZhiOe aURPaWiciW\ iQcUeaVed dXe WR 

iQcUeaVed caUbRQi]aWiRQ (UchiPi\a eW aO. 2011; WaQg eW aO. 2019). PUeYiRXV 

iQYeVWigaWiRQV haYe UeSRUWed WhaW MiscanWhXs biRchaU SURdXced aW 400 �C had 

Whe aWRPic UaWiR Rf (O+N)/C, O/C aQd H/C UaQged fURP 0.26 WR 0.48, 0.26 WR 

0.48 aQd 0.05 WR 0.09, ZhiOe Whe UeVSecWiYe UaWiRV Rf biRchaU SURdXced aW 700 �C 

UaQged fURP 0.08 WR 0.09 aQd 0.07 WR 0.08, aQd ZeUe 0.02 (KORVV eW aO. 2012; 

LiaQ eW aO. 2014; VX eW aO. 2017). 

The WUaQVfRUPaWiRQ Rf feedVWRckV dXUiQg S\URO\ViV aOWeUV Whe PROecXOaU 

VWUXcWXUeV Rf biRchaU iQ YaUiRXV Za\V (BRehP 1994) aQd fXUWheU PRdifieV iWV 

SURSeUWieV WhURXgh WheUPaO degUadaWiRQ Rf eaViO\ decRPSRVabOe R[\geQ 

cRQWaiQiQg PROecXOaU VWUXcWXUeV (BRehP 1994; Reddad eW aO. 2002). WiWh aQ 

iQcUeaVe iQ S\URO\ViV WePSeUaWXUe, Whe aVh cRQWeQW iQcUeaVed fURP 8.8 (B400) WR 

11.6% (B700), aQd Whe EC iQcUeaVed fURP 0.21 WR 0.53 dS P-1 (TabOeV 4-1 aQd 

4-2). The aVh cRQWeQW Rf biRchaU iQcUeaVed dXe WR Whe UeOeaVe Rf YROaWiOeV (WaQg 

eW aO. 2019), ZhiOe Whe EC iQcUeaVed aV a UeVXOW Rf QRQ-YROaWiOeV UePaiQiQg afWeU 

S\URO\ViV (Gai eW aO. 2015). TheUefRUe, Whe aVh cRQWeQW iQdicaWeV Whe 

cRQceQWUaWiRQ Rf iQRUgaQic cRQVWiWXeQWV, ZhiOe Whe EC UeSUeVeQWV WRWaO 

cRQceQWUaWiRQ Rf diVVROYed VaOWV RU WRWaO aPRXQW Rf diVVROYed iRQV UeVXOWiQg fURP 

WheUPaO decRPSRViWiRQ Rf feedVWRckV (AQgiQ 2013; DRPiQgXeV eW aO. 2017). 

FURP WhRVe UeOaWiRQV, iW iQfeU WhaW iQRUgaQic aQd aOkaOi VaOWV WhaW ZeUe cRPbiQed 

ZiWh Whe YROaWiOe biRPaVV VWUXcWXUeV cRQWaiQiQg C, H, O, aQd N begaQ WR VeSaUaWe 

fURP Whe agUicXOWXUaO biRchaU feedVWRckV aQd WhaW PRUe QRQYROaWiOe iQRUgaQic 

aQd aOkaOi VaOWV ZeUe deSRViWed PRUe iQ B700 dXUiQg WheUPaO decRPSRViWiRQ 

(CaR aQd HaUUiV 2010; MpQde] eW aO. 2013). AV PRUe aOkaOi VaOWV ZeUe deSRViWed 

aW higheU S\URO\ViV WePSeUaWXUe, Whe SH Rf B700 (10.5) ZaV higheU WhaQ WhaW Rf 
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B400 (9.0). SiQce VROXWiRQ-SH deWeUPiQeV Whe QeW VXUface chaUge Rf Whe VRUbeQW, 

biRchaU caQ haYe SRViWiYeO\ aQd QegaWiYeO\ chaUged VXUfaceV fRU h\dURShiOic 

iQWeUacWiRQV aW a giYeQ SH (SiObeU eW aO. 2010). ThiV PeaQV WhaW Whe QeW VXUface 

chaUge Rf B400 aQd B700 iV SRViWiYe aW ciUcXPQeXWUaO SH, ZiWh PRUe SRViWiYe 

chaUgeV aW Whe VXUface Rf Whe OaWWeU (Lee eW aO. 2018).  

The acidiW\ Rf B400 aQd B700 ZaV PeaVXUed aW 0.150 aQd 0.013 PPRO 

g-1 fRU caUbR[\Oic acid gURXSV, 0.167 aQd 0.125 PPRO g-1 fRU OacWRQic acid 

gURXSV, aQd 0.421 aQd 0.013PPRO g-1 fRU SheQROic acid gURXSV, UeVSecWiYeO\, aV 

RbVeUYed iQ RXU SUeYiRXV VWXd\ (Lee eW aO. 2018), aQd Whe decUeaVe iQ Whe acidiW\ 

Rf VXUface fXQcWiRQaO gURXSV ZiWh iQcUeaViQg S\URO\ViV WePSeUaWXUe ZaV dXe WR 

YROaWiOi]aWiRQ Rf R[\geQ cRQWaiQiQg VWUXcWXUeV (SXQ eW aO. 2011; KXPaUi eW aO. 

2014). The UeVXOWV Rf XRF VSecWUa cRQfiUPed PRUe deSRViWiRQ Rf iQRUgaQic VaOWV 

iQ B700 WhaQ iQ B400 (TabOe 4-2). CRQceQWUaWiRQV Rf Si ZeUe 1.61% fRU B400 

aQd 2.35% fRU B700, aV a UeVXOW Rf Si-accXPXOaWiRQ dXe WR S\URO\ViV, Zhich 

ZeUe higheU WhaQ WhRVe Rf biRchaU feedVWRck (0.60%). HRZeYeU, cRQceQWUaWiRQV 

Rf K, Ca, P, Mg, S, AO aQd Fe iQ bRWh biRchaU ZeUe beORZ 1%. 

 

4.3.2. SCD Rf biRchaU  

The SRViWiYe SCD Rf MiscanWhXs biRchaU decUeaVed fURP 0.08 WR -0.06 

C P-2 fRU B400 aQd fURP 0.05 WR -0.01 C P-2 fRU B700 aV SH iQcUeaVed (Fig. 4-

1). The SRViWiYe biRchaU SCD ZaV aVVRciaWed ZiWh Whe cRQceQWUaWiRQ Rf R[\geQ 

cRQWaiQiQg AFGV; SURgUeVViYe WheUPaO decRPSRViWiRQ caXVed SROaUi]aWiRQ aQd 

h\dURShiOi]aWiRQ Rf biRchaU (EVVaQdRh eW aO. 2015; XiaR aQd PigQaWeOOR 2016), 

UeVXOWiQg iQ a decUeaVed SURSRUWiRQ Rf AFGV aQd SCD iQ B700 (TabOe 4-1). IQ 

bRWh B400 aQd B700, Whe SCD UePaUkabO\ decUeaVed aW SH YaOXeV Rf 4 WR 5, 7 

WR 8, aQd abRYe 10 (Fig. 4-1), Zhich cRUUeVSRQded WR Whe pKa YaOXeV Rf 

caUbR[\Oic (pKa = 4a5), OacWRQic (pKa = 7a8) aQd SheQROic (pKa = 10) fXQcWiRQaO 
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TabOH 4-2 XRF UeVXOWV Rf dUied MiscanWhXs aQd biRchaU S\URO\]ed aW WZR 
WePSeUaWXUeV Rf 400 �C (B400) aQd 700 �C (B700). 
Components 

 
Dried Miscanthus B400 B700 

Mass percent (%) 
CH2 99.9 97.0 95.7 
Si 0.60 1.61 2.35 
K 0.05 0.68 0.98 
Ca 0.11 0.22 0.30 
P 0.04 0.17 0.23 

Mg 0.05 0.15 0.22 
S 0.02 0.04 0.05 
Al 0.01 0.03 0.05 
Fe 0.01 0.02 0.03 
Cl 0.08 0.02 0.06 
Mn 0.01 0.02 0.02 
Zn 0.00 0.00 0.01 
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FLJ. 4-1 SXUface chaUge deQViW\ (SCD) Rf MiscanWhXs biRchaU SURdXced aW WZR 

S\URO\ViV WePSeUaWXUeV Rf 400 �C (B400) aQd 700 �C (B700) aV a fXQcWiRQ Rf 

SH deWeUPiQed b\ SRWeQWiRPeWUic WiWUaWiRQ iQ 0.05 M CaCO2 VROXWiRQ. 
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gURXSV, UeVSecWiYeO\ (LeRQ aQd RadRYic 1991). HRZeYeU, a decUeaVe iQ SCD Rf 

biRchaU ZaV aOVR RbVeUYed iQ Whe SH UaQge beWZeeQ 2 aQd 3, iQ Zhich Whe pKa 

YaOXeV Rf VXUface AFGV aUe QRW aSSOicabOe; WhiV decUeaVe cRXOd be e[SOaiQed b\ 

Whe iQWeUacWiRQ Rf deSRViWed aOkaOi VaOWV ZiWh H+ iRQV iQ VROXWiRQ, OeadiQg WR 

eOecWURVWaWic VWabiOi]aWiRQ (Li eW aO. 2017; RXWheQbeUg aQd ChaQg 2017). KORVV 

eW aO. (2012) aQd TUaQ eW aO. (2017) UeSRUWed WhaW Whe SRViWiYe SCD Rf biRchaU 

decUeaVed ZiWh iQcUeaViQg SH aQd WhaW Whe decUeaViQg effecW ZaV diPiQiVhed 

ZiWh iQcUeaViQg S\URO\ViV WePSeUaWXUe aV a UeVXOW Rf a UedXcWiRQ iQ deSURWRQaWed 

VXUface AFGV, Zhich UedXced SROaUi]aWiRQ aQd h\dURShiOi]aWiRQ. TheUefRUe, iW 

beOieYe WhaW deSURWRQaWiRQ Rf AFGV aQd deSRViWiRQ Rf aOkaOi VaOWV RQ Whe VXUface 

Rf biRchaU aUe Whe PaiQ caXVeV Rf Whe UedXcWiRQ iQ SCD ZiWh iQcUeaViQg SH 

(KORVV eW aO. 2012; Li eW aO. 2017). IQ VhRUW, a gUeaWeU UedXcWiRQ iQ Whe SRViWiYe 

SCD Rf biRchaU aW higheU SH YaOXeV ZaV dXe WR a SURgUeVViYe deSURWRQaWiRQ Rf 

biRchaU AFGV iQ SH UaQgeV WhaW iQcOXde Whe pKa YaOXeV Rf VXUface AFGV (TabOe 

4-1) aQd WR eQhaQced deSRViWiRQ Rf iQRUgaQic aQd aOkaOi VaOWV RQ Whe biRchaU.  

 

4.3.3. EffecW Rf SH aQd CV iQ backgURXQd eOecWURO\We VROXWiRQV  

The VRUSWiRQ iVRWheUPV cRQVWUXcWed aW SH YaOXeV Rf 3.5, 7.5 aQd 10 

XQdeU diffeUeQW backgURXQd eOecWURO\We cRQdiWiRQV ZeUe fiWWed WR Whe LaQgPXiU 

aQd FUeXQdOich iVRWheUPV (Fig. 4-2), aQd Whe fiWWiQg UeVXOWV iQdicaWed WhaW Whe 

FUeXQdOich PRdeO \ieOded a beWWeU fiW Rf ViPa]iQe VRUSWiRQ WR biRchaU WhaQ Whe 

LaQgPXiU PRdeO, aV ZaV eYideQW fURP higheU PeaQ R2 aQd ORZeU PeaQ ǻ q RQ 

Whe fiWWed SaUaPeWeUV (TabOe 4-3). YXaQ eW aO. (2011) VhRZed WhaW Whe FUeXQdOich 

PRdeO ZeOO deVcUibed Whe aOWeUaWiRQ iQ SCD dXe WR SURWRQaWiRQ aQd/RU 

deSURWRQaWiRQ Rf AFGV RQ biRchaU VXUface iQ Whe VRUSWiRQ SURceVV Rf caUbaU\O 

aQd aWUa]iQe (ZhaQg eW aO. 2013b). SXQ eW aO. (2011) UeSRUWed WhaW Whe iQWeUacWiRQ 

Rf fOXUidRQe ZiWh biRchaU ZaV aOWeUed b\ chaQgeV iQ SH dXe WR Whe aOWeUaWiRQ iQ 

Whe SCD Rf biRchaU, Zhich affecWV Whe VRUSWiRQ PechaQiVP iQ WeUPV Rf H-
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bRQdiQg aQd/RU YaQ deU WaaOV fRUceV. TheUefRUe, Whe SH-deSeQdeQW VRUSWiRQ 

PechaQiVP Rf ViPa]iQe RQ biRchaU iQ WeUPV Rf Whe Sh\VicRchePicaO 

chaUacWeUiVWicV Rf biRchaU ZeUe iQWeUSUeWed, ViQce eOecWURVWaWic iQWeUacWiRQV 

beWZeeQ H-bRQdiQg aQd h\dURShRbic iQWeUacWiRQV VXch aV YaQ deU WaaOV fRUceV 

aQd SRUe-fiOOiQg PechaQiVPV cUeaWe heWeURgeQeiW\ iQ biRchaU (ZhaQg eW aO. 2011). 

AV SH iQcUeaVed fURP 3.5 WR 10, Whe cRQVWaQW KF decUeaVed fURP 645.7 

WR 501.2 iQ 0.1 M NaCO VROXWiRQ (iRQic VWUeQgWh = 0.1) aQd fURP 537.0 WR 363.1 

iQ 0.1 M CaCO2 VROXWiRQ (iRQic VWUeQgWh = 0.15) fRU B400, ZhiOe WheiU 

cRXQWeUSaUWV fRU B700 decUeaVed fURP 501.2 WR 338.8 aQd fURP 537.0 WR 275.4, 

UeVSecWiYeO\ (TabOe 4-3). A decUeaVe iQ KF ZiWh iQcUeaViQg SH cRXOd be 

e[SOaiQed b\ Whe decUeaVe iQ VRUSWiRQ VWUeQgWh beWZeeQ VRUbaWe aQd VRUbeQW 

(WaQg aQd LePOe\ 2006), ViQce aQ iQcUeaVe iQ Whe QegaWiYiW\ Rf Whe SCD Rf 

biRchaU dXe WR SURgUeVViYe deSURWRQaWiRQ Rf AFGV aW a SH abRYe 1.7 (Whe pKa 

Rf ViPa]iQe) (CheQ eW aO. 2017) iQcUeaVeV eOecWURVWaWic UeSXOViRQ ZiWh QeXWUaO 

ViPa]iQe PROecXOeV (UchiPi\a eW aO. 2011; FaQg eW aO. 2014). WaQg aQd LePOe\ 

(2006) RbVeUYed a decUeaVe iQ Whe VRUSWiRQ VWUeQgWh Rf aPeWU\Q WR VRiO ZiWh 

iQcUeaViQg SH dXe WR eQhaQced eOecWURVWaWic UeSXOViRQ (ORZeU KF), aQd 

RajaSakVha eW aO. (2015) dePRQVWUaWed WhaW KF (a SUR[\ Rf VRUSWiRQ caSaciW\) Rf 

VXOfaPeWha]iQe VRUSWiRQ decUeaVed ZiWh iQcUeaViQg SH aV eOecWURVWaWic UeSXOViRQ 

iQcUeaVed. 

EYeQ WhRXgh ORZeU KF ZaV e[SecWed fRU B400 dXe WR iWV ORZeU SSA 

aQd WR PRUe deSURWRQaWiRQ aW Whe VXUface (TabOe 4-1), KF Rf B700 fRU ViPa]iQe 

VRUSWiRQ ZaV iQYaUiabO\ ORZeU WhaQ Whe cRUUeVSRQdiQg YaOXe Rf B400 aW a giYeQ 

SH aQd CV, iQdicaWiQg WhaW CV-dUiYeQ aOWeUaWiRQV iQ SRUe VSace PRUShRORg\ 

Pa\ SUedRPiQaWe RYeU SH-dUiYeQ deSURWRQaWiRQ Rf AFGV aW Whe VXUface acidic 

ViWeV. TheUefRUe, iW iQfeUUed WhaW Whe UedXcWiRQ Rf ViPa]iQe VRUSWiRQ caQ be 

SUedRPiQaQWO\ aWWUibXWed WR gUeaWeU bORckiQg Rf Whe eQWUaQce WR iQWeUQaO SRUeV 

dXe WR Whe fRUPaWiRQ Rf OaUgeU PeWaO-biRchaU cRPSOe[eV (NaUaViPha RaR aQd 
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MaWheZ 1995; PeUVVRQ 2010), eYeQ WhRXgh SURgUeVViYe deSURWRQaWiRQ ZiWh 

iQcUeaViQg SH iQcUeaVeV eOecWURVWaWic UeSXOViRQ beWZeeQ QeXWUaO ViPa]iQe 

PROecXOeV aQd biRchaU (KiP eW aO. 2016; PeQg eW aO. 2016). IQ addiWiRQ, 

decUeaVeV iQ KF ZiWh iQcUeaViQg SH ZeUe gUeaWeU iQ Ca2+ eOecWURO\We WhaQ iQ Na+ 

eOecWURO\We fRU bRWh B400 aQd B700 (TabOe 4-3), iQdicaWiQg WhaW Ca2+ iRQV 

cRPSeWe ZiWh ViPa]iQe PROecXOeV WR a gUeaWeU e[WeQW fRU Whe biQdiQg ViWeV Rf 

biRchaU WhaQ Na+ iRQV. ChaQgiQg CV fURP Na+ WR Ca2+ caXVed Whe fRUPaWiRQ Rf 

OaUgeU PeWaO-biRchaU cRPSOe[eV WhaW bORckV WR a gUeaWeU e[WeQW Whe eQWUaQce Rf 

iQWeUQaO SRUeV (Fig. 4-3). 

AQ iQcUeaVe iQ CV UeVXOWed iQ a decUeaVe iQ KF Rf biRchaU aW a giYeQ 

SH aQd S\URO\ViV WePSeUaWXUe, ZiWh a gUeaWeU decUeaVe aW higheU SH YaOXeV 

(TabOe 4-3). HRZeYeU, CV-dUiYeQ chaQgiQg SaWWeUQV Rf KF ZiWh SH ZeUe 

diffeUeQW beWZeeQ B400 aQd B700. The SaWWeUQV Rf decUeaViQg KF ZiWh 

iQcUeaViQg SH ZeUe SaUaOOeO XQdeU bRWh eOecWURO\We cRQdiWiRQV fRU B400; 

hRZeYeU, Whe WZR SaWWeUQV cURVVed aW Whe PiddOe SH (7.5) fRU B700, iQdicaWiQg a 

VigQificaQW iQWeUacWiYe effecW Rf SH aQd CV RQ KF fRU B700 (Fig. 4-2). The KF 

YaOXeV Rf B700 iQ Ca2+ VROXWiRQ ZeUe higheU aW SH 3.5 aQd ORZeU aW SH 10 WhaQ 

WheiU cRXQWeUSaUWV iQ Na+ VROXWiRQ. OQ Whe RWheU haQd, SH affecWed Whe VWUeQgWh 

Rf ViPa]iQe VRUSWiRQ (1/n), ZhiOe CV did QRW. HRZeYeU, a VigQificaQW iQWeUacWiRQ 

beWZeeQ SH aQd CV ZaV RbVeUYed fRU B700 bXW QRW fRU B400 (TabOe 4-3). Lee 

eW aO. (2018) ideQWified WhaW aW OeaVW WZR dRPiQaQW VRUSWiRQ PechaQiVPV Rf 

ViPa]iQe RccXU aW PXOWiSOe W\SeV Rf biQdiQg ViWeV RQ biRchaU: a VWURQg VRUSWiRQ 

SURceVV dXe WR eOecWURVWaWic aWWUacWiRQ iQ Whe ORZeU VRUSWiRQ UaQge aQd a Zeak 

VRUSWiRQ SURceVV Yia h\dURShRbic aWWUacWiRQ iQ Whe higheU VRUSWiRQ UaQge. 

OYeUaOO, aQ iQcUeaVe iQ CV ORZeUed KF, aQd Whe cRUUeVSRQdiQg 

decUeaVe aW a giYeQ SH ZaV gUeaWeU fRU B700 WhaQ fRU B400. ThiV SheQRPeQRQ 

caQ be e[SOaiQed b\ Whe fRUPaWiRQ Rf OaUgeU PeWaO-biRchaU cRPSOe[eV (Fig. 4-3) 

WhaW bORckV WR a gUeaWeU e[WeQW Whe eQWUaQceV Rf Whe iQWUaPROecXOaU SRUe VSaceV 
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aYaiOabOe fRU ViPa]iQe VRUSWiRQ (NaUaViPha RaR aQd MaWheZ 1995; PeUVVRQ 

2010) aW PRUe deSURWRQaWed (QegaWiYeO\ chaUged) acidic ViWeV RQ biRchaU (TabOe 

4-1) (DRQg eW aO. 2011). PUeYiRXV VWXdieV haYe VhRZQ WhaW Whe Sh\VicRchePicaO 

chaUacWeUiVWicV Rf a VRUbeQW aUe aOWeUed b\ chaQgiQg Whe backgURXQd eOecWURO\We 

iRQV. LaUgeRW eW aO. (2008) dePRQVWUaWed WhaW Whe Vi]e (h\dUaWed UadiXV) Rf Whe 

backgURXQd eOecWURO\We chaQged Whe SRUe Vi]e Rf biRchaU-deUiYed caUbRQ b\ 

affecWiQg Whe fRUPaWiRQ Rf PeWaO cRPSOe[eV, aQd GabeOich eW aO. (2002) VhRZed 

WhaW Whe effecWiYe SSA Rf cOa\ aYaiOabOe fRU VRUSWiRQ ZaV ORZeU WhaQ WhaW 

PeaVXUed b\ XViQg BET aQaO\ViV dXe WR Whe iQWeUacWiRQV Rf caUbRQ ZiWh 

backgURXQd eOecWURO\We iRQV. TheUefRUe, iW cRXOd iQfeU WhaW eQYiURQPeQWaO facWRUV 

VXch aV SH aQd CV iQ backgURXQd eOecWURO\We VROXWiRQV affecW Whe VWUeQgWh aQd 

PechaQiVP Rf ViPa]iQe VRUSWiRQ aW Whe VXUface Rf biRchaU b\ aOWeUiQg Whe 

Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU. TheUefRUe, I cRQcOXded WhaW 

SURgUeVViYe deSURWRQaWiRQ Rf AFGV RQ Whe VXUface Rf biRchaU ZiWh iQcUeaViQg 

SH aQd Whe bORckage Rf biRchaU iQWUa-SRUeV b\ Whe deSRViWiRQ Rf PeWaO 

cRPSOe[eV dXe WR iQcUeaViQg CV Pa\ be Whe PaiQ PechaQiVP fRU a decUeaVe iQ 

KF iQ UeVSRQVe WR iQcUeaViQg SH aQd CV iQ backgURXQd eOecWURO\WeV. 

 

4.3.4. EffecW Rf SRUe VWUXcWXUe Rf biRchaU RQ ViPa]iQe VRUSWiRQ 

AV SH iQcUeaVed fURP 3.5 WR 10, Whe deSRViWiRQ Rf Na+ RU Ca2+ RQ Whe 

VXUface Rf biRchaU iQcUeaVed fRU Whe WZR W\SeV Rf biRchaU (Fig. 4-3); Whe 

cRQceQWUaWiRQV Rf Whe UeOeYaQW iRQV iQcUeaVed fURP 0.67 WR 3.69 iQ NaCO VROXWiRQ 

aQd 0.41 WR 1.56 iQ CaCO2 VROXWiRQ fRU B400 aQd fURP 0.24 WR 0.56 aQd 0.29 WR 

0.54 fRU B700 iQ Whe cRUUeVSRQdiQg eOecWURO\We VROXWiRQV, UeVSecWiYeO\ (TabOe 4-

4). AQ iQcUeaVe iQ Na+ RU Ca2+ RQ Whe VXUface Rf biRchaU caQ iQWeUUXSW Whe 

VRUSWiRQ Rf ViPa]iQe dXe WR Whe fRUPaWiRQ Rf PeWaO-biRchaU cRPSOe[eV, ViQce 

QegaWiYe VXUface chaUge deYeORSed fURP SURgUeVViYe deSURWRQaWiRQ Rf AFGV  
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FLJ. 4-2 SiPa]iQe VRUSWiRQ iVRWheUPV fiWWed WR Whe OiQeaU FUeXQdOich PRdeO iQ 

0.1 M NaCO (UecWaQgOeV) aQd 0.05 M CaCO2 (WUiaQgOeV) fRU B400 (a-c, iQdicaWed 

RQ Whe OefW Vide ZiWh VROid V\PbROV) aQd B700 (d-f, iQdicaWed RQ Whe UighW Vide 

ZiWh RSeQ V\PbROV) aW WhUee SH YaOXeV Rf 3.5, 7.5 aQd 10. The Pi[WXUe ZaV 

agiWaWed aW 160 USP fRU 81 h aW URRP WePSeUaWXUe Rf 25 � 0.5 �C. 
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TabOH 4-3 LiQeaU FUeXQdOich aQd LaQgPXiU VRUSWiRQ iVRWheUP SaUaPeWeUV fRU ViPa]iQe VRUSWiRQ RQ MiscanWhXs biRchaU SURdXced aW WZR S\URO\ViV 
WePSeUaWXUeV Rf 400 �C (B400) aQd 700 �C (B700) RbWaiQed aW WhUee SH YaOXeV iQ 0.1 M NaCO aQd 0.05 M CaCO2 VROXWiRQV, ZiWh Whe UeVXOWV Rf 
WZR-Za\ aQaO\ViV Rf YaUiaQce (ANOVA) VhRZiQg Whe VigQificaQce Rf Whe effecWV Rf WZR facWRUV aQd WheiU iQWeUacWiRQ RQ each iVRWheUP SaUaPeWeU. 
The Pi[WXUe ZaV VhakeQ aW 160 USP fRU 81 h aW 25 � 0.5 �C. 
   LiQeaU FUeXQdOich iVRWheUP LaQgPXiU iVRWheUP 
BiRchaU CaWiRQ YaOeQce SH logKF 1/n R2 ǻq KL qma[ R2 ǻq 
B400 Na+ 3.5 2.81 (0.03) 0.36 (0.03) 0.96 1.6 14.7 (1.2) 565.6 (15.7) 0.99 4.5 

7.5 2.77 (0.03) 0.44 (0.04) 0.94 1.5 5.2 (0.5) 593.3 (22.9) 0.99 6.1 
10 2.70 (0.03) 0.42 (0.05) 0.91 1.7 4.4 (0.5) 557.4 (3.90) 0.98 6.1 

Ca2+ 3.5 2.73 (0.02) 0.23 (0.02) 0.96 1.9 46.0 (20.3) 423.3 (33.6) 0.76 23.3 
7.5 2.64 (0.00) 0.50 (0.01) 1.00 1.1 2.2 (0.3) 615.6 (36.2) 0.98 8.5 
10 2.56 (0.00) 0.47 (0.01) 1.00 0.3 1.9 (0.2) 552.2 (27.4) 0.98 4.5 

ANOVA         
CaWiRQ YaOeQce *** Q.V.   Q.V. Q.V.   
SH *** **   Q.V. **   
CaWiRQ YaOeQce [ SH Q.V. Q.V.   Q.V. **   
B700 Na+ 3.5 2.70 (0.02) 0.17 (0.01) 0.99 0.4 137.0 (53.6) 413.1 (25.3) 0.75 15.6 

7.5 2.67 (0.01) 0.25 (0.02) 0.97 0.8 16.2 (2.3) 444.2 (14.8) 0.96 6.9 
10 2.53 (0.00) 0.31 (0.00) 1.00 0.3 4.5 (0.7) 413.5 (18.9) 0.98 6.6 

Ca2+ 3.5 2.73 (0.02) 0.26 (0.01) 0.99 1.0 27.2 (3.7) 453.5 (14.6) 0.97 8.8 
7.5 2.60 (0.01) 0.16 (0.01) 0.96 1.6 73.9 (23.3) 368.1 (17.3) 0.75 24.7 
10 2.44 (0.01) 0.33 (0.02) 0.97 1.1 2.8 (0.5) 384.8 (18.7) 0.94 6.8 

ANOVA         
CaWiRQ YaOeQce ** Q.V.   Q.V. Q.V.   
SH *** **   Q.V. Q.V.   
CaWiRQ YaOeQce [ SH ** *   Q.V. Q.V.   
***: VigQificaQW aW p < 0.001 OeYeO; **: VigQificaQW aW p < 0.01 OeYeO; *: VigQificaQW aW p < 0.05 OeYeO; Q.V.: QRW VigQificaQW (p > 0.05). 
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TabOH 4-4 FE-SEM/EDS eOePeQWaO aQaO\ViV UeVXOWV fRU WZR W\SeV Rf biRchaU 
SURdXced aW 400 aQd 700 �C (B400 aQd B700) RbWaiQed afWeU ViPa]iQe VRUSWiRQ 
aW SH 3.5 aQd 10 iQ 0.1 M NaCO RU 0.05 M CaCO2 VROXWiRQV. 

 EOePeQWaO cRQceQWUaWiRQ (%) 
BiRchaU CaWiRQ 

YaOeQce 
SH C O Si Na+ RU Ca2+ 

B400 Na+ 3.5 73.1�22.4 24.0�8.05 2.24�0.14 0.67 � 0.19 
10 68.3�21.4 23.3�8.46 4.65�0.14 3.69 � 0.72 

Ca2+ 3.5 72.9�22.7 25.3�9.03 1.41�0.19 0.41 � 0.12 
10 69.0�21.4 27.7�9.59 1.77�0.17 1.56 � 0.24 

B700 Na+ 3.5 77.7�24.1 19.2�6.83 2.87�0.33 0.24 � 0.12 
10 80.3�25.0 17.6�6.67 1.52�0.19 0.56 � 0.18 

Ca2+ 3.5 80.3�25.0 16.9�6.39 2.49�0.26 0.29 � 0.11 
10 74.9�23.3 19.0�7.00 5.53�0.65 0.54 � 0.13 
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FLJ. 4-3 FE-SEM/EDS iPageV Rf (a) PRUShRORg\ (bOack), (b) C (\eOORZ), (c) O 

(RUaQge), (d) Si (bOXe), aQd (e) Na (SXUSOe) RU Ca (Ued) fRU WZR W\SeV Rf biRchaU 

SURdXced aW 400 aQd 700 �C (B400 aQd B700, UeVSecWiYeO\), RbWaiQed afWeU 

ViPa]iQe VRUSWiRQ aW SH 3.5 aQd 10 iQ 0.1 M NaCO RU 0.05 M CaCO2 VROXWiRQV. 
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iQWeUacW ZiWh caWiRQV iQ eOecWURO\We VROXWiRQV. ThiV caXVeV Whe bORckiQg Rf Whe 

SRUe VSaceV aYaiOabOe fRU ViPa]iQe VRUSWiRQ iQ UeVSRQVe WR iQcUeaViQg SH aQd 

CV iQ Whe backgURXQd eOecWURO\We VROXWiRQ, UeVXOWiQg iQ diffeUeQW Vi]eV Rf 

h\dUaWed Uadii iQ Whe iRQic aWPRVSheUe Rf Whe VROXWiRQ (NgX\eQ eW aO. 2007; 

PRZeOO eW aO. 2011). The SEM PRUShRORg\ iPageV VhRZed Whe accXPXOaWiRQ Rf 

Na+ RU Ca2+ RQ Whe biRchaU VXUface WR a gUeaWeU e[WeQW ZiWh iQcUeaViQg SH aQd 

CV (Fig. 4-3). IQ SaUWicXOaU, Whe aPRXQW Rf ViPa]iQe VRUbed RQ biRchaU ZaV 

higheU iQ Na+ eOecWURO\We VROXWiRQ WhaQ iQ Ca2+ eOecWURO\We VROXWiRQ (Fig. 4-2). 

DeVSiWe higheU deSRViWiRQ Rf Na+ RU Ca2+ RQ B400 WhaQ RQ B700 (Fig. 

4-3), ViQce Whe fRUPaWiRQ Rf PeWaO-biRchaU cRPSOe[eV ZaV gUeaWeU iQ B400 WhaQ 

iQ B700 dXe WR higheU cRQceQWUaWiRQ Rf AFGV RQ Whe VXUface, Whe VRUSWiRQ Rf 

ViPa]iQe ZaV aOVR gUeaWeU iQ B400 (Fig. 4-2). ThiV UeOaWiRQVhiS caQ be e[SOaiQed 

b\ Whe facW WhaW Whe SRUeV Rf B700, Zhich had PRUe OaUge SRUeV aYaiOabOe fRU 

ViPa]iQe VRUSWiRQ (TabOe 4-1), ZaV PRUe bORcked WhaQ WhRVe Rf B400, aV a UeVXOW 

Rf iQcUeaVed SRUe-fiOOiQg PechaQiVP (BRUchaUdW eW aO. 2013). FRU WhiV UeaVRQ, 

OeVV aPRXQW Rf ViPa]iQe ZaV VRUbed RQ B700 WhaQ RQ B400 deVSiWe iWV higheU 

SSA (TabOe 4-1). TheUefRUe, iW cRQfiUPed WhaW Whe aPRXQW Rf ViPa]iQe VRUbed RQ 

biRchaU iV a fXQcWiRQ Rf aOWeUed Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU XQdeU 

YaU\iQg SH aQd CV cRQdiWiRQV iQ a backgURXQd eOecWURO\We VROXWiRQ. UQdeU 

ciUcXPQeXWUaO SH UegiRQV iQ VRiO-ZaWeU V\VWePV, Whe QeXWUaO VSecieV Rf ViPa]iQe 

Pa\ biQd PaiQO\ WR Whe h\dURShRbic VRUSWiRQ ViWeV Rf biRchaU WhURXgh YaQ deU 

WaaOV fRUceV aQd Whe SRUe-fiOOiQg PechaQiVPV; hRZeYeU, iW caQ biQd WR iWV 

h\dURShiOic VRUSWiRQ ViWeV WhURXgh iQWeUPROecXOaU iQWeUacWiRQV VXch aV H-

bRQdiQg (a UeOaWiYeO\ PiQRU PechaQiVP) (HeUZig eW aO. 2001). 

 

4.3.5 EQYiURQPeQWaO effecWV Rf biRchaU RQ iRQi]abOe RUgaQic SROOXWaQW 

UePediaWiRQ  
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IQ geQeUaO, Whe VRUSWiRQ Rf iRQi]abOe RUgaQic SROOXWaQWV WR biRchaU 

iQYROYeV WhUee SRVVibOe PechaQiVPV: ʌ-ʌ eOecWURQ dRQRU-acceSWRU (EDA) 

iQWeUacWiRQV, YaQ deU WaaOV fRUceV aQd Zeak H-bRQdiQg (HeUZig eW aO. 2001; 

ZhX eW aO. 2004). EDA iQWeUacWiRQV deVcUibe Whe biQdiQg Rf eOecWURQ-dRQRU 

PROecXOeV (RUgaQic SROOXWaQWV) WR eOecWURQ-acceSWRU ViWeV (aURPaWic C iQ biRchaU) 

(ZhaQg eW aO. 2013b), ZhiOe H-bRQdiQg RccXUV beWZeeQ SRViWiYeO\ chaUged 

RUgaQic SROOXWaQWV aQd Whe QegaWiYeO\ chaUged VXUface Rf biRchaU (ZhaQg eW aO. 

2013b) aQd YaQ deU WaaOV fRUceV iQYROYe Whe biQdiQg Rf VRUbaWe PROecXOeV WR 

biRchaU ZiWhRXW cRYaOeQW RU iRQic bRQdiQg (LiX eW aO. 2012). IQ RXU SUeYiRXV 

VWXd\, WZR W\SeV Rf biRchaU biQdiQg ViWeV UeVSRQded iQdeSeQdeQWO\ WR chaQgiQg 

SH aQd/RU S\URO\ViV WePSeUaWXUe ZeUe fRXQd: VWURQg VRUSWiRQ RccXUUed iQ Whe 

ORZeU VRUSWiRQ UaQge dXe WR EDA aQd/RU H-bRQdiQg iQWeUacWiRQV, aQd UeOaWiYeO\ 

Zeak VRUSWiRQ RccXUUed iQ Whe higheU VRUSWiRQ UaQge dXe WR YaQ deU WaaOV fRUceV 

(Lee eW aO. 2018). 

HRZeYeU, Whe UeOaWiYe cRQWUibXWiRQ Rf each Rf WheVe PechaQiVPV WR Whe 

VRUSWiRQ Rf iRQi]abOe RUgaQic SROOXWaQWV, VXch aV ViPa]iQe, WR biRchaU YaUieV ZiWh 

eQYiURQPeQWaO facWRUV VXch aV SH aQd CV iQ Whe backgURXQd eOecWURO\We VROXWiRQ, 

ViQce WheVe facWRUV aOWeU Whe Sh\VicRchePicaO chaUacWeUiVWicV aQd SCD Rf biRchaU 

aQd iRQi]abOe RUgaQic PROecXOeV, aV RbVeUYed iQ WhiV VWXd\. TheUefRUe, iW caQ 

e[SOaiQ Whe PechaQiVPV fRU ViPa]iQe VRUSWiRQ WR biRchaU iQ WeUPV Rf SH aQd CV 

aQd WheiU iQWeUacWiRQV. UQdeU Whe acidic SH cRQdiWiRQV beORZ iWV PZNC, Whe 

SRViWiYeO\ chaUged VXUface Rf biRchaU iQWeUacWV ZiWh QeXWUaO ViPa]iQe PROecXOeV 

Yia H-bRQdiQg, YaQ deU WaaOV fRUceV aQd Whe SRUe-fiOOiQg PechaQiVP. HRZeYeU, 

aQ iQcUeaVe iQ SH caXVeV PRUe eOecWURVWaWic UeSXOViRQ Rf QeXWUaO ViPa]iQe dXe 

WR PRUe deSURWRQaWiRQ Rf AFGV aW UeVSecWiYe pKa. OQ Whe RWheU haQd, chaQgiQg 

WR a higheU CV iQ a backgURXQd eOecWURO\We VROXWiRQ caQ Oead WR gUeaWeU bORckiQg 

Rf Whe eQWUaQce WR iQWUa-VWUXcWXUaO SRUeV dXe WR Whe fRUPaWiRQ Rf OaUgeU PeWaO-

biRchaU cRPSOe[eV. TheUefRUe, decUeaVed VRUSWiRQ caSaciW\ (KF) Rf biRchaU fRU 
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ViPa]iQe iQ bRWh B400 aQd B700 aV SH aQd CV iQcUeaVed (TabOe 4-3) ZeUe 

RbVeUYed dXe WR iQcUeaVed UeSXOViYe YaQ deU WaaOV fRUceV aQd SRUe-fiOOiQg 

PechaQiVP. 

AV SH aQd CV Rf Whe VXUURXQdiQg eOecWURO\Wic VROXWiRQ affecW Whe 

PRUShRORgicaO aQd Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU, iW SUeVXPed WhaW 

Whe behaYiRU Rf ViPa]iQe VRUSWiRQ WR biRchaU aQd Whe UeOaWiYe cRQWUibXWiRQ Rf 

each facWRU aQd WheiU iQWeUacWiRQV WR KF Rf biRchaU fRU ViPa]iQe ZeUe diffeUeQW 

beWZeeQ B400 aQd B700. IQ WhiV VWXd\, KF Rf biRchaU ZaV iQYaUiabO\ ORZeU iQ 

B700 WhaQ iQ B400 aW aQ\ cRPbiQaWiRQ Rf Whe OeYeOV Rf WZR facWRUV (TabOe 4-3), 

eYeQ WhRXgh Whe fRUPeU had higheU SSA aQd ORZeU AFGV WhaQ Whe OaWWeU (TabOe 

4-1). BeVideV, eYeQ WhRXgh gUeaWeU decUeaVeV iQ KF fRU ViPa]iQe ZeUe e[SecWed 

fRU B400 dXe WR PRUe deSURWRQaWiRQ aW Whe VXUface acidic ViWeV aQd WR iWV ORZeU 

SSA, Whe eQWiUe VRUSWiRQ caSaciW\ (KF) ZaV ORZeU iQ B700. FURP WheVe UeOaWiRQV, 

iW caQ dedXce WhaW CV-dUiYeQ SRUe-fiOOiQg PechaQiVPV SUedRPiQaWeV RYeU SH-

dUiYeQ UeSXOViYe YaQ deU WaaOV fRUceV iQ cRQWUROOiQg Whe VRUSWiRQ affiQiW\ aQd 

caSaciW\ Rf biRchaU fRU ViPa]iQe, ZheQ SH aQd CV aUe cRQceUQed. 

TheUefRUe, Whe Sh\VicRchePicaO chaUacWeUiVWicV Rf biRchaU VhRXOd be 

cRQVideUed iQ RUdeU WR effecWiYeO\ cRQWURO iRQi]abOe RUgaQic SROOXWaQWV WhaW aUe 

SRViWiYeO\, QegaWiYeO\ RU QeXWUaOO\ chaUged deSeQdiQg RQ SURWRQaWiRQ RU 

deSURWRQaWiRQ (de RiddeU eW aO. 2010; PigQaWeOOR eW aO. 2011). FRU e[aPSOe, Whe 

QegaWiYeO\ chaUged VXUface Rf biRchaU dXe WR SURgUeVViYe deSURWRQaWiRQ Rf 

VXUface AFGV ZiWh iQcUeaViQg SH abRYe iWV PZNC aWWUacWV caWiRQ VSecieV RU 

SRViWiYeO\ chaUged iRQi]abOe RUgaQic SROOXWaQWV WR achieYe eOecWURVWaWic 

VWabiOi]aWiRQ bXW UeSXOVeV QegaWiYeO\ RU QeXWUaOO\ chaUged iRQi]abOe RUgaQic 

SROOXWaQWV WhURXgh eOecWURVWaWic UeSXOViRQ (PigQaWeOOR eW aO. 2011; FaQg eW aO. 

2014; LiaQ eW aO. 2014). IQ addiWiRQ, RXU UeVXOWV cOeaUO\ UeYeaOed WhaW CV Rf Whe 

backgURXQd eOecWURO\We VROXWiRQ iV aQRWheU ke\ facWRU affecWiQg Whe SH-

deSeQdeQW VRUSWiRQ Rf iRQi]abOe RUgaQic PROecXOeV WR a YaUiabOe-chaUge VRUbeQW. 
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ThXV, aQ XQdeUVWaQdiQg Rf Whe Sh\VicRchePicaO chaUacWeUiVWicV aQd chaUge 

behaYiRU Rf biRchaU aQd iRQi]abOe RUgaQic SROOXWaQWV XQdeU YaUiRXV 

eQYiURQPeQWaO cRQdiWiRQV iV a SUeUeTXiViWe WR aVVeVViQg Whe efficac\ Rf 

UePediaWiRQ aQd iWV eQYiURQPeQWaO UiVkV iQ UeaO eQYiURQPeQWV VXch aV VRiOV aQd 

QeaUb\ ZaWeUV. 

 

4.4. CRQFOXVLRQV 

I h\SRWheVi]ed WhaW SH aQd CV iQ a backgURXQd eOecWURO\We VROXWiRQ 

ZRXOd deWeUPiQe Whe behaYiRU Rf Whe VRUSWiRQ Rf ViPa]iQe (cRQWaiQiQg ORQe-SaiU 

eOecWURQV) WR biRchaU (caUU\iQg YaUiabOe SCD) b\ aOWeUiQg Whe chaUge behaYiRU 

aQd VXUface PRUShRORg\ Rf biRchaU, aQd Whe VRUSWiRQ UeVSRQVe ZRXOd be 

diffeUeQW deSeQdiQg RQ S\URO\ViV WePSeUaWXUe becaXVe S\URO\ViV WePSeUaWXUe 

gRYeUQV SRUe VSace PRUShRORg\ aQd VXUface chaUge behaYiRU Rf biRchaU. FRU 

WhiV h\SRWheViV ZeUe WeVWed b\ iQWeUSUeWiQg Whe effecWV Rf SH, CV aQd WheiU 

iQWeUacWiRQV RQ S\URO\ViV WePSeUaWXUe-dUiYeQ ViPa]iQe VRUSWiRQ. FiWWiQg Rf 

e[SeUiPeQWaO daWa Rf ViPa]iQe VRUSWiRQ WR Whe FUeXQdOich PRdeO RbYiRXVO\ 

VhRZed WhaW KF Rf biRchaU fRU ViPa]iQe decUeaVed aV SH aQd CV iQcUeaVed dXe 

UeVSecWiYeO\ WR iQcUeaVed eOecWURVWaWic UeSXOViRQ fRU QeXWUaO ViPa]iQe PROecXOeV 

ZiWh iQcUeaViQg SH aQd (SUedRPiQaQWO\) WR PRUe iQhibiWiRQ Rf iQWeUQaO SRUe 

eQWUaQceV ZiWh iQcUeaViQg CV. The SH-dUiYeQ decUeaVeV iQ KF ZeUe gUeaWeU ZiWh 

Ca2+ iRQV (higheU CV), ZhiOe CV-dUiYeQ decUeaVeV ZeUe gUeaWeU aW higheU SH 

YaOXeV. HRZeYeU, iQYaUiabO\ ORZeU KF Rf biRchaU iQ B700 WhaQ iQ B400 ZaV 

RbVeUYed aW aQ\ giYeQ cRPbiQaWiRQ Rf Whe OeYeOV Rf SH aQd CV, eYeQ WhRXgh 

higheU KF ZaV e[SecWed fRU Whe fRUPeU fURP iWV higheU SSA aQd ORZeU AFGV aW 

Whe VXUface, aQd WhiV diVcUeSaQc\ PeaQV WhaW iQcUeaViQg CV cRQWUibXWeV WR a 

gUeaWeU e[WeQW WR decUeaVed KF WhaQ iQcUeaViQg SH. FURP WheVe UeOaWiRQV, iW 

dedXced WhaW CV-dUiYeQ aOWeUaWiRQV iQ SRUe VSace aQd VXUface PRUShRORg\ 

SUedRPiQaWe RYeU SH-dUiYeQ YaQ deU WaaOV fRUceV iQ cRQWUROOiQg Whe VRUSWiRQ 
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affiQiW\ aQd caSaciW\ Rf biRchaU fRU ViPa]iQe, ZheUe SH aQd CV aUe cRQceUQed. 

The UeVXOWV cRQfiUPed RXU h\SRWheViV b\ UeYeaOiQg WhaW chaQgiQg CV aOWeUV 

VXUface cRYeUage aYaiOabOe fRU ViPa]iQe VRUSWiRQ aQd Whe bORckiQg Rf Whe 

eQWUaQce WR iQWeUQaO SRUe VSace ZhiOe SH gRYeUQV SURWRQaWiRQ/deSURWRQaWiRQ Rf 

AFGV, aQd WhaW CV SUedRPiQaWeV RYeU SH iQ cRQWUROOiQg Whe behaYiRU Rf 

ViPa]iQe (cRQWaiQiQg ORQe-SaiU eOecWURQV) VRUSWiRQ WR biRchaU (caUU\iQg YaUiabOe 

SCD). TheUefRUe, WhiV aSSURach aQd fiQdiQgV ZiOO cRQWUibXWe WR a PRUe 

cRPSUeheQViYe XQdeUVWaQdiQg Rf Whe VRUSWiRQ PechaQiVPV aQd behaYiRU Rf 

iRQi]abOe RUgaQic SROOXWaQWV (YaUiabOe-chaUge VRUbaWeV) WR Whe VXUface Rf biRchaU 

(YaUiabOe-chaUge VRUbeQW) aQd heOS beWWeU iQWeUSUeW WheiU eQYiURQPeQWaO 

RccXUUeQce, behaYiRU, WUaQVSRUW aQd faWe XQdeU QaWXUaO VRiOV aQd QeaUb\ ZaWeU 

eQYiURQPeQWV. 
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AEVWUDFW 

HeaY\ meWal SollXWion SoVeV deWUimenWal WhUeaWV Wo ecoV\VWemV and 

hXman life, and biochaU haV UeceiYed incUeaVing aWWenWion aV a bioVoUbenW. 

HoZeYeU, Whe XndeUl\ing VoUSWion mechaniVmV of biochaU foU heaY\ meWalV WhaW 

WakeV inWo accoXnW Whe alWeUaWionV in biochaU¶V Sh\Vicochemical and VXUface 

chaUge chaUacWeUiVWicV caXVed b\ enYiUonmenWal condiWionV iV VWill XncleaU. HeUe, 

SH-deSendenW baWch VoUSWion e[SeUimenWV of WZo conWUaVWing heaY\ meWalV 

(caWionic cadmiXm (Cd2+) and o[\anionic aUVenaWe (AV(V))) Wo MiVcanWhXV 

biochaU SUodXced aW WZo S\Uol\ViV WemSeUaWXUeV (400 and 700 �C) ZeUe 

condXcWed, and Whe VoUSWion mechaniVm ZaV inWeUSUeWed XVing Vcanning elecWUon 

micUoVcoS\, X-Ua\ diffUacWion and ShoWoemiVVion VSecWUoVcoS\. PaUWiWioning 

and oXWeU-VSheUe comSle[aWion aUe VoUSWion mechaniVmV foU boWh Cd2+ and 

AV(V) iUUeVSecWiYe of SH; hoZeYeU, inneU-VSheUe comSle[aWion ZiWh acidic 

fXncWional gUoXSV (AFGV) and SUeciSiWaWion aV oWaYiWe SUedominaWe aW higheU SH 

YalXeV foU Cd2+, Zhile h\dUoShobic aWWUacWion of UedXced AV molecXleV and 

elecWUoVWaWic caWion bUidging comSle[aWion ZiWh mXlWiYalenW ionV aW 

deSUoWonaWed AFGV aUe SUedominanW foU AV(V). The SH-deSendenW VoUSWion 

UeVXlWV VhoZed WhaW Whe VoUSWion caSaciW\ ZaV higheU aW higheU SH foU boWh Cd2+ 

and AV(V) and WhaW Whe VoUSWion caSaciW\ of AV(V) ZaV eYen loZeU Whan WhaW of 

Cd2+. ThiV Xne[SecWed Shenomenon can be e[Slained b\ Whe UedXced AV(V) b\ 

elecWUonV fUom Whe biochaU and b\ Whe diffeUence in chaUge denViW\ of AV(V) ZiWh 

baVic fXncWional gUoXSV (BFGV) on biochaU VXUface. TheVe findingV SoVe a 

VignificanW challenge Wo moUe comSUehenViYe XndeUVWanding of Whe VoUSWion 

behaYioU of inoUganic SollXWanWV Wo biochaU, and helS beWWeU e[Slain Whe 

enYiUonmenWal faWe and behaYioU in naWXUal Voil and ZaWeU V\VWemV. 

 

KH\ZRUGV  

CadmiXm, AUVenaWe, MiVcanWhXV biochaU, P\Uol\ViV WemSeUaWXUe, SH-deSendenW  
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5.1. IQWURGXFWLRQ 

CadmiXm (Cd) iV a SUoblemaWic caWionic heaY\ meWal Vince iW iV 

UeleaVed b\ YaUioXV indXVWUial SUoceVVeV, e[hibiWV high leYelV of Wo[iciW\ and 

accXmXlaWeV in oUganiVmV, caXVing o[idaWiYe VWUeVV (YX eW al. 2006; WillV eW al. 

2008). In conWUaVW, aUVenic (AV) iV an anionic Wo[ic meWalloid deSoViWed inWo Voil 

fUom SUeVeUYaWiYeV, SeVWicideV and anWibioWicV (S¡ eW al. 2008) and mainl\ e[iVWV 

aV aUVenaWe (AV(V)) in Voil. The o[\anion VSecieV of AV diVUXSWV ShoVShaWe 

meWaboliVm in oUganiVmV dXe Wo Whe VimilaU elecWUochemical SUoSeUWieV beWZeen 

o[\anionic AV and ShoVShaWe (ChXn-[i eW al. 2007). ThXV, Whe UemoYal and 

UemediaWion of caWionic Cd and anionic AV(V) in Voil and ZaWeU V\VWemV aUe 

imSoUWanW iVVXeV ZoUldZide affecWing Whe VecXUiW\ of hXman healWh and 

ecoV\VWemV. HoZeYeU, iW iV noW eaV\ Wo UemoYe WheVe VSecieV WogeWheU becaXVe 

of WheiU oSSoViWe chaUacWeUiVWic VoUSWion SaWWeUnV in Voil comSonenWV, Zhich aUe 

mainl\ aWWUibXWed Wo WheiU chaUge diffeUence. CaWionic Cd mainl\ e[iVWV aV Cd2+ 

in Whe Voil enYiUonmenW, and iW iV eaVil\ VoUbed on Whe negaWiYel\ chaUged VXUface 

of Voil comSonenWV oU SUeciSiWaWed ZiWh backgUoXnd ionV (BaVXalWo eW al. 2006; 

BoSaUai eW al. 2013), Zhile Uedo[ condiWionV goYeUn Whe VSecieV WUanVfoUmaWion 

of AV. AV(V) iV Whe moVW SUeYalenW foUm XndeU o[ic condiWionV, and Voil SH 

goYeUnV Whe SUoWonaWion of H3AVO4, H2AVO4
-, HAVO4

2- oU AVO4
3- (Kong eW al. 

2017). BoWh Cd2+ and AV(V) haYe been UeSoUWed Wo be SUeVenW aW WUace leYelV in 

conWaminaWed VoilV, and iW iV eVVenWial Wo minimi]e WheiU bioaYailabiliW\ and 

leachabiliW\ Wo block WheiU WUanVSoUW Wo SlanWV, animalV and hXmanV. TheUefoUe, 

XndeUVWanding Whe behaYioU of Cd2+ and AV(V) acUoVV a Uange of VXUUoXnding 

enYiUonmenWal condiWionV, VXch aV SH and Whe SUeVence of inoUganic comSoXndV, 

iV eVVenWial Wo decUeaVe Whe UiVkV Wo hXman healWh and ecoV\VWemV. 

BiochaU iV a caUbon-Uich maWeUial obWained fUom YaUioXV feedVWockV 

WhUoXgh S\Uol\ViV XndeU o[\gen-limiWed condiWionV, and iW haV UeceiYed gUeaW 

aWWenWion ZoUldZide aV an alWeUnaWiYe VoUbenW foU nXWUienWV and Wo[ic molecXleV 
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and aV a VXbVWUaWe foU caUbon VeTXeVWUaWion (Nanda eW al. 2013). Man\ facWoUV 

dXUing S\Uol\ViV goYeUn Whe chaUacWeUiVWicV of Whe biochaU WhaW iV SUodXced, and 

Whe S\Uol\ViV WemSeUaWXUe (PT) iV one of Whe cUXcial facWoUV deWeUmining Whe 

Sh\Vicochemical chaUacWeUiVWicV of biochaU. IncUeaVing PT commonl\ caXVeV a 

higheU aUomaWic caUbon conWenW, higheU concenWUaWionV of alkaline VSecieV and 

moUe deYeloSed SoUe VWUXcWXUeV, Zhile loZeU concenWUaWionV of acidic fXncWional 

gUoXSV (AFGV) haYe been foXnd on Whe VXUface of biochaUV SUodXced aW higheU 

PTV (Uchimi\a and HiUadaWe 2014; Wang 2017). AFGV inclXde caUbo[\lic, 

lacWonic and Shenolic gUoXSV, Zhile Whe UeSoUWed baVic fXncWional gUoXSV (BFGV) 

inclXde S\UidiniXm gUoXSV, o[oniXm gUoXSV and SUoWonaWed aUomaWic UingV 

(LaZUinenko and LaiUd 2015). BoWh W\SeV of fXncWional gUoXSV affecW Whe 

VoUSWion mechaniVm of chaUged molecXleV VXch aV heaY\ meWalV, meWalloidV, 

SeVWicideV and ValWV (Ahmad eW al. 2014) becaXVe Whe VXUface chaUge of biochaU 

iV goYeUned b\ Whe SUoWonaWion and deSUoWonaWion of BFGV and AFGV. UndeU 

acidic condiWionV, Whe VXUface chaUge of biochaU iV SoViWiYe dXe Wo Whe 

combinaWion of deSUoWonaWion of BFGV and SUoWonaWion of AFGV. WiWh 

incUeaVing SH aboYe Whe pKa of AFGV (caUbo[\lic pKa ≃ 4.4, lacWonic pKa ≃ 

8.2, and Shenolic pKa ≃ 10), Whe VXUface chaUge of biochaU becomeV moUe 

negaWiYe dXe Wo deSUoWonaWion (Leon and RadoYic 1991; SilbeU eW al. 2010), bXW 

no pKb foU BFGV haV SUeYioXVl\ been UeSoUWed. In addiWion, defoUmaWion of Whe 

SoUe VWUXcWXUe b\ WheUmal decomSoViWion Zill change Whe VoUSWion mechaniVm 

(Lee eW al. 2020). HoZeYeU, Whe VoUSWion mechaniVmV of heaY\ meWalV and 

o[\anionV Uemain Wo be claUified b\ molecXlaU-Vcale obVeUYaWionV. 

The deYeloSmenW of anal\Wical WechniTXeV and WheoUeWical calcXlaWionV 

haV enabled XV Wo obVeUYe VoUSWion mechaniVmV aW Whe molecXlaU Vcale b\ 

comSaUing e[SeUimenWal and WheoUeWical UeVXlWV. Man\ X-Ua\-baVed WechniTXeV 

and elecWUon micUoVcoS\ WechniTXeV haYe VhoZn XV Whe SUoSeUWieV of VXch 

UeacWionV aW Whe molecXlaU Vcale; hoZeYeU, iW iV noW eaV\ Wo inWeUSUeW Whe UeVXlWV 
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of YaUioXV anal\Wical WechniTXeV and WheoUeWical calcXlaWionV becaXVe WheiU 

anal\ViV and inWeUSUeWaWion SoVe an e[ceVViYe bXUden. FoU e[amSle, X-Ua\ 

flXoUeVcence (XRF) and X-Ua\ diffUacWion (XRD) SUoYide XV ZiWh Whe elemenWal 

comSoViWion and cU\VWal VWUXcWXUe of majoU comSonenWV, Zhile X-Ua\ 

ShoWoelecWUon VSecWUoVcoS\ (XPS) can be XVed Wo obVeUYe Whe binding eneUg\ 

of boWh amoUShoXV and cU\VWal VWUXcWXUeV aW Whe VXUface aW Whe deSWh of a feZ 

nanomeWeUV. Scanning elecWUon micUoVcoS\ (SEM) caSWXUeV Whe Sh\Vical 

chaUacWeUiVWicV of SoUe VWUXcWXUeV, and chemical modeling SUoYideV WheoUeWical 

eVWimaWionV of SUeciSiWaWion and comSle[aWion. ComSaUiVonV among WheVe 

WechniTXeV and comSaUiVonV ZiWh WUadiWional VoUSWion iVoWheUmV coXld lead Wo 

incUeaVed accXUac\ and SUoYe Whe Ueal VoUSWion mechaniVm, and a 

comSUehenViYe XndeUVWanding iV eVVenWial foU UeYealing Whe fXUWheU imSlicaWionV 

of biochaU in Ueal Voil, ZheUe boWh caWionic and anionic SollXWanWV aUe SUeVenW 

WogeWheU. 

TheUefoUe, Whe objecWiYe of WhiV VWXd\ ZaV Wo elXcidaWe Whe VoUSWion 

mechaniVmV of caWionic Cd2+ and anionic AV(V) Wo biochaU SUodXced fUom 

MiVcanWhXV S\Uol\]ed aW WZo diffeUenW PTV (400 and 700 �C). To do Vo, Whe 

Sh\Vicochemical chaUacWeUiVWicV of Whe biochaUV ZeUe eYalXaWed, WUadiWional 

iVoWheUm modelV ZeUe WeVWed, WheoUeWical chemical modeling ZaV emSlo\ed, and 

Whe UeVXlWV fUom X-Ua\-baVed WechniTXeV and elecWUon micUoVcoS\ ZeUe 

comSUehenViYel\ inWeUSUeWed Wo aVVeVV Whe behaYioU of Cd2+ and AV(V) in Ueal 

enYiUonmenWV.  

 

5.2. MDWHULDO DQG PHWKRGV 

5.2.1. Ph\Vicochemical chaUacWeUiVWicV of biochaU  

TZo W\SeV of biochaU ZeUe SUodXced fUom MiVcanWhXV aW Whe WZo 

diffeUenW PTV of 400 and 700 �C (heUeafWeU, B400 and B700) baVed on SUeYioXV 

VWXdieV (UVman eW al. 2015; Lee eW al. 2018) WhaW VhoZed dUamaWic changeV in 
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Whe Sh\Vicochemical chaUacWeUiVWicV of biochaU dXe Wo WheUmal decomSoViWion 

(Lehmann 2007; Chen eW al. 2008; Zhang eW al. 2011). The biochaU VamSleV 

ZeUe ball-milled (MM400, ReWVch, GeUman\) and VieYed WhUoXgh a 106-ȝm 

meVh Wo minimi]e Vi]e effecWV (Zheng eW al. 2010). The VSecific VXUface aUea, 

majoU elemenWal comSoViWion (C, N, H, O and S, deWeUmined b\ elemenWal 

anal\]eU), minoU elemenWal comSoViWion (deWeUmined b\ XRF), AFGV 

(meaVXUed b\ Whe Boehm WiWUaWion meWhod) (Boehm 1994), VXUface chaUge 

denViW\ (deWeUmined b\ XVing SoWenWiomeWUic WiWUaWion) (S]ekeUeV and Tombic] 

2012), and SoinW of ]eUo neW chaUge (PZNC, deWeUmined b\ Whe SH dUifW meWhod) 

(Yang eW al. 2004) ZeUe SUeYioXVl\ meaVXUed and emSlo\ed foU WhiV VWXd\. 

 

5.2.2. SoUSWion kineWicV and iVoWheUm  

The VoUSWion kineWicV VWXd\ ZaV SeUfoUmed Wo eYalXaWe Whe Wime 

UeTXiUed foU eTXilibUiXm adVoUSWion of Cd2+ and AV(V) ZiWhoXW SH adjXVWmenW. 

TZo hXndUed milligUamV of biochaU ZaV mi[ed ZiWh 20 mL of 1 mM CdCl2 and 

Na2HAVO4 in 100 mM NaCl aV a backgUoXnd VolXWion in a 30 mL ambeU glaVV 

Yial ZiWh a Teflon-lined caS. The VamSleV ZeUe alloZed Wo eTXilibUaWe on a Yial 

VhakeU (DS-300L, DaVol, KoUea) aW 160 USm XnWil Whe deViUed Wime (0.1, 0.5, 1, 

2, 6, 12, 24, 48, 86 and 120 h) aW Uoom WemSeUaWXUe (25r2 °C). Samples were 

collecWed aW Whe deViUed Wime and filWeUed WhUoXgh a 0.45-ȝm n\lon membUane 

filWeU. Each aliTXoW ZaV dilXWed foU TXanWificaWion of Cd2+ and AV(V) XVing 

indXcWiYel\ coXSled SlaVma oSWical emiVVion VSecWUoVcoS\ (ICP-OES) (IcaS-

7200, TheUmo, USA). All UeagenWV ZeUe SXUchaVed fUom Sigma-AldUich (SW. 

LoXiV, MO, USA) aW leaVW 98% SXUiW\. 

The VoUSWion iVoWheUm VWXd\ ZaV condXcWed Wo elXcidaWe Whe VoUSWion 

mechaniVmV of Cd2+ and AV(V) ZiWh SH adjXVWmenW. TZo hXndUed milligUamV 

of biochaU and 20 mL of diffeUenW concenWUaWionV of CdCl2 oU Na2HAVO4 (1, 2, 

3, 4, 5 and 10 mM) conWaining 100 mM NaCl aV a backgUoXnd VolXWion ZeUe 
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Slaced in a 30 mL ambeU glaVV Yial ZiWh a Teflon-lined caS. The VamSleV ZeUe 

alloZed Wo eTXilibUaWe b\ Vhaking on a Yial VhakeU aW 160 USm foU 120 h; Whe 

eTXilibUaWion Wime ZeUe defined b\ a kineWic VWXd\. The SH of Whe VamSleV ZaV 

adjXVWed Wo 3.5, 7.0 and 10 XVing 1 M HCl oU 1 M NaOH dXUing eTXilibUaWion. 

The VamSleV ZeUe filWeUed WhUoXgh a 0.45-ȝm n\lon membUane filWeU. Each 

aliTXoW ZaV dilXWed foU TXanWificaWion of Cd2+ and AV(V) XVing ICP-OES. All 

e[SeUimenWV ZeUe SeUfoUmed in WUiSlicaWe. The VoUSWion iVoWheUm UeVXlWV aW SH 

3.5, 7.0 and 10 ZeUe fiWWed Wo Whe LangmXiU and FUeXndlich iVoWheUmV. The 

LangmXiU VoUSWion iVoWheUm, Zhich aVVXmeV monola\eU adVoUSWion on a VoUbenW, 

iV e[SUeVVed aV folloZV: 

𝑞௘௤ ൌ
௤೘ೌೣ∙𝐾ಽ∙𝐶೐೜
ሺଵା𝐾ಽ∙𝐶೐೜ሻ

                                              (1) 

ZheUe qeq and qma[ aUe Whe eTXilibUiXm and ma[imXm VoUbed concenWUaWionV of 

Cd2+ and AV(V) on biochaU (mmol g-1), KL iV a conVWanW UelaWed Wo eneUg\ (L 

mmol-1), and Ceq iV Whe eTXilibUiXm concenWUaWion of Cd2+ and AV(V) in VolXWion. 

The FUeXndlich VoUSWion iVoWheUm, Zhich inWeUSUeWV mXlWila\eU VoUSWion on a 

heWeUogeneoXV VoUbenW ZiWh nonXnifoUm diVWUibXWion eneUg\, iV e[SUeVVed aV 

folloZV: 

𝑞௘௤ ൌ 𝐾ி ∙ 𝐶௘௤
ଵ/௡                                 (2) 

ZheUe KF iV a conVWanW UelaWed Wo VoUSWion caSaciW\ (mmol g-1(mmol L-1)-n) and 

1/n is the sorption intensity. 

 

5.2.3. Chemical modeling 

Chemical modeling ZaV condXcWed Wo calcXlaWe Whe eTXilibUiXm, 

VSeciaWion, VolXbiliW\ and SUeciSiWaWion of ionV in an aTXeoXV VolXWion, and 

ViVXal MINTEQ YeU. 3.1 (KTH, SEED, SZeden) WhaW an e[WenViYe 

WheUmod\namic daWabaVe ZeUe emSlo\ed foU Whe calcXlaWion. The diVVolYed ion 

concenWUaWionV of B400 and B700 fUom Whe kineWic VWXd\ (liVWed in Table 5-3) 
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ZeUe XVed Wo deYeloS chemical modelV of Whe backgUoXnd VolXWeV. The VofWZaUe 

ZaV XVed Wo calcXlaWe Whe VaWXUaWion indiceV (SI=log10(IAP/KVp)) of all Whe 

SoWenWial Volid comSoXndV aW diffeUenW SH YalXeV (SH 3.5, 7 and 10) and VolXWe 

concenWUaWionV (0, 1, 2, 3, 5 and 10 mM). The comSoXndV ZiWh UelaWiYel\ high 

VXSeUVaWXUaWion UaWioV (SI ª 0) ZeUe aVVXmed Wo be SoWenWial SUeciSiWaWeV, and 

Whe SoWenWial SUeciSiWaWeV ZeUe emSlo\ed foU fXUWheU anal\ViV in XRD and XPS. 

 

5.2.4. X-Ua\ diffUacWion and ShoWoemiVVion VSecWUoVcoS\  

XRD iV an effecWiYe meWhod foU meaVXUing abXndanW cU\VWal VWUXcWXUeV 

(XVXall\ higheU Whan 1%); WhXV, abXndanW SUeciSiWaWeV can be idenWified fUom 

XRD UeVXlWV, bXW amoUShoXV VWUXcWXUeV cannoW be e[amined. FoU WhaW UeaVon, 

boWh XRD and XPS ZeUe emSlo\ed Wo chaUacWeUi]e Whe cU\VWal VWUXcWXUe and 

amoUShoXV VWUXcWXUe of Whe VamSleV. The biochaU VamSleV afWeU Whe VoUSWion 

e[SeUimenW ZeUe dUied foU XRD and XPS anal\ViV; Whe 1 and 5 mM WUeaWmenWV 

ZeUe anal\]ed Wo idenWif\ Whe SUeciSiWaWeV, Zhile onl\ Whe 1 mM WUeaWmenW ZaV 

anal\]ed b\ XPS Wo chaUacWeUi]e Whe binding mechaniVmV of Cd2+ and AV(V). 

XRD ZaV condXcWed XVing a SoZdeU X-Ua\ diffUacWomeWU\ inVWUXmenW (D8, 

AdYance, BUXkeU, GeUman\) oSeUaWed aW 40 kV and 20 mA. The daWa ZeUe 

collecWed oYeU a 2ș Uange of 0±50� XVing CX-KĮ UadiaWion aW a Vcan UaWe of 2� 

miní1 (Cao and HaUUiV 2010). The diffUacWion SaWWeUnV ZeUe anal\]ed b\ XVing 

Whe AmeUican MineUalogiVW CU\VWal SWUXcWXUe DaWabaVe (DoZnV and Hall-

Wallace 2003) and comSaUed ZiWh Whe ViVXal MINTEQ calcXlaWion UeVXlWV Wo 

confiUm Whe mineUalogical comSoViWion of Whe SUeciSiWaWeV of B400 and B700 

ZiWh Cd2+ and AV(V). 

XPS ZaV SeUfoUmed Wo chaUacWeUi]e Whe binding mechaniVmV of 1 mM 

Cd2+ and AV(V) on B400 and B700 aW SH 3.5, 7.0 and 10 XVing an AXISဨHVi 

VSecWUomeWeU (KUaWoV Anal\Wical, JaSan) eTXiSSed ZiWh a Mg KĮ XဨUa\ VoXUce 

(Liao eW al. 2012). A finel\ gUoXnd SoZdeU biochaU VamSle fUom Whe VoUSWion 
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iVoWheUm e[SeUimenW ZaV fi[ed onWo a meWallic VamSle holdeU XVing doXble-

Vided Teflon WaSe. SXUYe\ VcanV ZeUe obWained ZiWhin a binding eneUg\ Uange of 

0±1200 eV ZiWh a SaVV eneUg\ of 100 eV and VWeS Vi]e of 1 eV, and foU Whe 

elemenWal UegionV (AV, C, Ca, Cd, Na, O, and Si), a 20 eV SaVV eneUg\ and a 0.1 

eV VWeS Vi]e ZeUe XVed. The XPS VSecWUa ZeUe anal\]ed and deconYolXWed XVing 

Whe GaXVVian±LoUenW]ian VXm fXncWion ZiWh a 30% GaXVVian±LoUenW]ian YalXe 

Wo oSWimi]e Whe VSecWUa XVing AYanWage VofWZaUe (TheUmo ScienWific), and a 

ShiUle\ backgUoXnd coUUecWion ZaV caUUied oXW Wo UemoYe backgUoXnd noiVe 

(BUiggV and Seah 1990). 

 

5.2.5. Scanning elecWUon micUoVcoS\ 

The moUSholog\ and elemenWal comSoViWion of Whe biochaUV afWeU 

VoUSWion iVoWheUm of Cd2+ and AV(V) aW diffeUenW SH YalXeV ZeUe anal\]ed ZiWh 

a field emiVVion-Vcanning elecWUon micUoVcoSe (FE-SEM) (AURIGA, CaUl 

ZeiVV, GeUman\) eTXiSSed ZiWh an eneUg\ diVSeUViYe X-Ua\ VSecWUoVcoS\ (EDS) 

deWecWoU (BUXkeU Nano GmbH, BeUlin, GeUman\). FoU FE-SEM anal\ViV, 

biochaU VamSleV ZeUe Slaced in a foUced-aiU oYen (DS-80-2, DaVol, KoUea) aW 

80 �C foU aW leaVW 48 h and When moXnWed on an alXminXm VWXb XVing doXble-

Vided condXcWiYe coSSeU WaSe. The micUoVcoSe ZaV oSeUaWed aW an acceleUaWing 

YolWage of 10 kV, and Whe ZoUking diVWance ZaV VeW aW 10 nm fUom Whe final lenV 

aW YaU\ing magnificaWionV. 

 

5.3. 5HVXOWV DQG GLVFXVVLRQ 

5.3.1. Ph\Vicochemical chaUacWeUiVWicV of biochaU  

BET iVoWheUmV XVing CO2 and N2 SUoYide infoUmaWion on Whe SoUe 

VWUXcWXUe of biochaUV dXe Wo Whe diVWincWiYe VoUSWion chaUacWeUiVWicV of CO2 and 

N2 on nano- and micUo-SoUeV. The VSecific VXUface aUeaV (SSAV) of B400 and 

B700 ZeUe eVWimaWed aW 5.6 and 236.3 m2 g-1 foU micUo-SoUeV and 191.6 and 57.2 
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m2 g-1 foU nano-SoUeV, UeVSecWiYel\ (Table 5-1). WiWh incUeaVing PT, a dUamaWic 

incUeaVe in micUo-SoUeV ZaV obVeUYed, Zhile Whe nano-SoUeV decUeaVed dXe Wo 

SUogUeVViYe WheUmal decomSoViWion fUom nano-SoUe VWUXcWXUeV Wo micUo-SoUe 

VWUXcWXUeV in Whe MiVcanWhXV biochaU; conVeTXenWl\, Whe WoWal SSA of B400 and 

B700 ZeUe 197.2 and 293.5 m2 g-1, UeVSecWiYel\. PUeYioXV inYeVWigaWionV on 

MiVcanWhXV biochaU UeSoUWed WhaW Whe SSA of micUo-SoUeV Uanged fUom 2.4 Wo 

381.5 m2 g-1 (Kim eW al. 2013a) and dUamaWicall\ incUeaVed in Whe PT Uange 

beWZeen 400 and 600 �C dXe Wo Whe collaSVe of Whe nano-SoUe b\ SUogUeVViYe 

WheUmal decomSoViWion (Kim eW al. 2013b). LXo eW al. (2015) and Lee eW al. (2018) 

UeSoUWed an SSA incUeaVe caXVed b\ Whe SUogUeVViYe YolaWili]aWion of cellXloVe, 

hemicellXloVe and lignin ZiWh incUeaVing PTV (QX eW al. 2011; Mimmo eW al. 

2014), Vince Whe SUogUeVViYe WheUmal decomSoViWion of molecXlaU VWUXcWXUeV 

caXVeV Whe foUmaWion of channel VWUXcWXUeV ZiWh laUgeU SoUe Vi]eV. AV a UeVXlW, 

Whe WoWal SSA incUeaVeV (CanWUell eW al. 2012; KloVV eW al. 2012; Zhao eW al. 2013); 

WhiV UeVXlWV ma\ alVo be UeVSonVible foU Whe incUeaVed h\dUoShobic VXUface aUea 

of B700 comSaUed ZiWh WhaW of B400 (Shaaban eW al. 2014; Peng eW al. 2016). 

The VXUface chaUge denViW\ (SCD) of B400 ZaV 0.0577, 0.0082 and -

0.0192 C m-2 aW SH 3.5, 7.0 and 10, Zhile iW ZaV 0.0256, 0.0118 and -0.0007 C 

m-2 foU B700, UeVSecWiYel\ (Fig. 5-1). The SCD of B400 ZaV moUe SoViWiYel\ 

chaUged Whan WhaW of B700, and Whe change in SCD ZiWh incUeaVing SH ZaV moUe 

obYioXV in B400 Whan in B700. ThiV diffeUence occXUUed becaXVe o[\gen 

conWaining AFGV, VXch aV caUbo[\lic, lacWonic and Shenolic gUoXSV, ZeUe moUe 

abXndanW in B400 Whan in B700 (Table 5-1); WhXV, incUeaVed SH caXVed Whe AFGV 

on Whe biochaU Wo be moUe deSUoWonaWed aW WheiU coUUeVSonding pKa YalXeV. Leon 

and RadoYic (1991) indicaWed WhaW Whe pKa YalXeV of caUbo[\lic, lacWonic and 

Shenolic gUoXSV ZeUe fUom 4 Wo 5, fUom 7 Wo 8, and aSSUo[imaWel\ 10, 

UeVSecWiYel\. FUom WheVe diffeUenW Sh\Vicochemical chaUacWeUiVWicV of B400 and  
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7DEOH 5-1. Ph\Vicochemical chaUacWeUiVWicV of MiVcanWhXV biochaU S\Uol\]ed aW WZo WemSeUaWXUeV of 400 �C (B400) and 700 �C (B700). 

aSpecific surface area (SSA) was estimated based on the results obtained from BET isotherms using N2 (N2-BET) and CO2 (CO2-BET). 
bThe SSA of micropores was equal to the N2-BET results, while that of nanopores was calculated by subtracting the CO2-BET results from the 
N2-BET results. 
cElemental composition was measured using an elemental analyzer, and the atomic ratio was calculated. 
dAcidic functional groups were measured by Boehm titration. 
eAsh content was estimated by the combustion method. 
fEC and pH were measured with an EC meter and a pH meter, respectively. 
gThe point of zero net charge (PZNC) was estimated by the pH drift method. 

 

 

 

BiochaU 
 

SSecific VXUface aUeaa  
(m2 g-1) 

 ElemenWal comSoViWionc 
(%) 

AWomic UaWioc  Acidic fXncWional gUoXSVd  
(mmol g-1) 

 AVhe ECf SHf PZNCg 

MicUo-SoUeVb Nano-SoUeVb  C H O N S (O+N)/C H/C O/C  CaUbo[\lic LacWonic Phenolic  % (dS m-1)   
B400 5.6 191.6  70.5 3.5 25.4 0.6 0.02 0.28 0.60 0.27  0.150 0.167 0.421  8.80 0.21 9.0 8.84 
B700 236.3 57.2  79.2 1.1 19.3 0.4 0.02 0.19 0.17 0.18  0.013 0.125 0.013  11.6 0.53 10.5 10.0 
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B700, Whe VoUSWion behaYioU of Cd2+ and AV(V) ZoXld be e[SecWed Wo VhoZ 

diVWincWl\ diffeUenW VoUSWion mechaniVmV aV a fXncWion of SH. 

 

5.3.2. SoUSWion iVoWheUm 

The eTXilibUiXm Wime foU Cd2+ and AV(V) VoUSWion on B400 and B700 

ZaV SUeliminaUil\ eYalXaWed in Whe VoUSWion kineWicV VWXd\, and Ze conclXded 

WhaW 120 h ZaV enoXgh Wime Wo Ueach Whe eTXilibUiXm VWaWe foU fXUWheU VoUSWion 

iVoWheUm anal\ViV (Fig. 5-2). The VoUSWion iVoWheUm VWXd\ ZaV condXcWed aW SH 

YalXeV of 3.5, 7.0 and 10, and Whe UeVXlWV ZeUe fiWWed Wo Whe LangmXiU and 

FUeXndlich iVoWheUmV Wo idenWif\ Whe VoUSWion mechaniVmV of Cd2+ and AV(V) Wo 

biochaU (Table 5-2). The beWWeU fiWWing UeVXlWV ZeUe obWained XVing Whe 

FUeXndlich model Whan Whe LangmXiU model in WeUmV of Whe r2 YalXe (Fig. 5-3). 

TheUefoUe, Whe SH-deSendenW VoUSWion of Cd2+ and AV(V) Wo biochaU in WhiV VWXd\ 

ZaV SUeVXmed Wo be mXlWila\eU VoUSWion on Whe heWeUogeneoXV VXUface of biochaU 

ZiWh a nonXnifoUm diVWUibXWion of eneUg\ (Ahmed eW al. 2017; HXang eW al. 

2018). 

The KF of Cd2+ foU B400 ZaV 0.0012, 0.0617 and 32.38 aW SH YalXeV 

of 3.5, 7.0 and 10, Zhile iW ZaV 0.0041, 0.0442 and 193.7 foU B700, 

UeVSecWiYel\(Table 5-2). In addiWion, Whe 1/n YalXeV foU boWh B400 and B700 in 

Whe Cd2+ WUeaWmenWV VhoZed an inWeUeVWing SaWWeUn in Zhich 1/n ZaV cloVe Wo 1, 

Zhich indicaWeV a lineaU UelaWionVhiS beWZeen ceq and qeq e[ceSW aW neXWUal SH. 

When 1/n iV cloVe Wo 1, VoUbenW-VoUbaWe inWeUacWionV occXU WhUoXgh SaUWiWioning 

(El-KamaVh eW al. 2005; VenegaV eW al. 2015), and Whe incUeaVe in KF ZiWh 

incUeaVing SH coXld be e[Slained b\ Whe incUeaVe in VoUSWion VWUengWh beWZeen 

Cd2+ and biochaU (Wang and Lemle\ 2006; Uchimi\a eW al. 2010). AW loZ SH, 

Whe VoUSWion of Cd2+ ZaV mainl\ aWWUibXWed Wo SaUWiWioning inWo Whe SoUoXV 

VWUXcWXUeV of Whe biochaU, Zhich ZaV confiUmed b\ Whe facW WhaW 1/n ZaV cloVe Wo 

1 foU boWh biochaUV. B700 VhoZed a gUeaWeU incUeaVe in KF Whan B400 becaXVe  
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FLJ. 5-1 SXUface chaUge denViW\ (SCD) of MiVcanWhXV biochaU SUodXced aW WZo 

S\Uol\ViV WemSeUaWXUeV of 400 �C (B400) and 700 �C (B700) aV a fXncWion of 

SH deWeUmined b\ SoWenWiomeWUic WiWUaWion in 0.05 M CaCl2 VolXWion. 
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iW had a moUe SoUoXV VWUXcWXUe Whan B400 (Table 5-1). HoZeYeU, Whe 1/n YalXe 

foU Cd2+ aW SH 7.0 (0.114 foU B400 and 0.394 foU B700) VhoZed a moUe 

diVWincWiYe SaWWeUn Whan Whe 1/n YalXe aW SH 3.5, Zhich indicaWeV WhaW an 

addiWional VoUSWion mechaniVm ZaV inYolYed. ThiV mechaniVm coXld be 

e[Slained b\ Whe AFGV, Zhich ZeUe moUe abXndanW in B400 Whan in B700 (Table 

5-1). The conWenWV of caUbo[\l and lacWonic AFGV in B400 ZeUe 0.15 and 0.17 

mmol g-1, Zhile WhoVe in B700 ZeUe 0.013 and 0.125 mmol g-1, UeVSecWiYel\. 

BaVed on Whe UeVXlWV, Whe VoUSWion mechaniVm of Cd2+ aW SH 7.0 mainl\ inYolYed 

elecWUoVWaWic aWWUacWion and coYalenW bonding beWZeen Whe negaWiYel\ chaUged 

VXUface dXe Wo Whe deSUoWonaWed AFGV and Cd2+, and Whe KF of B400 ZaV higheU 

Whan WhaW of B700 (ShafTaW and PieU]\nVki 2014). The YalXe of 1/n ZaV 

VignificanWl\ loZeU aW SH 7 Whan aW SH 3.5, Zhich indicaWeV WhaW Whe limiWed 

VoUSWion ViWeV conWUibXWed Wo Whe VoUSWion of Cd2+. IW ZaV UeaVonable Wo SUeVXme 

WhaW boWh SaUWiWioning in Whe SoUoXV VWUXcWXUe and coYalenW bonding caXVed Whe 

diVWincWiYe VoUSWion SaWWeUn aW SH 7. 

The VoUSWion of Cd2+ aW SH 10 VhoZed a dUamaWic incUeaVe in KF, and 

moVW of Whe Cd2+ ZaV VoUbed in B400 and B700. The KF of B400 ZaV loZeU Whan 

WhaW of B700, Zhich mighW imSl\ WhaW oWheU VoUSWion mechaniVmV dominaWed. 

WiWh incUeaVing SH, Whe biochaU VXUface became moUe negaWiYel\ chaUged dXe 

Wo Whe SUogUeVViYe deSUoWonaWion of AFGV on Whe biochaU VXUface, and Cd2+ 

SaUWiWioned moUe inWo Whe SoUoXV VWUXcWXUeV of Whe biochaU and VoUbed WhUoXgh 

elecWUoVWaWic aWWUacWion and comSle[aWion. In addiWion, anionV in aTXeoXV media 

ZoXld SUeciSiWaWe eaVil\ ZiWh Cd2+ and mXlWi-YalenW caWionV, Zhich ZeUe Whe 

YaUioXV elemenWV fUom Whe biochaU VXUface. ThXV, SUeciSiWaWion iV SUeVXmed Wo 

be Whe dominanW VoUSWion mechaniVm XndeU alkaline condiWionV. OYeUall, WhUee 

SoVVible VoUSWion mechaniVmV of Cd2+ onWo biochaU ZeUe infeUUed: SaUWiWioning 

inWo SoUoXV VWUXcWXUeV, comSle[aWion ZiWh VXUface AFGV and SUeciSiWaWion. The 
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deWailed SUoceVVeV ZeUe inWeUSUeWed b\ adYanced obVeUYaWion XVing XRD and 

XPS and b\ chemical modeling. 

Unlike Whe Cd2+ VoUSWion mechaniVm, AV(V) VhoZed a UelaWiYel\ 

VimSle VoUSWion SaWWeUn. The KF of AV(V) foU B400 ZaV 0.0016, 0.0015 and 

0.0114 aW SH YalXeV of 3.5, 7.0 and 10, Zhile iW ZaV 0.0045, 0.0051 and 0.0074 

foU B700, UeVSecWiYel\ (Table 5-2). In addiWion, Whe 1/n YalXe cloVe Wo 1 indicaWed 

WhaW SaUWiWioning occXUUed in Whe VoUSWion of AV(V). HoZeYeU, Whe VoUSWion 

VWUengWh of AV(V) ZaV noW aV faYoUable aV WhaW of Cd2+, aV indicaWed b\ Whe loZeU 

KF of AV(V) (0.0016-0.0114) Whan Cd2+ WUeaWmenWV (0.0012-193). The KF of 

AV(V) in boWh biochaUV VhoZed VimilaU UeVXlWV aW SH 3.5 and 7.0, Zhile a 

VignificanW incUeaVe ZaV obVeUYed aW SH 10 comSaUed ZiWh Whe UeVXlWV aW loZ 

and neXWUal SH condiWionV. The SCD UeVXlWV confiUmed WhaW SoViWiYel\ chaUged 

VXUfaceV ZeUe abXndanW aW SH 3.5 and 7.0, bXW Whe VoUSWion caSaciW\ of AV(V) 

ZaV VignificanWl\ loZeU Whan WhaW of Cd2+. The binding affiniW\ of AV(V) haV 

been UeSoUWed Wo be UelaWiYel\ high among WhoVe of o[\anionV (Han eW al., 2020). 

FUom SUeYioXV VWXdieV, Whe VoUSWion caSaciW\ of anionV decUeaVeV ZiWh 

incUeaVing SH dXe Wo Whe deSUoWonaWion of AFGV, bXW VignificanW adVoUSWion ZaV 

obVeUYed in WhiV VWXd\. ThXV, Whe loZ KF of AV(V) comSaUed ZiWh WhaW of Cd2+ 

on Whe biochaU VXUface, ZheUe a SoViWiYel\ chaUged VXUface ZaV SUeYalenW, ZaV 

noW e[Slainable. IW ZaV SUeVXmed WhaW Whe biochaU VoUSWion ViWeV foU AV(V) ZeUe 

noW acceVVible becaXVe WheiU molecXlaU Vi]e oU chaUge denViW\ ZaV noW VXiWable 

foU AV(V) UeWenWion. AddiWionall\, OH-, Cl- and oWheU anionV in Whe aTXeoXV 

ShaVe comSeWe ZiWh AV(V) foU Whe SoViWiYel\ chaUged biochaU VXUface. BaVed on 

WhiV aVVXmSWion, AV(V) VhoXld noW foUm inneU-VSheUe comSle[eV ZiWh Whe 

biochaU VXUface; Whe deWailV of WhiV aVVXmSWion ZeUe inWeUSUeWed on Whe baViV of 

Whe XPS UeVXlWV. TheUefoUe, Whe AV(V) VoUSWion behaYioU coXld be e[Slained b\ 

foXU SoVVible mechaniVmV: SaUWiWioning inWo SoUoXV VWUXcWXUeV, SUeciSiWaWion 

ZiWh caWionV fUom inoUganic biochaU comSonenWV, VoUSWion on SUeciSiWaWeV  
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FLJ. 5-2 KineWic VWXd\ of Whe Cd2+ and AV(V) VoUSWion ZiWhoXW conWUolling Whe 

SH condiWionV foU 120 h. TZo hXndUed milligUamV of biochaU ZaV mi[ed ZiWh 

20 mL of 1 mM CdCl2 oU 1 mM Na2HAVO4 ZiWh 100 mM NaCl aV Whe 

backgUoXnd elecWUol\We. The final SH of Cd2+ ZaV 6.4 and 6.8 foU B400 and 

B700 and foU AV(V) iW ZaV 7.1 and 9.9 foU B400 and B700, UeVSecWiYel\.  
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FLJ. 5-3 SoUSWion iVoWheUmV of Cd2+ and AV(V) aW Vi[ concenWUaWionV (1, 2, 3, 4, 

5, and 10 mM) and WhUee SH YalXeV (3.5, 7.0 and 10) on B400 (a and c) and 

B700 (b and d). EUUoU baUV indicaWe Whe VWandaUd deYiaWion of WUiSlicaWe 

meaVXUemenWV. The doWWed line indicaWeV Whe fiWWing UeVXlW of Whe FUeXndlich 

model, Zhile Whe ciUcleV, UecWangleV and WUiangleV indicaWe SH YalXeV of 3.5, 7.0 

and 10, UeVSecWiYel\. 
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7DEOH 5-2 FiWWing UeVXlWV XVing Whe FUeXndlich iVoWheUmV foU Cd2+ oU AV(V) 
VoUSWion on MiVcanWhXV biochaU S\Uol\]ed aW WZo WemSeUaWXUeV of 400 �C (B400) 
and 700 �C (B700) XndeU WhUee SH condiWionV (3.5, 7.0 and 10). The mi[WXUe 
ZaV agiWaWed aW 160 USm foU 120 h aW Uoom WemSeUaWXUe (25 �C). The YalXe of 
KF iV a conVWanW UelaWed Wo VoUSWion caSaciW\ (mmol g-1(mmol L-1)-n), and 1/n is 
the sorption intensity. The R2 value means the correlation of determination of 
fitting. 

MeWalV BiochaU 

 FUeXndlich iVoWheUm 
SH KF 1/n R2 

 (mmol g-1)/ 
(mmol L-1)1/n 

  

Cd2+ B400 3.5 0.0012 
(0.000) 

0.9782 
(0.0350) 

0.996 

  7.0 0.0617 
(0.0018) 

0.1137 
(0.0209) 

0.687 

  10 32.3758 
(2.3803 

1.0075 
(0.0191) 

0.997 

 B700 3.5 0.0041 
(00005) 

0.9472 
(0.0680) 

0.947 

  7.0 0.0442 
(0.0021) 

0.3935 
(0.0306) 

0.926 

  10 193.6909 
(58.7284) 

1.3463 
(0.0716) 

0.975 

AV(V) B400 3.5 0.0016 
(0.0004) 

0.9633 
(0.1318) 

0.842 

  7.0 0.0015 
(0.0003) 

0.8293 
(0.0892) 

0.895 

  10 0.0114 
(0.0004) 

0.9905 
(0.0172) 

0.997 

 B700 3.5 0.0045 
(0.0005) 

0.9770 
(0.0499) 

0.975 

  7.0 0.0051 
(0.0003) 

0.9270 
(0.0311) 

0.987 

  10 0.0074 
(0.0005) 

1.0047 
(0.0357) 

0.983 
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WhUoXgh h\dUoShobic aWWUacWion, and VoUSWion aV bUidging comSle[eV ZiWh mXlWi-

YalenW ionV. HoZeYeU, iW iV difficXlW Wo idenWif\ Whe VoUSWion mechaniVm XVing 

VoUSWion iVoWheUmV; WhXV, fXUWheU XPS and XRD anal\VeV ZeUe SeUfoUmed. 

 

5.3.3. PoVVible SUeciSiWaWion modeling XVing YiVXal MINTEQ 

IW iV e[WUemel\ difficXlW Wo deWeUmine SoVVible SUeciSiWaWeV XVing XPS 

and XRD becaXVe WheUe aUe nXmeUoXV candidaWeV inYolYed in SUeciSiWaWion. 

ThXV, chemical modeling baVed on Whe backgUoXnd ion concenWUaWionV 

meaVXUed b\ ICP-OES ZaV aSSlied Wo calcXlaWe Whe SoVVible SUeciSiWaWeV, Zhich 

aUe liVWed in Table 5-4. A WoWal of 25 elemenWV ZeUe TXanWified, bXW onl\ 6 

elemenWV (Ca, K, Mg, Mn, Na and Si) ZeUe emSlo\ed foU Whe calcXlaWion (Table 

S3); Whe VelecWed elemenWV VhoZed UelaWiYel\ high concenWUaWionV in Whe aTXeoXV 

ShaVe (> 0.01 mM) XndeU neXWUal SH condiWionV. RegaUdleVV of Whe heaY\ meWal 

WUeaWmenW and biochaU XVed, SiO2 mineUalV ZeUe foXnd aW SH 3.5 and 7.0, and 

CaCO3 mineUalV (aUagoniWe, calciWe and YaWeUiWe), chU\VoWile (Mg3(Si2O5)(OH)4), 

dolomiWe (CaMg(CO3)2) and VeSioliWe (Mg4Si6O15(OH)2�6H2O) ZeUe foXnd aW 

SH 10. In Whe Cd2+ WUeaWmenW, oWaYiWe (CdCO3) and Cd(OH)2 ZeUe calcXlaWed Wo 

be Whe SoVVible SUeciSiWaWeV on B400 and B700 aW SH YalXeV of 7.0 and 10, Zhile 

UhodochUoViWe (MnCO3) and TXaUW] (SiO2) SUeciSiWaWed on B400 onl\ aW SH 10. 

FoU Whe AV(V) WUeaWmenW, Mn3(AVO4)2�8H2O ZaV calcXlaWed Wo be Whe onl\ 

AV(V)-conWaining SUeciSiWaWe on B400 aW SH 10. The SoVVible comSle[eV and 

SUeciSiWaWeV fUom Whe YiVXal MINTEQ calcXlaWion UeVXlWV ZeUe emSlo\ed in 

fXUWheU XRD and XPS anal\ViV Wo inWeUSUeW Whe VoUSWion mechaniVmV of Cd2+ 

and AV(V) aV a fXncWion of SH. 

 

5.3.4. ChaUacWeUi]aWion of cU\VWalli]ed SUeciSiWaWeV XVing X-Ua\ diffUacWion 

TZo biochaU VamSleV befoUe and afWeU VoUSWion e[SeUimenWV emSlo\ing 

WZo concenWUaWion leYelV (1 and 5 mM) of Cd2+ and AV(V) aW WhUee SH condiWionV  
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7DEOH 5-3 DiVVolYed ion comSoViWion of B400 and B700 b\ indXcWiYel\ coXSled 
SlaVma oSWical emiVVion VSecWUoVcoS\ (ICP-OES) meaVXUemenWV. The bold 
elemenWV ZeUe emSlo\ed foU YiVXal MINTEQ calcXlaWion, in Zhich Whe 
concenWUaWion ZaV aboYe 0.01 mM (concenWUaWionV leVV Whan 0.01 mM ZeUe noW 
inclXded foU Whe calcXlaWion). 

ElemenW 
B400 
(mM) 

B700 
(mM) 

K 2.630 3.197 
Al 0.001 0.006 
Ag 0.000 0.000 
B 0.000 0.002 

CD 0.484 0.326 
Co 0.000 0.000 
CU 0.000 0.000 
CX 0.000 0.000 
Fe 0.001 0.001 
MJ 0.219 0.095 
MQ 0.011 0.001 
Ni 0.001 0.001 
Sb 0.000 0.000 
Se 0.004 0.003 
Ti 0.000 0.000 
Tl 0.000 0.004 
V 0.000 0.000 
Zn 0.001 0.001 
6L 0.552 0.206 
ND 95.422 94.726 
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7DEOH 5-4 PoVVible SUeciSiWaWeV calcXlaWed XVing ViVXal MINTEQ VofWZaUe ZiWh 
diVVolYed concenWUaWionV of Vi[ majoU ionV (Ca, K, Mg, Mn, Si and Na) ZiWh 
Cd2+ oU AV(V) ionV aW SH 3.5, 7.0 and 10. The liVWed SUeciSiWaWeV ZeUe 
caWegoUi]ed becaXVe Whe\ e[ceeded VaWXUaWion (VaWXUaWion inde[: 
(SI=log10(IAP/KVp) ª 0). The calcXlaWion ZaV condXcWed aW SH inWeUYalV of 0.5, 
bXW 3 SH SoinWV aUe liVWed. 

SH
H 

B400  B700 

1 mM Cd2+ 1 mM AV(V)  1 mM Cd2+ 1 mM AV(V) 

3.5 SiO2 
(Chalcedon\, 
CUiVWobaliWe, 
QXaUW]) 

SiO2 
(Chalcedon\, 
CUiVWobaliWe, 
QXaUW]) 

 SiO2 (QXaUW]) SiO2 (QXaUW]) 

7.0 SiO2 
(Chalcedon\, 
CUiVWobaliWe, 
QXaUW]) 
CdCO3 
(OWaYiWe) 

SiO2 
(Chalcedon\, 
CUiVWobaliWe, 
QXaUW]) 

 SiO2 (QXaUW]) 
CdCO3 
(OWaYiWe) 

SiO2 (QXaUW]) 

10 CaCO3 
(AUagoniWe, 
CalciWe, 
VaWeUiWe) 
Cd(OH)2 
Mg3(Si2O5)(
OH)4 
(ChU\VoWile) 
CaMg(CO3)2 
(DolomiWe) 
MnCO3 
(RhodochUoVi
We) 
CdCO3 
(OWaYiWe) 
SiO2 (QXaUW]) 
Mg4Si6O15(O
H)2 

ā6H2O 
(SeSioliWe) 

CaCO3 
(AUagoniWe, 
CalciWe, 
VaWeUiWe) 
Mg3(Si2O5)(
OH)4 
(ChU\VoWile) 
CaMg(CO3)2 
(DolomiWe) 
Mn3(AVO4)2ā 
8H2O (V) 
MnCO3 
(RhodochUoVi
We) 
SiO2 (QXaUW]) 
Mg4Si6O15(O
H)2 

ā6H2O 
(SeSioliWe) 

 CaCO3 
(AUagoniWe, 
CalciWe) 
Cd(OH)2 
Mg3(Si2O5)(
OH)4 
(ChU\VoWile) 
CaMg(CO3)2 
(DolomiWe) 
CdCO3 
(OWaYiWe) 
Mg4Si6O15(O
H)2ā 
6H2O 
(SeSioliWe) 

CaCO3 
(AUagoniWe, 
CalciWe, 
VaWeUiWe) 
Mg3(Si2O5)(
OH)4 
(ChU\VoWile) 
CaMg(CO3)2 
(DolomiWe) 
Mg4Si6O15(O
H)2ā 
6H2O 
(SeSioliWe) 
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(3.5, 7.0 and 10) ZeUe meaVXUed b\ XRD, and Whe diffUacWion SaWWeUnV aUe 

illXVWUaWed in Fig. 5-4. FoXU cU\VWalli]ed SUeciSiWaWeV ZeUe idenWified foU Whe 1 

mM WUeaWmenWV, Zhile WhUee addiWional SUeciSiWaWeV ZeUe obVeUYed foU Whe 5 mM 

WUeaWmenWV. In boWh B400 and B700, SiO2 (TXaUW]) SeakV aW 26.65 and 20.87� 

(liVWed b\ inWenViW\) aSSeaUed, Zhile NaCl (haliWe) ZaV idenWified in all 

WUeaWmenWV aW 31.73, 45.49 and 27.39�. E[ceSW foU TXaUW] and haliWe, VignificanW 

SeakV ZeUe noW obVeUYed in Whe Cd2+ WUeaWmenWV aW SH 3.5 in eiWheU B400 oU 

B700, Zhich coUUeVSonded Wo Whe SUeYioXV VoUSWion iVoWheUm UeVXlWV and 

VXbVeTXenW XPS inWeUSUeWaWion (Fig. 5-9). 

No SUeciSiWaWeV oWheU Whan TXaUW] and haliWe ZeUe idenWified aW SH 3.5 

foU eiWheU Cd2+ oU AV(V), Zhile CdCl2(NaCl)2(H2O)3, Cd(OH)Cl, 

CaFe2P2O5(OH)2 (melonjoVeShiWe) and CdCO3 (oWaYiWe) ZeUe idenWified in Whe 

Cd2+ WUeaWmenWV aW SH 7 and 10. Small SeakV coUUeVSonding Wo 

CdCl2(NaCl)2(H2O)3 (SeakV aW 31.14, 10.01 and 46.01�) ZeUe idenWified in B400 

aW SH 7.0 onl\, and Whe Seak inWenViW\ in Whe 5 mM WUeaWmenW ZaV gUeaWeU Whan 

WhaW in Whe 1 mM WUeaWmenW. OWaYiWe ZaV idenWified aW 30.35, 23.56, 36.52, 43.92 

and 49.60� in B400 and B700, and iWV inWenViW\ incUeaVed ZiWh incUeaVing SH 

fUom 7.0 Wo 10. AddiWionall\, ZiWh incUeaVing Cd2+ concenWUaWion fUom 1 mM Wo 

5 mM, addiWional SUeciSiWaWion of Cd(OH)Cl ZaV obVeUYed aW 17.27, 29.49, 

38.72 and 49.83� aW SH 7.0 in B700 onl\, and CaFe2P2O5(OH)2 (melonjoVeShiWe) 

ZaV alVo obVeUYed aW 29.26, 30.71, 34.17, 16.36, 28.00, 33.07, 37.80 and 33.82� 

aW SH 10 in B700. 

SignificanW SeakV of AV-conWaining SUeciSiWaWeV, e[clXding TXaUW] and 

haliWe, ZeUe noW obVeUYed in Whe AV(V) WUeaWmenWV foU B400 and B700 aW Whe 

inYeVWigaWed SH YalXeV. HoZeYeU, ZiWh incUeaVing AV(V) concenWUaWion fUom 1 

mM Wo 5 mM, addiWional SUeciSiWaWion of KAlSi2O8 (K-feldVSaU) ZaV obVeUYed 

in B400 aW SH 7.0, and a dUamaWic incUeaVe in SiO2 ZaV VhoZn in B700 aW SH 

7.0. TheVe WZo SeakV ZeUe Xne[SecWed; hoZeYeU, a VimilaU diffUacWion SaWWeUn 



5-26 

 

ZaV SUeYioXVl\ UeSoUWed (Zhao eW al. 2019). The TXaUW] SeakV ZeUe eaVil\ 

confiUmed b\ comSaUing Whe inWenViW\ change; Whe SeakV of K-feldVSaU aW 27.41 

and 27.49� oYeUlaSSed, UeVembling a Vingle Seak. 

 IW iV difficXlW Wo TXanWif\ and comSaUe Whe abXndance of SUeciSiWaWeV on 

Whe baViV of XRD UeVXlWV, bXW geneUal SaWWeUnV can be e[Slained. HaliWe ZaV moUe 

abXndanW in B400 Whan B700, and iW ZaV alVo moUe abXndanW in Whe Cd2+ 

WUeaWmenWV aW SH 3.5 and 10 Whan aW SH 7, Zhile Whe oSSoViWe SaWWeUn ZaV 

obVeUYed foU AV(V). IncUeaVing Whe Cd2+ concenWUaWion fUom 1 Wo 5 mM 

decUeaVed Whe haliWe abXndance. The SEM-EDS VWXd\ VhoZed diffeUenW 

diVWUibXWionV of Na+ and Cl- on Whe WZo biochaUV. Na+ and Cl- ZeUe eYenl\ 

diVWUibXWed on Whe VXUface of B700, Zhile Whe\ ZeUe obVeUYed aV feZ-

micUomeWeU SUeciSiWaWeV on B400 (Fig. 5-8). In addiWion, Whe aWomic UaWio of Cl/C 

incUeaVed in B400 ZiWh incUeaVing SH, Zhile Whe oSSoViWe SaWWeUn ZaV obVeUYed 

foU B700 (0.006 and 0.018 foU B400 aW SH 3.5 and 10; 0.002 and 0.001 foU B700 

aW SH 3.5 and 10, UeVSecWiYel\). ThiV UeVXlW coXld be e[Slained b\ WZo facWoUV: 

SUeciSiWaWion and VXUface chaUge denViW\. AV UeSoUWed SUeYioXVl\, B400 had 

moUe aggUegaWed SUeciSiWaWeV, Zhile Whe SUeciSiWaWeV of B700 ZeUe eYenl\ 

diVWUibXWed, Zhich ZaV Whe UeVXlW of Whe diminiVhed negaWiYel\ chaUged AFGV. 

AV a UeVXlW, Cl- ZaV UeSelled leVV fUom Whe VXUface, and diffeUenW SUeciSiWaWion 

SaWWeUnV aSSeaUed on Whe WZo biochaUV. AlWhoXgh no concUeWe eYidence haV been 

VXggeVWed foU WhiV Shenomenon, iW aidV in XndeUVWanding Whe VoUSWion behaYioU 

of AV(V). The inWenViW\ of Si-conWaining mineUalV on boWh biochaUV ZaV higheU 

aW neXWUal SH Whan XndeU acidic and alkaline condiWionV, Zhich imSlieV Whe 

VXUface Sol\meUi]aWion of VilicaWe ZiWh diVVolYed ionV aW neXWUal SH (Qian and 

Chen 2013; Qian eW al. 2013). OWaYiWe had a gUeaWeU inWenViW\ aW alkaline SH and 

ZaV moUe abXndanW in B700 Whan in B400 (Zhang eW al. 2015). XRD SaWWeUnV 

onl\ UeYeal infoUmaWion aboXW Whe cU\VWalli]ed VWUXcWXUe, and XRD SaWWeUnV  
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FLJ. 5-4 X-Ua\ diffUacWion SaWWeUnV of B400 (a) and B700 (b) befoUe Whe VoUSWion 

e[SeUimenW (lighW gUa\) and afWeU VoUSWion of Cd2+ (daUk gUa\) and AV(V) (black) 

aW WZo diffeUenW concenWUaWionV (1 and 5 mM) and WhUee diffeUenW SH YalXeV (3.5, 

7.0 and 10). SeYen cU\VWal VWUXcWXUeV ZeUe idenWified and aUe liVWed ZiWh WheiU 

codeV fUom Whe AmeUican MineUalogiVW CU\VWal SWUXcWXUe DaWabaVe (AMCSD). 

CaSiWal leWWeUV indicaWe Whe SoViWionV of Whe majoU SeakV of each cU\VWal VWUXcWXUe 

liVWed aboYe. 
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VhoXld be e[Slained ZiWh XPS UeVXlWV, Zhich haYe infoUmaWion aboXW boWh Whe 

amoUShoXV and cU\VWalli]ed VWUXcWXUeV. 

 

5.3.5 SXUface comSle[aWion and SUeciSiWaWion deWeUmined b\ X-Ua\ 

ShoWoemiVVion VSecWUoVcoS\ 

XPS anal\ViV ZaV emSlo\ed Wo deWeUmine boWh Whe amoUShoXV and 

cU\VWalli]ed VWUXcWXUeV of biochaU ZiWh Cd2+ oU AV(V). Onl\ Whe 1 mM Cd2+ and 

AV(V) WUeaWmenWV ZeUe meaVXUed Wo focXV on Whe SeakV fUom VXUface 

comSle[aWion b\ e[clXding SUeciSiWaWeV. HoZeYeU, no SeakV ZeUe deWecWed in 

Whe 1 mM AV(V) WUeaWmenWV, Vo AV3S ZaV addiWionall\ meaVXUed in Whe 5 mM 

AV(V) WUeaWmenWV. The biochaU VWUXcWXUeV of B400 and B700 ZeUe inWeUSUeWed 

fUom C1V, O1V and Si2S VSecWUa, and Whe backgUoXnd ionV (Na1V and Ca2S) and 

WaUgeW meWalV (Cd and AV) ZeUe anal\]ed. 

 

5.3.5.1 C, O and Si in Whe biochaU VWUXcWXUe 

ThUee C1V SeakV aW 284.0, 285.5 and 288.2 eV ZeUe idenWified in B400, 

Zhile 5 SeakV aW 284.5, 285.8, 286.5, 288.3 and 300.3 eV ZeUe obVeUYed in 

B700 (Fig. 3). The SeakV aW a284.0, a285.5, a286.5, a288.2 and a289.3 eV ZeUe 

aVVigned Wo aliShaWic C-C, aUomaWic C=C, gUaShiWic C=C, C=O and C-O, and 

caUbonaWe, UeVSecWiYel\ (Fig. 5-5) (SeYeUini eW al. 2002; TVaneYa eW al. 2014). 

TheVe VWUXcWXUeV in B400 and B700 VhoZed no VignificanW diffeUenceV 

UegaUdleVV of Whe Cd2+ oU AV(V) WUeaWmenW. FUom WheVe UeVXlWV, VWUXcWXUal 

WUanVfoUmaWion caXVing WheUmal decomSoViWion ZiWh incUeaVing PT ZaV cleaUl\ 

demonVWUaWed. AliShaWic C-C ZaV abXndanW in B400, Zhile aUomaWic and 

gUaShiWic C=C ZeUe dominanW in B700. Unlike SUeYioXV VWXdieV of biochaU, Ze 

VeSaUaWed Whe C=C Seak inWo aUomaWic C=C and gUaShiWic C=C becaXVe diVWincW 

UeVXlWV ZeUe obWained dXUing Whe fiWWing SUoceVV. The UeVXlWV cleaUl\ demonVWUaWe 

Whe VWUXcWXUal WUanVfoUmaWion of biochaU b\ WheUmal decomSoViWion. 
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On Whe VXUface of Whe MiVcanWhXV biochaU, Si ZaV Whe moVW abXndanW 

inoUganic elemenW. The Si conWenW ZaV SUeYioXVl\ confiUmed b\ XRF (1.61% 

foU B400 and 2.35% foU B700) (Lee eW al. 2018), and iW iV eVVenWial Wo XndeUVWand 

Whe Si2S VSecWUa fiUVW befoUe inWeUSUeWing Whe O1V VSecWUa dXe Wo Whe foUmaWion 

of SiO2. ThUee Si2S SeakV in boWh B400 and B700 ZeUe idenWified aW a100.2, 

a101.7 and a102.8 eV, and Whe SeakV ZeUe deconYolXWed inWo amoUShoXV Si-

(OH)[, amoUShoXV Si-O[ and cU\VWalli]ed Si-O2, UeVSecWiYel\. DXe Wo Whe 

SUeciSiWaWion of Si on Whe VXUface of Whe biochaUV meaVXUed b\ SEM-EDS (Fig. 

5-8), Whe inWenViW\ UaWio of Si (inWenViW\ fUom SUeciSiWaWeV/inWenViW\ fUom Whe 

VXUface) ZaV VlighWl\ diffeUenW, Zhich mighW indicaWe Whe SUeVence of eYenl\ 

diVWUibXWed amoUShoXV Si-conWaining mineUalV on Whe VXUface and cU\VWalli]ed 

SiO2 aV a SUeciSiWaWe (KoVhi]aki eW al. 1998). The incUeaVe in PT fUom 400 Wo 

700 �C caXVed Whe cU\VWalli]aWion of SiO2 aV macUo SaUWicleV fUom nanoVi]ed and 

eYenl\ diVWUibXWed VXUface SUeciSiWaWeV (Qian eW al. 2017). ConVeTXenWl\, Whe 

inWenViW\ of cU\VWalli]ed SiO2 VignificanWl\ diffeUed beWZeen B400 and B700. 

HoZeYeU, Whe XRD UeVXlWV foU TXaUW] diffeUed leVV Whan Whe XPS UeVXlWV beWZeen 

Whe WZo maWeUialV, Zhich coXld be e[Slained b\ Whe diffeUenW X-Ua\ SeneWUaWion 

deSWhV of Whe meaVXUemenWV Vince XPS iV VXUface VSecific (leVV Whan 100 nm), 

Zhile Whe deSWh meaVXUed b\ XRD iV a feZ micUomeWeUV (MoXUdikoXdiV eW al. 

2018). 

FoXU O1V SeakV ZeUe idenWified in boWh B400 and B700, bXW Whe Seak 

SoViWionV ZeUe VignificanWl\ VhifWed. The SeakV of B400 ZeUe aW 531.2, 532.4, 

533.5 and 534.7 eV and ZeUe aVVigned Wo amoUShoXV O[-Si, cU\VWalli]ed O2-Si 

and aliShaWic O-C, aUomaWic O-C, and O=C, UeVSecWiYel\ (Fig. 5-5). The SeakV 

of B700 ZeUe aW 531.9, 532.8, 534.1 and 535.4 eV, coUUeVSonding Wo amoUShoXV 

O[-Si, cU\VWalli]ed O2-Si and caUbonaWe, aUomaWic O-C and O=C, and gUaShiWic 

O-C, UeVSecWiYel\. FUom Whe Si2S UeVXlWV, Whe O1V SeakV aW 531.2 and 531.9 eV  
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FLJ. 5-5 High-UeVolXWion C1V (a and d), O1V (b and e) and Si2S (c and f) XPS 

VSecWUa of Whe WZo biochaUV (B400 and B700) befoUe Whe VoUSWion e[SeUimenW. 

SSecWUal comSonenWV ZeUe obWained and VXbjecWed Wo Seak deconYolXWion XVing 

IgoU PUo 8 VofWZaUe and X-Ua\ PhoWoelecWUon SSecWUoVcoS\ ToolV ZiWh Whe 

NaWional InVWiWXWe foU SWandaUdV and Technolog\ XPS daWabaVe. WhiWe ciUcleV 

and black lineV indicaWe e[SeUimenWal daWa and Whe fiWWing UeVXlWV, UeVSecWiYel\. 

The Vmall VSecWUa in Whe fiWWing UeVXlWV indicaWe Whe comSonenWV idenWified b\ 

deconYolXWion. All VSecWUa ZeUe fiWWed Wo aV\mmeWUic GaXVVian-LoUenW]ian 

fXncWionV (70% GaXVVian and 30% LoUenW]ian). 
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FLJ. 5-6 High-UeVolXWion Na1V XPS VSecWUa of WZo biochaUV (B400 and 

B700) afWeU VoUSWion e[SeUimenWV of Cd2+ and AV(V) aW SH 7.0 and 10. The 

VSecWUa aW SH 3.5 ZeUe noW illXVWUaWed becaXVe no VignificanW VignalV ZeUe 

obVeUYed. SSecWUal comSonenWV ZeUe obWained and addUeVVed b\ Seak 

deconYolXWion XVing IgoU PUo 8 VofWZaUe and X-Ua\ PhoWoelecWUon SSecWUoVcoS\ 

ToolV ZiWh NaWional InVWiWXWe foU SWandaUdV and Technolog\ XPS daWabaVe. 

WhiWe ciUcleV and black lineV UefeU Wo e[SeUimenWal daWa and Whe fiWWing UeVXlW, 

UeVSecWiYel\. The Vmall VSecWUa in Whe fiWWing UeVXlW indicaWe Whe comSonenWV b\ 

deconYolXWion. All VSecWUa ZeUe fiWWed Wo aV\mmeWUic GaXVVian-LoUenW]ian 

fXncWionV (70% GaXVVian and 30% LoUenW]ian).  
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FLJ. 5-7 High-UeVolXWion Ca2S XPS VSecWUa of WZo biochaU (B400 and B700) 

befoUe Whe AV(V) VoUSWion e[SeUimenW (a and d) and afWeU Whe VoUSWion 

e[SeUimenW aW SH 7.0 and 10. The VSecWUa in Whe Cd2+ VoUSWion e[SeUimenW ZeUe 

noW illXVWUaWed becaXVe no VignificanW VignalV ZeUe obVeUYed. SSecWUal 

comSonenWV ZeUe obWained and addUeVVed b\ Seak deconYolXWion XVing IgoU PUo 

8 VofWZaUe and X-Ua\ PhoWoelecWUon SSecWUoVcoS\ ToolV ZiWh NaWional InVWiWXWe 

foU SWandaUdV and Technolog\ XPS daWabaVe. WhiWe ciUcleV and black lineV UefeU 

Wo e[SeUimenWal daWa and Whe fiWWing UeVXlW, UeVSecWiYel\. The Vmall VSecWUa in Whe 

fiWWing UeVXlW indicaWe Whe comSonenWV b\ deconYolXWion. All VSecWUa ZeUe fiWWed 

Wo aV\mmeWUic GaXVVian-LoUenW]ian fXncWionV (70% GaXVVian and 30% 

LoUenW]ian). 
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ZeUe aWWUibXWed Wo amoUShoXV Si-(OH)[ and Si-O4, and Whe Seak VhifW in B700 

ZaV caXVed b\ Whe decUeaVe in Whe amoUShoXV Si-(OH)[ fUacWion Zhile  

amoUShoXV Si-O4 Uemained. The SeakV aW 532.4 eV foU B400 and 532.8 eV foU 

B700 VhoZed cloVe SoViWioning, bXW Whe comSoViWion ZaV comSleWel\ diffeUenW 

becaXVe of Whe diVaSSeaUance of aliShaWic C-O and Whe high abXndance of 

cU\VWalli]ed SiO2 and caUbonaWe. B400 VhoZed a negligible abXndance of 

cU\VWalli]ed SiO2, Zhile Whe Seak of aliShaWic C-O ZaV VignificanW. The SeakV aW 

533.5 and 534.7 eV of B400 and Whe SeakV aW 534.1 and 535.4 eV of B700 ZeUe 

inWeUSUeWed aV aUomaWic C-O, C=O and gUaShiWic C-O. The incUeaVe in PT 

dUamaWicall\ decUeaVed Whe amoXnW of aliShaWic C-C and incUeaVed Whe amoXnW 

of aUomaWic and gUaShiWic C=C, accomSanied b\ incUeaVed aUomaWic and 

gUaShiWic C-O. HoZeYeU, Whe o[\gen concenWUaWion decUeaVed fUom 25.3 Wo 19.2% 

accoUding Wo elemenWal comSoViWion anal\ViV (Table 5-1), bXW Whe o[\gen 

conWaining C1V SeakV incUeaVed, Zhich coXld be dXe Wo Whe foUmaWion of 

aUomaWic and gUaShiWic VWUXcWXUeV inVide Whe biochaU VWUXcWXUe, ZheUe Whe 

Uemaining o[\gen ZaV mainl\ locaWed on Whe VXUface. 

 

5.3.5.2 SoUSWion of backgUoXnd Na+ and Ca2+ ionV 

TZo Na1V SeakV ZeUe obVeUYed, bXW no SeakV ZeUe obVeUYed aW SH 3.5 

foU eiWheU biochaU (Fig. 5-6). A Na1V Seak ZaV obVeUYed aW 1071.5 eV foU B400, 

Zhile Whe Seak ZaV locaWed aW 1071.5 and 1073.6 eV foU B700 in Whe Cd2+ and 

AV(V) WUeaWmenWV, and Whe Seak inWenViW\ incUeaVed ZiWh incUeaVing SH in boWh 

B400 and B700. AW loZ SH, Whe VoUSWion amoXnW of Na+ ionV Wo biochaU ZaV 

loZeU dXe Wo elecWUoVWaWic UeSXlVion ZiWh Whe SoViWiYel\ chaUged VXUface of Whe 

biochaU (Fig. 5-1). ThXV, moVW Na+ ionV e[iVWed in Whe VolXWion ShaVe and noW on 

Whe VXUface oU in Whe SoUe VSace of Whe biochaU; aV a UeVXlW, no Seak ZaV obVeUYed 

aW SH 3.5 UegaUdleVV of Cd2+ oU AV(V) WUeaWmenW. In conWUaVW, a Na1V Seak ZaV 

obVeUYed aW SH 7.0 and 10 in all WUeaWmenWV. A haliWe Seak aW 1071.5 eV ZaV 
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obVeUYed dXe Wo Whe SUeciSiWaWion of Na+ ionV in Whe SoUe VSace of Whe biochaU; 

Whe Seak inWenViWieV foU B400 ZeUe laUgeU Whan WhoVe foU B700, and Whe\ 

incUeaVed fUom SH 7.0 Wo SH 10, Zhich coXld be caXVed b\ Whe deSUoWonaWion 

of AFGV and Whe SoUe VSace diVWUibXWion. ThiV UeVXlW ZaV noW coUUelaWed ZiWh Whe 

Seak inWenViWieV of haliWe in Whe XRD UeVXlWV, Zhich coXld be e[Slained b\ Whe 

diffeUence in SeneWUaWion deSWh foU Whe WZo X-Ua\ inVWUXmenWV (XRD and XPS) 

(MoXUdikoXdiV eW al. 2018) and Whe diVWUibXWion of Na+ on Whe biochaU VXUface 

obVeUYed b\ SEM-EDS (Fig. 5-8). Unlike haliWe, Whe Na2O Seak aW 1073.6 eV, 

baVed on a VWXd\ fUom SaYinWVeY eW al. (2016) ZaV onl\ obVeUYed aW SH 7.0 and 

10 in B700 and aW diffeUenW UaWioV, Zhich coXld noW be e[Slained b\ oXU 

knoZledge. The Na2O Seak fUom SaYinWVeY eW al. (2016) ZaV acTXiUed XndeU 

laVeU iUUadiaWion, bXW WhiV e[SeUimenW did noW emSlo\ VXch condiWionV. 

 In Whe caVe of Ca2S, foXU SeakV ZeUe obVeUYed, bXW ZiWh a diffeUenW 

SaWWeUn. No SeakV ZeUe idenWified in Whe Cd2+ WUeaWmenWV foU eiWheU B400 oU B700 

XndeU all SH condiWionV. The AV(V) WUeaWmenWV aW SH 3.5 alVo VhoZed no SeakV, 

Zhile Whe biochaUV befoUe Whe VoUSWion e[SeUimenW (B400 and B700) and AV(V) 

WUeaWmenW aW SH 7.0 and 10 VhoZed VignificanW SeakV (Fig. 5-7). PeakV aW 345.0 

and 348.2 eV ZeUe idenWified in Whe AV(V) WUeaWmenWV foU B400, Zhile WZo 

addiWional SeakV (347.2 and 350.4 eV) ZeUe obVeUYed in Whe AV(V) WUeaWmenWV 

foU B700. Ca2S VhoZed a VignificanW Seak VhifW aV Whe SH and PT incUeaVed, 

Zhich indicaWeV WhaW Ca2+ VoUSWion b\ Whe biochaU inYolYed a moUe comSle[ 

VoUSWion mechaniVm Whan did Na+ VoUSWion. The SeakV aW 345.0 and 348.2 eV 

ZeUe idenWified aV 2S3/2 and 2S1/2 of CaO, Zhile Whe SeakV aW 347.2 and 350.4 

eV ZeUe SUeYioXVl\ UeSoUWed aV 2S3/2 and 2S1/2 of CaCO3 accoUding Wo Whe 

NIST daWabaVe (SoVXlnikoY eW al.). BoWh CaO and CaCO3 ZeUe chaUacWeUi]ed aV 

amoUShoXV VWUXcWXUeV becaXVe Whe\ ZeUe noW idenWified in Whe XRD anal\ViV. 

The inWenViW\ of Whe SeakV incUeaVed ZiWh incUeaVing SH, imSl\ing WhaW moUe 

CaO and CaCO3 SUeciSiWaWed on Whe VXUface; WhiV SUeciSiWaWion did noW occXU 



5-39 

 

XndeU acidic condiWionV. HoZeYeU, Whe SEM-EDS obVeUYaWionV confiUmed Whe 

SUeVence of Ca2+ on Whe biochaU VXUface of boWh B400 and B700 XndeU all SH 

condiWionV, Zhile SUeciSiWaWion of Ca2+ ZaV noW confiUmed b\ XPS XndeU acidic 

SH condiWionV (Fig. 5-8). TheVe UeVXlWV coXld be e[Slained b\ Whe diVWUibXWion 

of Ca2+ on Whe biochaU VXUface obVeUYed b\ SEM-EDS. Na+ SUeciSiWaWed aV 

macUoVi]ed SaUWicleV in B400, Zhile iW ZaV eYenl\ diVWUibXWed in B700 aW all SH 

condiWionV; hoZeYeU, Ca2+ ZaV eYenl\ diVWUibXWed foU boWh B400 and B700, and 

macUoVi]ed SUeciSiWaWeV ZeUe idenWified ZiWh incUeaVing SH. ThiV SUoceVV 

indiUecWl\ SUoYided SUeciSiWaWion aV CaO and CaCO3. AddiWionall\, Whe 5 mM 

AV(V) WUeaWmenWV VhoZed VimilaU UeVXlWV foU Ca2+ aV Whe 1 mM WUeaWmenWV, bXW 

Whe inWenViW\ ZaV higheU Whan WhaW of Whe 1 mM WUeaWmenWV (daWa e[clXded). FoU 

WheVe UeaVonV, Whe VoUSWion caSaciW\ of AV(V) ZaV VignificanWl\ loZeU Whan WhaW 

of Cd2+ XndeU acidic condiWionV (Fig. 5-3), confiUming WhaW Ca2+ ZaV noW 

adVoUbed on Whe biochaU VXUface and e[iVWed aV ionV in Whe VolXWion aW loZ SH. 

AddiWionall\, dXUing Whe dU\ing SUoceVV foU anal\ViV, Ca2+ Uemained on Whe 

VXUface ZiWhoXW SUeciSiWaWion; WhXV, an eYen diVWUibXWion ZaV SoVVibl\ achieYed. 

If Ca2+ ZeUe adVoUbed on Whe biochaU VXUface, AV(V) ZoXld be moUe abXndanW 

on Whe VXUface WhUoXgh Ca-bUidging comSle[eV, bXW WhiV SUoceVV did noW occXU 

in WhiV VWXd\. 

 

5.3.5.3 SoUSWion mechaniVm of Cd2+ and AV(V) 

The XPS VSecWUa of Cd3d and AV3d aUe illXVWUaWed in Fig. 5-9 and Fig. 

5-10 foU B400 and B700 aW SH 3.5, 7.0 and 10, bXW Whe concenWUaWionV diffeUed 

(1 mM foU Whe Cd2+ WUeaWmenWV and 5 mM foU Whe AV(V) WUeaWmenWV). ThiV 

diffeUence occXUUed becaXVe no VignificanW SeakV ZeUe obVeUYed in Whe AV3d 

Uegion (37-50 eV) foU Whe 1 mM AV(V) WUeaWmenW, Zhich ZaV SUeVXmed Wo be 

dXe Wo Whe loZeU VoUSWion caSaciW\ foU AV(V) Whan Cd2+ (aSSUo[imaWel\ 10 WimeV 

loZeU); WhXV, Whe 5 mM AV(V) WUeaWmenW ZaV alVo meaVXUed XVing XPS. In Whe 
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caVe of Cd3d, 4 SeakV ZeUe idenWified aW SH 7 and 10, Zhile no SeakV ZeUe 

obVeUYed aW SH 3.5. TZo SeakV aW a403.5 and a410.5 eV ZeUe idenWified in B400, 

and WZo addiWional SeakV aW a405.5 and a412.0 eV ZeUe obVeUYed in B700. 

AccoUding Wo Whe NIST daWabaVe, Whe SeakV aW 405.5 and 412.0 eV ZeUe fUom 

oWaYiWe, Zhile Whe SeakV aW 403.5 and 410.5 eV ZeUe fUom Whe mononXcleaU 

bidenWaWe VoUSWion of CdO. BaVed on Whe XPS and XRD UeVXlWV, Whe SeakV aW 

a405.5 and a412.0 eV ZeUe fUom cU\VWalli]ed oWaYiWe, Zhile Whe SeakV aW a403.5 

and a410.5 eV ZeUe claVVified aV amoUShoXV CdO becaXVe oWaYiWe ZaV deWecWed 

b\ XRD, Zhile CdO did noW aSSeaU. FXUWheUmoUe, Whe SEM-EDS UeVXlWV VhoZed 

no aggUegaWeV of amoUShoXV CdO, Vo WhiV VWUXcWXUe ZaV eYenl\ diVWUibXWed; WhXV, 

Cd2+ foUmed comSle[eV ZiWh AFGV. TheUefoUe, iW ZaV UeaVonable Wo conclXde 

WhaW Whe fiUVW VoUSWion mechaniVm of Cd2+ obVeUYed aW 403.5 and 410.5 eV ZaV 

mononXcleaU bidenWaWe VoUSWion aV CdO in boWh B400 and B700 aW SH 7.0 and 

10. The Vecond VoUSWion mechaniVm, coUUeVSonding Wo Whe SeakV aW 405.5 and 

412.0 eV, ZaV aWWUibXWed Wo SUeciSiWaWion aV oWaYiWe, Zhich ZaV onl\ deWecWed in 

B700 aW SH 7.0 and 10. 

UnfoUWXnaWel\, no VignificanW Seak in Whe AV3d Uegion (37-50 eV) ZaV 

obVeUYed foU Whe WZo biochaUV afWeU 1 mM AV(V) VoUSWion, bXW VignificanW SeakV 

ZeUe obVeUYed in Whe 5 mM AV(V) WUeaWmenWV. FiYe SeakV UelaWed Wo AV(V) ZeUe 

idenWified, Zhich ZeUe locaWed aW a41.0, a43.0, a43.7, a44.4 and 45.1 eV. The 

SeakV aW a41.0, a43.0 and a43.7 eV ZeUe obVeUYed in B400 aW SH 7 and 10 and 

ZeUe aVVigned Wo meWallic ]eUo YalenW AV (AV(0)), AV(III) 3d5/2 and AV(III) 

3d3/2, UeVSecWiYel\, baVed on a SUeYioXV VWXd\ (Penke eW al. 2017). FoXU SeakV 

ZeUe meaVXUed in B700: WZo SeakV aW 43.0 and 43.7 eV ZeUe fUom AV(III), and 

WZo addiWional SeakV aW a44.4 and a45.1 eV ZeUe chaUacWeUi]ed aV AV(V) 3d5/2 

and AV(V) 3d3/2. MinoU SeakV ZeUe idenWified in boWh B400 and B700, and Whe\ 

ZeUe SUeVXmed Wo be Mn3S and Mg2S. The Seak aUea of meWallic AV(O) in B400 

incUeaVed, Zhile WhaW of AV(III) decUeaVed ZiWh incUeaVing SH fUom 7.0 Wo 10. 



5-41 

 

 

 

 

 

 

 

 

 

 

 

FLJ. 5-8 Field emiVVion Vcanning elecWUon micUoVcoSe eTXiSSed ZiWh an eneUg\ 

diVSeUViYe X-Ua\ VSecWUoVcoS\ (FE-SEM/EDS) image of biochaU VamSleV XndeU 

WZo diffeUenW S\Uol\ViV WemSeUaWXUeV (B400 and B700) aW WZo SH YalXeV (3.5 

and 10). The coloUed imageV UeSUeVenW Whe elemenWal diVWUibXWion of C (\elloZ), 

O (oUange), Si (blXe), Na (lighW YioleW), Cl (YioleW), Ca (Ued), Al (gUeen) and K 

(lighW blXe) aW Whe Vame Vcale XVing SEM-EDS meaVXUemenWV. The FE-

SEM/EDS ZaV oSeUaWed aW an acceleUaWing YolWage of 10 kV XVing SE2 mode. 

ThiV FE-SEM/EDS gUaSh ZaV SUeYioXVl\ UeSoUWed, bXW iW ZaV inclXded heUe aV 

VXSSoUWing infoUmaWion foU Whe conYenience of UeadeUV. 
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FLJ. 5-9 High-UeVolXWion Cd3d XPS VSecWUa of Whe WZo biochaUV (B400 and 

B700) aW WhUee diffeUenW SH YalXeV (3.5, 7.0 and 10). SSecWUal comSonenWV ZeUe 

obWained and idenWified b\ Seak deconYolXWion XVing IgoU PUo 8 VofWZaUe and 

X-Ua\ PhoWoelecWUon SSecWUoVcoS\ ToolV ZiWh Whe NaWional InVWiWXWe foU 

SWandaUdV and Technolog\ XPS daWabaVe. WhiWe ciUcleV and black lineV indicaWe 

e[SeUimenWal daWa and Whe fiWWing UeVXlWV, UeVSecWiYel\. The Vmall VSecWUa in Whe 

fiWWing UeVXlWV indicaWe Whe comSonenWV idenWified b\ deconYolXWion. All VSecWUa 

ZeUe fiWWed Wo aV\mmeWUic GaXVVian-LoUenW]ian fXncWionV (70% GaXVVian and 

30% LoUenW]ian).  
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FLJ. 5-10 High-UeVolXWion AV3d XPS VSecWUa of Whe WZo biochaUV (B400 and 

B700) aW WhUee diffeUenW SH YalXeV (3.5, 7.0 and 10). SSecWUal comSonenWV ZeUe 

obWained and idenWified b\ Seak deconYolXWion XVing IgoU PUo 8 VofWZaUe and 

X-Ua\ PhoWoelecWUon SSecWUoVcoS\ ToolV ZiWh Whe NaWional InVWiWXWe foU 

SWandaUdV and Technolog\ XPS daWabaVe. WhiWe ciUcleV and black lineV indicaWe 

e[SeUimenWal daWa and Whe fiWWing UeVXlWV, UeVSecWiYel\. The Vmall VSecWUa in Whe 

fiWWing UeVXlWV indicaWe Whe comSonenWV idenWified b\ deconYolXWion. All VSecWUa 

ZeUe fiWWed Wo aV\mmeWUic GaXVVian-LoUenW]ian fXncWionV (70% GaXVVian and 

30% LoUenW]ian). 
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B700 VhoZed diffeUenW UaWioV beWZeen AV(III) and AV(V), and Whe UaWioV ZeUe 

VimilaU aW SH 3.5 and 10, Zhile Whe\ ZeUe diVWincW aW SH 7. FoU boWh biochaUV, 

amoUShoXV AV(V) ZaV noW obVeUYed XndeU an\ SH condiWionV Vince iW iV difficXlW 

Wo chaUacWeUi]e VoUSWion mechaniVmV ZiWh XPS alone becaXVe Whe UedXcWion and 

o[idaWion (Uedo[) of AV and VSin-oUbiW VSliWWing caXVe comSle[l\ oYeUlaSSing 

XPS VSecWUa. In addiWion, Whe foUmaWion of inneU-VSheUe comSle[eV ZoXld 

geneUall\ SUomoWe WhiV comSle[iW\; hoZeYeU, WheUe ZaV no inneU-VSheUe 

comSle[aWion, baVed on Whe loZ VoUSWion caSaciW\ fUom Whe VoUSWion iVoWheUm 

and Whe VimilaU Seak SoViWion Wo WhoVe of NaH2AVO4 and NaH2AVO3. FoU WhaW  

UeaVon, Ze e[clXded inneU-VSheUe comSle[aWion aV a VoUSWion mechaniVm of 

AV(V) and SUeVXmed all AV ionV VoUbed WhUoXgh ionic bonding ZiWh oWheU ionV 

aV SUeciSiWaWeV on Whe biochaU VXUface. 

BaVed on WhiV obVeUYaWion in Whe AV(V) WUeaWmenW, iW ZaV UeaVonable Wo 

conclXde WhaW Whe biochaU caXVed Whe UedXcWion of AV(V) Wo AV(III) and meWallic 

AV(0) aW diffeUenW UaWeV XSon changeV in SH and PT. NXmeUoXV SUeYioXV VWXdieV 

haYe confiUmed Whe UedXcWion of AV caXVed b\ biochaU, Zhich iV mainl\ 

aWWUibXWed Wo AFGV (ViWhanage eW al. 2017). DeSUoWonaWed AFGV on biochaU 

\ield SUoWonV and elecWUonV, and AV(V) iV UedXced Wo aUVeniWe (AV(III)). DiUecW 

and addiWional eYidence foU AV(V) UedXcWion ZaV noW Slanned, bXW indiUecW SUoof 

ZaV foXnd dXUing SH adjXVWmenW (Fig. S6). DXUing SH adjXVWmenW foU Whe baWch 

e[SeUimenW, diVWincW SaWWeUnV ZeUe foXnd in Whe Cd2+ and AV(V) WUeaWmenWV, in 

Zhich Whe SH of Whe AV(V) WUeaWmenWV incUeaVed ZiWh incUeaVing AV(V) 

concenWUaWion, Zhile Whe Cd2+ WUeaWmenWV VhoZed no VignificanW diffeUence; WhiV 

SH incUeaVe iV indiUecW eYidence of AV(V) UedXcWion. The Seak aUea UaWio of 

AV(III) 3d5/2 Wo meWallic AV(O) in B400 ZaV 0.97 and 0.80 aW SH 7 and 10, 

UeVSecWiYel\, Zhich indicaWed WhaW UedXcWion Wo meWallic AV(0) ZaV moUe 

faYoUable aW SH 10. The Seak aUea UaWio of AV(V) 3d5/2 Wo AV(III) 3d5/2 in B700 

ZaV 1.60, 0.83 and 1.90 aW SH 3.5, 7.0 and 10, UeVSecWiYel\, indicaWing WhaW Whe 
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UedXcWion of AV(V) Wo AV(III) ZaV moUe abXndanW aW ciUcXmneXWUal SH. In 

SUeYioXV VWXdieV, Whe UedXcWion of AV(V) Wo AV(III) ZaV faYoUable XndeU acidic 

condiWionV, bXW Whe UaWio of AV(V)/AV(III) decUeaVed aW SH 3.5 in WhiV VWXd\. The 

UedXcWion of AV(V) ZaV goYeUned b\ Whe WZo facWoUV menWioned aboYe, SUoWon 

and elecWUon concenWUaWion, and boWh facWoUV aUe eVVenWial foU UedXcWion. 

HoZeYeU, SUoWonV aUe abXndanW aW loZ SH (3.5), Zhile elecWUonV aUe a limiWing 

facWoU, and Whe oSSoViWe SaWWeUn ZaV SUeVXmed Wo occXU aW SH 10; WhXV, Whe 

UedXcWion of AV(V) ZaV faYoUable aW ciUcXmneXWUal SH. ThiV UeVXlW did noW agUee 

ZiWh Whe obVeUYed incUeaVe in Whe UedXcWion of AV(V) Wo AV(0) ZiWh incUeaVing 

SH in B400. TheVe UeVXlWV imSl\ WhaW Whe UedXcWion of AV(III) Wo AV(0) UeTXiUeV 

feZeU SUoWonV Whan Whe UedXcWion of AV(V)/AV(III), bXW WheUe iV no concUeWe 

eYidence Wo SUoYe VXch UedXcWion in WhiV VWXd\. 

The VoUSWion iVoWheUm of AV(V) VhoZed a lineaU coUUelaWion ZiWh 

concenWUaWion, and Whe XRD UeVXlWV VhoZed no VignificanW SUeciSiWaWion of AV-

conWaining cU\VWal VWUXcWXUeV. In addiWion, Whe XPS UeVXlWV VhoZed WhaW ionic 

bonding ZaV a majoU VoUSWion mechaniVm ZiWhoXW inneU-VSheUe comSle[aWion 

oU SUeciSiWaWion and Whe UedXcWion of AV(III) and AV(0) occXUUed. BaVed on WheVe 

UeVXlWV, iW iV UeaVonable Wo e[clXde Whe VoUSWion mechaniVm of SUeciSiWaWion 

becaXVe no SUeciSiWaWion ZaV obVeUYed b\ eiWheU XRD oU XPS. AddiWionall\, Whe 

SoVVibiliW\ of inneU-VSheUe comSle[aWion VhoXld alVo be eliminaWed becaXVe no 

Seak diffeUence ZaV obVeUYed beWZeen ValWV of AV(V) and AV(III). HoZeYeU, 

SaUWiWioning inWo SoUoXV VWUXcWXUeV and ionic bonding Wo SoViWiYel\ chaUged 

VXUfaceV Uemain SoVVible VoUSWion mechaniVmV. The YalXe of 1/n cloVe Wo 1 

indicaWed WhaW SaUWiWioning goYeUnV Whe VoUSWion mechaniVm, bXW iW coXld noW 

e[Slain Whe VoUSWion incUeaVeV aW SH 10, and VimilaU VoUSWion occXUUed aW SH 3.5 

and 7.0. ThiV VoUSWion behaYioU coXld be e[Slained b\ Whe elecWUical aWWUacWion 

of AV(V) and AV(III) Wo AFGV on Whe biochaU VXUface incoUSoUaWing mXlWi YalenW 

caWionV, VXch aV Ca2+, Mn2+, Mg2+, Al3+ and Fe3+. FoU WhaW UeaVon, a moUe  
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FLJ. 5-11 The UeVXlWV of SH adjXVWmenW foU Whe VoUSWion iVoWheUm VWXd\ aW SH 

3.5. The daWa indicaWe Whe SH befoUe SH adjXVWmenWV, and Whe SH ZaV adjXVWed 

Wo SH 3.5. A diVWincW SaWWeUn beWZeen Cd2+ and AV(V) ZaV obVeUYed, Zhich ZaV 

caXVed b\ Whe UedXcWion of AV(V) Wo AV(III) and AV(0). 
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dUamaWic incUeaVe in AV(V) VoUSWion ZaV obVeUYed in B400 Whan in B700, Zhich 

haV moUe BFGV and feZeU AFGV. In addiWion, oXWeU-VSheUe comSle[eV ZiWh 

BFGV ZoXld be SoVVible aW loZ SH. AnoWheU SoVVible VoUSWion mechaniVm 

ZoXld be VoUSWion on Whe VXUface of SUeciSiWaWeV, VXch aV amoUShoXV CaO, 

CaCO3 and cU\VWalli]ed TXaUW], bXW WheiU conWUibXWion ZoXld be negligible 

becaXVe SUeciSiWaWeV ZeUe onl\ obVeUYed aW SH 7 and 10. ThXV, Whe VoUSWion of 

AV(V) aW SH 7 VhoZed no VignificanW diffeUence fUom WhaW aW SH 3.5, and Whe 

UeSoUWed PZNCV of CaCO3 and SiO2 aUe 8.0 and 2.0, UeVSecWiYel\, imSl\ing WhaW 

no aYailable foU holding anionV aW high SH. TheUefoUe, SaUWiWioning, oXWeU-VSheUe 

comSle[aWion, h\dUoShobic inWeUacWionV and elecWUoVWaWic bUidging ZiWh 

mXlWiYalenW caWionV aUe SoVVible VoUSWion mechaniVmV foU AV(V). 

 

5.3.6. DiVWincW VoUSWion mechaniVmV of Cd2+ and AV(V) 

BaVed on Whe VoUSWion iVoWheUmV, molecXlaU obVeUYaWionV b\ SEM, and 

chemical meaVXUemenWV b\ XRD and XPS, foXU VoUSWion mechaniVmV of Cd2+ 

ZeUe SUoSoVed: SaUWiWioning inWo Whe SoUoXV VWUXcWXUe, oXWeU-VSheUe 

comSle[aWion WhUoXgh elecWUoVWaWic aWWUacWion, inneU-VSheUe comSle[aWion 

beWZeen Whe o[\gen of AFGV and Cd2+ aV CdO and CdO2, and SUeciSiWaWion aV 

cU\VWalli]ed oWaYiWe. PaUWiWioning inWo Whe SoUoXV VWUXcWXUe did noW conWUibXWe Wo 

Whe VoUbed fUacWion becaXVe Cd2+ Uemained in Whe SoUoXV VWUXcWXUe dXUing Whe 

filWUaWion SUoceVV, bXW iW iV difficXlW Wo VeSaUaWe SaUWiWioning and oXWeU-VSheUe 

comSle[aWion becaXVe no modeUn anal\Wical WechniTXe can UeYeal Whe diffeUence. 

The inneU-VSheUe comSle[eV ZeUe SUeVXmed Wo be mononXcleaU bidenWaWe (CdO) 

oU binXcleaU bidenWaWe (CdO2) comSle[eV, and VXch comSle[aWion ZaV 

obVeUYable ZheUe deSUoWonaWed AFGV ZeUe abXndanW, VXch aV aW high SH oU on 

B400. IncUeaVing PT led Wo a decUeaVe in AFGV, decUeaVing inneU-VSheUe 

comSle[aWion aV CdO oU CdO2. AmoUShoXV VWUXcWXUeV ZeUe alVo idenWified on 

Whe baViV of XRD anal\ViV; WhXV, Ze conclXded WhaW Cd2+ inWeUacWed ZiWh 



5-52 

 

deSUoWonaWed AFGV WhUoXgh inneU-VSheUe comSle[eV. PUeciSiWaWion aV oWaYiWe 

ZaV Whe majoU VoUSWion mechaniVm of Cd2+ aW high SH ZiWh incUeaVing PT. ThiV 

conclXVion iV UeaVonable becaXVe Whe concenWUaWion of caUbonaWe VSecieV in Whe 

aTXeoXV ShaVe dUamaWicall\ incUeaVed ZiWh incUeaVing SH (aSSUo[imaWel\ 1,000 

WimeV higheU aW SH 10 Whan SH 7), and moUe oWaYiWe SUeciSiWaWed. 

UndeU acidic SH condiWionV, VignificanW amoXnWV of Cd2+ conWaining 

mineUalV ZeUe noW foUmed Vince Whe SoViWiYel\ chaUged VXUface of biochaU had 

YeU\ feZ deSUoWonaWed AFGV (caUbo[\lic, lacWonic and Shenolic gUoXSV), Zhich 

coUUeVSonded Wo SUeYioXV UeVXlWV.(Lee eW al. 2020) HoZeYeU, ZiWh incUeaVing SH 

fUom 3.5 Wo 7.0, Cd2+ VoUSWion incUeaVed on B400 and B700, bXW diffeUenW 

VoUSWion mechaniVmV ZeUe inYolYed: inneU-VSheUe comSle[aWion in B400 and 

SUeciSiWaWion aV oWaYiWe in B700. ThiV SUoceVV occXUUed dXe Wo Whe degUee of 

deSUoWonaWed AFGV on Whe biochaU; WhXV, caUbo[\lic gUoXSV ZeUe aYailable aW 

SH 7.0 foU inneU-VSheUe comSle[aWion. HoZeYeU, B700 VhoZed a loZeU 

abXndance of caUbo[\lic gUoXSV Whan did B400; foU WhaW UeaVon, SUeciSiWaWion 

goYeUned Cd2+ VoUSWion. The UeVXlWV foU SH 7.0 and 10 VhoZed WhaW Whe 

conWUibXWion of inneU-VSheUe comSle[eV incUeaVed in B700 dXe Wo deSUoWonaWed 

lacWonic and Shenolic gUoXSV, Zhile B400 VhoZed no oWaYiWe in Whe 1 mM 

WUeaWmenW becaXVe Whe VoUSWion ViWeV ZeUe moUe abXndanW Whan Whe VoUbaWe 

molecXleV. 

On Whe oWheU hand, Whe VoUSWion of AV(V) on Whe MiVcanWhXV biochaU 

ZaV noW aV faYoUable aV WhaW of Cd2+, eYen WhoXgh a high anion e[change 

caSaciW\ (AEC) foU Whe biochaU ZaV SUeYioXVl\ UeSoUWed. ThiV UeVXlW coXld be 

e[Slained b\ WZo UeaVonV: Whe UedXcWion of AV(V) Wo AV(III) and AV(O) b\ 

elecWUonV fUom Whe biochaU VXUface and Whe loZ VoUSWion affiniW\ of AV onWo 

BFGV. Han eW al. (2020) UeSoUWed Whe VWUXcWXUal configXUaWion and VoUSWion 

affiniW\ of o[\anionV, and aUVenaWe VhoZed a high VoUSWion affiniW\ on iUon 

(h\dU)o[ideV. HoZeYeU, Whe BFGV of biochaU aUe noW aV chaUged aV iUon 
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(h\dU)o[ideV; WhXV, Whe diffeUence in chaUge denViW\ and VoUSWion ViWe denViW\ 

ZoXld lead Wo a SooU VoUSWion caSaciW\ foU AV(V) (LaZUinenko and LaiUd 2015). 

In addiWion, an incUeaVe in PT ZoXld \ield an incUeaVe in AEC in comSaUiVon 

ZiWh WhaW in moVW SUeYioXV VWXdieV, bXW oXU UeVXlWV did noW coUUelaWe ZiWh SUeYioXV 

VWXdieV. FoU Whe e[SlanaWion of VXch Shenomena, Whe VoUSWion mechaniVm of 

AV(V) VhoXld fiUVW be XndeUVWood. FoXU VoUSWion mechaniVmV of AV(V) ZeUe 

SUeYioXVl\ idenWified: SaUWiWioning, oXWeU-VSheUe comSle[aWion, h\dUoShobic 

aWWUacWion and elecWUoVWaWic bUidging comSle[aWion. 

UndeU SH 3.5 and 7.0, no SUeciSiWaWion ZaV obVeUYed in Whe AV(V) 

WUeaWmenWV, and no VignificanW diffeUence in VoUSWion caSaciW\ ZaV meaVXUed 

beWZeen SH 3.5 and 7.0 foU B700. HoZeYeU, a VlighW decUeaVe in VoUSWion 

caSaciW\ ZaV obVeUYed foU B400. ThiV UeVXlW indicaWeV WhaW Whe majoUiW\ of AV(V) 

VoUSWion ZaV goYeUned b\ SaUWiWioning aW SH 3.5 and 7.0; hoZeYeU, oXWeU-VSheUe 

comSle[aWion conWUibXWed Wo AV(V) VoUSWion. ThXV, Whe VoUSWion caSaciW\ of 

B700 foU AV(V) did noW diffeU aW SH 3.5 and 7.0, Zhich ZaV dXe Wo Whe decUeaVe 

in oXWeU-VSheUe comSle[eV of AV(V) comSenVaWing foU Whe incUeaVe in oXWeU-

VSheUe comSle[eV of AV(III) becaXVe AV(III) and AV(V) inWeUacW ZiWh diffeUenW 

VoUSWion ViWeV, i.e., h\dUoShobic and h\dUoShilic VXUfaceV. BaVed on Whe UeVXlWV, 

B700 VhoZed a gUeaWeU VoUSWion caSaciW\ Whan B400 aW SH 3.5 and 7.0, bXW Whe 

oSSoViWe WUend ZaV obVeUYed aW SH 10. The dUamaWic incUeaVe in VoUSWion 

caSaciW\ aW SH 10 comSaUed ZiWh WhaW aW SH 7.0 iV aWWUibXWed Wo mXlWiYalenW ionV 

acWing aV a bUidge beWZeen Whe AFGV of Whe biochaU VXUface and negaWiYel\ 

chaUged AV(III) and AV(V) o[\anionV. B400 haV moUe AFGV and diVVolYed 

mXlWiYalenW ionV Whan B700 (Table S3), and bUidging comSle[eV ZoXld be moUe 

SUeYalenW in B400. In addiWion, Whe inWeUacWion beWZeen AV(0) and Whe 

h\dUoShobic VXUface of Whe biochaU ZoXld incUeaVe Whe VoUSWion caSaciW\ of AV, 

UeVXlWing in a higheU VoUSWion caSaciW\ in B400 aW SH 10. 
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BaVed on WhiV obVeUYaWion and inWeUSUeWaWion, foXU VoUSWion 

mechaniVmV ZeUe inYolYed in Cd2+ VoUSWion and AV(V) VoUSWion ZiWh UedXcWion. 

PaUWiWioning and oXWeU-VSheUe comSle[aWion ZeUe SUoSoVed aV VoUSWion 

mechaniVmV foU boWh Cd2+ and AV(V), inneU-VSheUe comSle[aWion and 

SUeciSiWaWion ZeUe obVeUYed foU Cd2+, and h\dUoShobic aWWUacWion and 

elecWUoVWaWic bUidging comSle[aWion ZeUe SUeVXmed foU AV conWaining 

molecXleV. The SaUWiWioning of Cd2+ and AV(V) inWo Whe SoUoXV VWUXcWXUe of 

biochaU aW all SH condiWionV goYeUned Whe VoUSWion mechaniVm aW loZ SH 

becaXVe Cd2+ SUeciSiWaWion and elecWUoVWaWic bUidging comSle[eV of AV(III) and 

AV(V) ZeUe noW faYoUable. OXWeU-VSheUe comSle[aWion ZaV SUeVXmed Vince Whe 

emSlo\ed WechniTXeV ZeUe noW able Wo diVWingXiVh beWZeen SaUWiWioning and 

oXWeU-VSheUe comSle[aWion. InneU-VSheUe comSle[aWion and SUeciSiWaWion ZeUe 

onl\ obVeUYed foU Cd2+, and no eYidence foU coYalenW bonding of AV(V) ZiWh 

Whe biochaU VXUface ZaV obVeUYed in WhiV VWXd\ XndeU all SH condiWionV becaXVe 

of Whe diffeUence in Whe VoUSWion affiniW\ foU AV(V) onWo BFGV, Zhich haYe a 

loZeU chaUge denViW\ Whan AV(V). InneU-VSheUe comSle[aWion of Cd2+ ZiWh 

deSUoWonaWed AFGV ZaV obVeUYed Wo be moUe faYoUable Whan SUeciSiWaWion beloZ 

SH 8; WhXV, Whe incUeaVe in deSUoWonaWed AFGV ZiWh incUeaVing SH incUeaVed 

inneU-VSheUe comSle[aWion, Zhich ZaV moUe SUedominanW in B400. 

PUeciSiWaWion haV been UeSoUWed Wo VWUongl\ VeTXeVWeU Cd2+ in e[WUeme alkaline 

SH condiWionV, and Whe chemical modeling UeVXlWV VhoZed WhaW SUeciSiWaWion aV 

oWaYiWe dUamaWicall\ incUeaVed fUom SH 8 Wo 10, indicaWing WhaW SUeciSiWaWion 

ZoXld occXU in VlighWl\ alkaline Voil enYiUonmenWV (daWa noW VhoZn). The Cd2+ 

VoUSWion mechaniVm ZaV SUoSoVed on Whe baViV of concUeWe eYidence, bXW Whe 

SUoSoVed AV(V) VoUSWion mechaniVm iV onl\ an aVVXmSWion baVed on Whe daWa 

fUom WhiV VWXd\ and knoZledge fUom SUeYioXV liWeUaWXUe. The UedXcWion of AV(V) 

Wo AV(III) and AV(0) ZoXld lead Wo h\dUoShobic inWeUacWionV of AV(III) and AV(0) 

ZiWh Whe biochaU VXUface and elecWUoVWaWic bUidging comSle[aWion. AlWhoXgh Whe 
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h\dUoShobic aWWUacWion of H3AVO3 and AV(0) and elecWUoVWaWic bUidging 

comSle[aWion coXld noW be obVeUYed ZiWh Whe WechniTXeV emSlo\ed in WhiV VWXd\, 

WZo VoUSWion mechaniVmV ZeUe VXggeVWed b\ e[clXding Vome VoUSWion 

mechaniVmV, VXch aV inneU-VSheUe comSle[aWion and VoUSWion ZiWh SUeciSiWaWeV. 

MoUe SoZeUfXl X-Ua\-baVed WechniTXeV, VXch aV an e[Wended X-Ua\ abVoUSWion 

fine edge and X-Ua\ abVoUSWion neaU edge VWUXcWXUe aW Whe inWeUface, ZoXld 

claUif\ Whe VoUSWion mechaniVmV. HoZeYeU, WhiV VWXd\ cleaUl\ confiUmed WhaW Whe 

UedXcWion of AV(V) occXUUed and Whe majoUiW\ of AV conWaining molecXleV ZeUe 

moUe faYoUabl\ adVoUbed in h\dUaWed VWaWeV Whan VoUbed VWaWeV on Whe biochaU 

VXUface. 

 

5.4. CRQFOXVLRQV 

We h\SoWheVi]ed WhaW SH ZoXld deWeUmine Whe VoUSWion behaYioU of 

WZo conWUaVWing inoUganic SollXWanWV (caWionic cadmiXm (Cd2+) and o[\anionic 

aUVenaWe (AV(V))) and Whe UeVSonVe ZoXld diffeU ZiWh changeV in inoUganic 

SollXWanWV, chaUge, and PT. ThiV h\SoWheViV ZaV VWXdied b\ inWeUSUeWing Whe 

VoUSWion mechaniVm XVing SEM, XRD and XPS. The SH-deSendenW VoUSWion of 

Cd2+ and AV(V) Wo biochaU SUodXced fUom MiVcanWhXV S\Uol\]ed aW WZo 

diffeUenW PTV (400 and 700 �C) ZaV WeVWed; foXU VoUSWion mechaniVmV foU boWh 

Cd2+ and AV(V) ZeUe obVeUYed, Zhich ZeUe SUeVXmed b\ inWeUSUeWing Whe 

aYailable daWa oU b\ e[clXding oWheU SoVVible mechaniVmV. PaUWiWioning and 

oXWeU-VSheUe comSle[aWion ZeUe idenWified foU boWh Cd2+ and AV(V); inneU-

VSheUe comSle[aWion ZiWh AFGV and VXUface SUeciSiWaWion aV oWaYiWe ZeUe Whe 

goYeUning VoUSWion mechaniVmV foU Cd2+, Zhile h\dUoShobic aWWUacWion of 

UedXced AV molecXleV and elecWUoVWaWic bUidging comSle[aWion ZiWh mXlWiYalenW 

ionV on Whe AFGV ZeUe SUeVXmed Wo be addiWional VoUSWion mechaniVmV foU 

AV(V). The VoUSWion caSaciWieV of Cd2+ and AV(V) ZeUe e[SecWed Wo e[hibiW 

oSSoViWe WUendV ZiWh UeVSecW Wo SH becaXVe of Whe SCD of biochaU and Whe high 
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AEC. HoZeYeU, boWh Cd2+ and AV(V) ZeUe UeWained moUe aW high SH Whan aW loZ 

SH, Zhich ZaV e[Slained b\ Whe UedXcWion of AV(V) and Whe chaUge diffeUence 

beWZeen AV(V) and Whe BFGV of biochaU. TheVe WZo SUoceVVeV ZoXld VWabili]e 

caWionic meWalV and anionic meWalloidV WogeWheU. HoZeYeU, Whe degUee of 

VWabili]aWion diffeUed VignificanWl\ becaXVe Whe VoUSWion caSaciW\ foU Cd2+ ZaV 

aSSUo[imaWel\ 10 WimeV higheU Whan WhaW foU AV(V). IWV UeVXlWV indicaWed WhaW 

ShoVShaWe (P(V)) ZoXld haYe VimilaU behaYioU on MiVcanWhXV biochaU becaXVe 

of Whe elecWUochemical VimilaUiWieV beWZeen AV(V) and P(V). On Whe oWheU hand, 

anionic nXWUienWV, VXch aV niWUaWe and VXlfaWe, Zhich haYe a UelaWiYel\ loZ 

VoUSWion affiniW\, ZoXld be SUeciSiWaWed on Whe B400 VXUface oU eYenl\ 

diVWUibXWed on Whe B700 VXUface baVed on Whe Cl- diVWUibXWion in WhiV VWXd\ 

becaXVe BFGV aUe moUe VXiWable Whan AFGV foU holding VXch anionV. HoZeYeU, 

concUeWe eYidence VhoXld be SUoYided in fXUWheU inYeVWigaWionV. In WhiV VWXd\, 

Ze confiUmed WhaW Whe SoUe VWUXcWXUe and AFGV of biochaU goYeUn Whe VoUSWion 

behaYioU of Cd2+ and AV(V), and boWh VoUSWion mechaniVmV ZeUe conWUolled b\ 

AFGV WhUoXgh inneU-VSheUe comSle[aWion and elecWUoVWaWic bUidging 

comSle[aWion. AlWhoXgh WhiV VWXd\ onl\ addUeVVed Whe VoUSWion mechaniVmV in 

a VimSlified V\VWem ZiWhoXW Voil, Ze belieYe WhaW oXU findingV Zill conWUibXWe Wo 

a comSUehenViYe XndeUVWanding of Whe VoUSWion behaYioU of inoUganic SollXWanWV 

Wo biochaU and coXld helS beWWeU e[Slain WheiU faWe, behaYioU and WUanVSoUW in Voil 

and ZaWeU enYiUonmenWV. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 

 

6.1. SXPPaU\ 

BiochaU iV pUodXced fUom Whe p\Uol\ViV of YaUioXV W\peV of feedVWockV, VXch 

aV Zood, leaYeV, and manXUe XndeU o[\gen limiWed condiWionV (Lehmann 2007; Chen 

eW al. 2008; Zhao eW al. 2013). DXUing Whe p\Uol\ViV, feedVWockV iV WUanVfoUmed Wo eco-

fUiendl\ eneUg\ aV bio-eWhanol and caUbon-Uich b\pUodXcW, Zhich iV conVideUed aV 

biochaU, e[hibiWing a higheU conWenW of UecalciWUanW caUbon compaUed ZiWh UaZ 

feedVWockV (Lehmann eW al. 2006). The pUodXcWion of bio-eWhanol WhUoXgh Whe WheUmal 

decompoViWion of feedVWockV UedXceV Whe emiVVion of meWhane gaV Wo Whe aWmoVpheUe 

Wo WhaW of Whe naWXUal decompoViWion in VoilV (Woolf eW al. 2010; MaWoYic 2011). 

ConVeTXenWl\, biochaU haV UeceiYed a gUeaW aWWenWion aV a b\pUodXcW of UeneZable 

eneUg\ and inYolYed in Whe miWigaWion of climaWe change WhUoXgh Whe UedXcing of 

gUeenhoXVe gaV emiVVion, Uec\cling of feedVWockV, impUoYemenW of Whe Voil and ZaWeU 

enYiUonmenW, and UemediaWion of enYiUonmenWal pollXWion (Woolf eW al. 2010; 

Kookana eW al. 2011; Mohan eW al. 2014).  

AV bUiefl\ menWioned aboYe, biochaU iV UepoUWed aV a majoU conWUibXWoU in 

fiYe fieldV: 1) pUodXcWion of eco-fUiendl\ eneUg\ VXch aV bio-eWhanol and bio-dieVel 

(Nanda eW al. 2013; YXan and MacTXaUUie 2015); 2) miWigaWion of climaWe change 

WhUoXgh Whe VeTXeVWUaWion of caUbon in Whe VoilV and UedXcWion of caUbon dio[ide (Feng 

eW al. 2012; Wang eW al. 2012; MoVa eW al. 2018) and meWhane gaV (C]imc]ik and 

MaViello 2007; WindeaWW eW al. 2014); 3) Uec\cling of agUicXlWXUal and enYiUonmenWal 

ZaVWe VXch aV Zood, leaYeV, manXUe, peaW, and VedimenW (MXkome eW al. 2013; RonVVe 

eW al. 2013); and 4) VWabili]aWion of pollXWanWV and UeWenWion of nXWUienWV fUom leaching 

(Zhang eW al. 2013; Ahmad eW al. 2014; Tan eW al. 2015; Xie eW al. 2015). 

The UeVeaUch fieldV of biochaU can be caWegoUi]ed aV WhoVe inYolYing
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pUodXcWion and XWili]aWion; pUodXcWion can be VepaUaWed inWo YaUiaWionV of feedVWockV 

and p\Uol\ViV condiWionV, Zhich conViVW of p\Uol\ViV WempeUaWXUe, UeVidence Wime, and 

heaW WUanVfeU UaWe. FUom WheVe VWXdieV foU Whe pUodXcWion of biochaU, Whe YaUiaWion of 

feedVWockV and p\Uol\ViV WempeUaWXUe aUe VignificanW ke\ facWoUV WhaW deWeUmine Whe 

ph\Viochemical chaUacWeUiVWicV of biochaU; meanZhile, e[WenViYe VWXdieV haYe alUead\ 

been condXcWed Wo aVVeVV Whe UelaWionVhip beWZeen Whe ke\ facWoUV and ph\Viochemical 

chaUacWeUiVWicV (CanWUell eW al. 2012; Zhao eW al. 2013). The XWili]aWion of biochaU can 

be claVVified aV caUbon VeTXeVWUaWion foU Whe miWigaWion of climaWe change, Uec\cling 

of b\-pUodXcWV obWained WhUoXgh agUicXlWXUal acWiYiW\, impUoYemenW of Voil feUWiliW\, 

and UemediaWion of pollXWanWV (Cha eW al. 2016). Man\ UeVeaUcheUV haYe e[WenViYel\ 

focXVed on Whe biochaU in Whe field of miWigaWion of climaWe change, becaXVe climaWe 

change UepUeVenWV an XUgenW challenge (BaUUoZ 2012; Ahmad eW al. 2014; Shaaban eW 

al. 2014). The applicaWion of biochaU in Voil enYiUonmenWV noW onl\ caXVeV caUbon 

VeTXeVWUaWion bXW alVo \ieldV addiWional effecWV, VXch aV eneUg\ conVeUYaWion fUom Whe 

Uec\cling of feedVWockV and impUoYemenW of Voil feUWiliW\. NoW onl\ Whe caUbon 

VeTXeVWUaWion and nXWUienW UeWenWion bXW alVo Whe UemediaWion of pollXWanWV XVing 

biochaU haYe UeceiYed conVideUable inWeUeVW, aV biochaU VeUYeV aV an eco-fUiendl\ and 

coVW-effecWiYe bioVoUbenW (Tang eW al. 2013; In\ang eW al. 2016).   

The heWeUogeneiW\ of biochaU pUodXced fUom YaUioXV W\peV of feedVWockV and 

diYeUVe p\Uol\ViV condiWionV haYe caXVed adYeUVe effecWV oU Xne[pecWed UeVXlWV; 

hoZeYeU, iW alVo e[hibiWV enoUmoXV poViWiYe effecWV foU enYiUonmenWal adYancemenW 

(Mohan eW al. 2014; In\ang and DickenVon 2015; Xiao eW al. 2018). IW implieV WhaW an 

e[WenViYe XndeUVWanding on Whe pUodXcWion, fXndamenWal ph\Vicochemical 

chaUacWeUiVWicV of biochaU, and enYiUonmenWal condiWionV ZoXld enable Whe deVign of 

Whe b\pUodXcW and biochaU. ThXV, Whe comple[ UelaWionVhip beWZeen pUodXcWion and 

XWili]aWion of biochaU need Wo be fXll\ XndeUVWood Wo XWili]e biochaU effecWiYel\ aV a
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bioVoUbenW and caUbon VeTXeVWUaWion. Lacking fXndamenWal knoZledge of WheiU 

mechaniVm and behaYioU ZoXld UeVXlW in Xne[pecWed Vide effecWV in Whe enYiUonmenW. 

ConVeTXenWl\, iW iV eVVenWial Wo fXll\ XndeUVWand Whe fXndamenWal chaUacWeUiVWicV of 

biochaU foU XWili]aWion in Whe Ueal enYiUonmenW. ThiV VWXd\ ZaV conVWiWXWed Wo pUoYide 

compUehenViYe inVighW inWo Whe fXndamenWal inWeUacWionV of biochaU pUodXced aW 

diffeUenW p\Uol\ViV WempeUaWXUeV ZiWh oUganic and inoUganic pollXWanWV XndeU YaUioXV 

enYiUonmenWal condiWionV. The liWeUaWXUe UeYieZ haV VXmmaUi]ed pUeYioXV VWXdieV 

UegaUding Whe YaUiaWion in Whe ph\Vicochemical chaUacWeUiVWicV of biochaU XndeU 

VXUUoXnding enYiUonmenWal condiWionV, Whe VoUpWion of oUganic and inoUganic 

pollXWanWV Wo biochaU, and Whe UeaVon Zh\ enYiUonmenWal change iV cUXcial foU VoUpWion.  

To YeUif\ Whe ioni]able oUganic pollXWanW VoUpWion mechaniVm, Whe pH-

dependenW VoUpWion of Whe peVWicide Vima]ine on MiVcanWhXV biochaU ZaV 

chaUacWeUi]ed aW WZo p\Uol\ViV WempeUaWXUeV (400 and 700 �C; heUeafWeU B400 and 

B700). The Vpecific VXUface aUea (SSA) of Whe micUo- and nano-poUeV, elemenWal 

compoViWion, VXUface acidiW\, and infUaUed VpecWUa ZeUe deWeUmined. The SSA ZaV 

gUeaWeU in B700 Whan in B400, and Whe foUmeU e[hibiWed gUeaWeU SSA in Whe micUo-

poUeV and loZeU SSA in Whe nano-poUeV Whan Whe laWWeU. DXUing p\Uol\ViV, Whe Vingle-

bond VWUXcWXUeV of Whe feedVWock ZeUe conYeUWed Wo aUomaWic VWUXcWXUeV, and fXUWheU 

p\Uol\ViV led Wo ligneoXV VWUXcWXUeV. VaUiaWionV in poUe VWUXcWXUe and a concaYe-Xp 

ScaWchaUd ploW coUUoboUaWed Whe pUeVence of WZo VoUpWion mechaniVmV: elecWUoVWaWic 

aWWUacWion (SeV) and h\dUophobic aWWUacWion (ShS). DecUeaVeV in ma[imXm VoUpWion 

in Whe Tma[-L cXUYe ZiWh incUeaVing pH ZaV dXe Wo decUeaVed SeV Yia Whe depUoWonaWion 

of caUbo[\lic gUoXpV on biochaU, ZheUeaV WhoVe in Whe Tma[-H cXUYe ZiWh incUeaVing 

p\Uol\ViV WempeUaWXUe ZaV dXe Wo a decUeaVed ShS, UeVXlWing fUom poUe VWUXcWXUe 

defoUmaWion.  

To idenWif\ Whe caWion Yalence effecWV foU Vima]ine VoUpWion, Whe pH- diffeUenW 
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elecWUol\WeV, and Whe VoUpWion mechaniVm ZaV inWeUpUeWed. The VXUface chaUge denViW\ 

(SCD) decUeaVed moUe in B400 Whan in B700 aW higheU pH, oZing Wo Whe gUeaWeU 

depUoWonaWion of acidic fXncWional gUoXpV (AFGV); hoZeYeU, gUeaWeU decUeaVeV ZeUe 

obVeUYed in B700 Whan in B400 fUom pH 2 Wo pH 3 aV a UeVXlW of alkali ValW depoViWion. 

The decUeaVe in KF ZiWh incUeaVing pH VhoZed WhaW Whe Vima]ine VoUpWion decUeaVed 

ZiWh Yan deU WaalV foUceV becaXVe Whe VXUface of biochaU caUUied a gUeaWeU negaWiYe 

SCD, Zhich UepXlVeV Vima]ine molecXleV dXe Wo Whe enhanced depUoWonaWion of AFGV. 

AW a giYen pH, KF ZaV loZeU in CaCl2 Whan in NaCl becaXVe of Whe foUmaWion of laUgeU 

meWal±biochaU comple[eV, UeVXlWing in Whe enhanced blocking of poUeV aYailable foU 

Vima]ine VoUpWion.  

To XndeUVWand Whe VoUpWion of heaY\ meWalV and meWalloidV, caWionic 

cadmiXm (Cd2+) and anionic aUVenaWe (AV(V)) on MiVcanWhXV biochaU p\Uol\]ed aW 

WZo diffeUenW WempeUaWXUeV (400 and 700 �C) ZeUe VWXdied ZiWh compUehenViYe 

obVeUYaWionV b\ Vcanning elecWUon micUoVcop\, X-Ua\ diffUacWion, and phoWoemiVVion 

VpecWUoVcop\. ConVeTXenWl\, foXU VoUpWion mechaniVmV foU Cd2+ and AV(V) ZeUe 

obVeUYed and anal\]ed. PaUWiWioning and oXWeU-VpheUe comple[aWion ZeUe 

chaUacWeUi]ed aV common VoUpWion mechaniVmV on B400 and B700, and inneU-VpheUe 

comple[aWion ZiWh AFGV and VXUface pUecipiWaWion aV oWaYiWe ZeUe pUopoVed foU Cd2+; 

meanZhile, Whe h\dUophobic aWWUacWion of UedXced AV molecXleV and elecWUoVWaWic 

bUidging comple[ ZiWh mXlWiYalenW ionV on Whe AFGV ZeUe pUeVXmed aV addiWional 

VoUpWion mechaniVmV foU AV(V). BaVed on pUeYioXV VWXdieV, an oppoViWe WUend ZaV 

e[pecWed foU Whe pH-dependenW VoUpWion of Cd2+ and AV(V); hoZeYeU, boWh ionV 

e[peUienced gUeaWeU UeWenWion aW high pH condiWionV Whan aW loZ pH. In addiWion, Whe 

UelaWiYel\ loZ VoUpWion capaciW\ foU AV(V) ZaV noW e[pecWed, Zhich ZaV e[plained b\ 

Whe UedXcWion and chaUge diffeUence beWZeen AV(V) and Whe baVic fXncWional gUoXpV 

on VXUface of biochaU. 
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6.2. CRQcOXVLRQV 

RemediaWion of enYiUonmenWal pollXWanWV XVing biochaU haV UeceiYed 

conVideUable aWWenWion becaXVe of Whe eco-fUiendlineVV and coVW-effecWiYeneVV aV a 

bioVoUbenW; hoZeYeU, Xne[pecWed UeVXlWV haYe been fUeTXenWl\ UepoUWed in pUeYioXV 

biochaU VWXdieV. ThiV iV becaXVe WhaW Whe ph\Vicochemical chaUacWeUiVWicV of biochaU 

haYe noW \eW been fXll\ addUeVVed; WhXV, WheUe iV limiW Wo Whe VWandaUdi]aWion poVVible 

foU XndeUVWanding Whe ph\Vicochemical chaUacWeUiVWicV. In addiWion, YaUiaWion dXUing 

Whe pUodXcWion of biochaU ZoXld caXVe a VignificanW diffeUence in Whe ph\Vicochemical 

chaUacWeUiVWicV of Whe biochaU; WhXV, iW iV difficXlW Wo eVWabliVh a VWandaUd pUocedXUe foU 

Whe chaUacWeUi]aWion. DeVpiWe Whe gUeaW poWenWial of biochaU foU Whe UemediaWion of 

oUganic and inoUganic pollXWanWV, iWV appUopUiaWe XVe aV a bioVoUbenW XndeU YaUioXV 

VXUUoXnding enYiUonmenWal condiWionV haV noW \eW been compUehenViYel\ 

implemenWed. TheUefoUe, iW iV neceVVaU\ Wo XndeUVWand Whe inWeUacWion of oUganic and 

inoUganic pollXWanWV Wo biochaU XndeU YaUioXV enYiUonmenWal condiWionV foU Whe fXUWheU 

XWili]aWion of biochaU aV a bioVoUbenW in Whe Voil and aTXeoXV enYiUonmenW.  

 

6.2.1. SoUpWion mechaniVmV 

 ThUee VoUpWion mechaniVmV ZeUe idenWified foU Whe oUganic molecXleV aV 

Vima]ine: 1) paUWiWioning inWo Whe poUoXV VWUXcWXUe ZiWhoXW inWeUacWion on Whe VXUface; 

2) VWUong VoUpWion pUoceVV dXe Wo elecWUoVWaWic aWWUacWion (ʌ-ʌ elecWUon donoU±acceptor 

interactions and H-bonding); and 3) Zeak VoUpWion pUoceVV Yia h\dUophobic aWWUacWion 

(van der Waals interaction). FoU Whe caWionic Cd2+, foXU VoUpWion mechaniVmV ZeUe 

obVeUYed: 1) paUWiWioning inWo Whe poUoXV VWUXcWXUe; 2) oXWeU-VpheUe comple[aWion 

WhUoXgh elecWUoVWaWic aWWUacWion; 3) inneU-VpheUe comple[aWion beWZeen Whe o[\gen of 

Whe AFGV and Cd2+ aV CdO and CdO2; and 4) pUecipiWaWion aV a cU\VWalli]ed oWaYiWe. 

The AV(V) VoUpWion alVo e[hibiWV foXU VoUpWion mechaniVmV: 1) paUWiWioning inWo Whe 
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poUoXV VWUXcWXUe; 2) oXWeU-VpheUe comple[aWion WhUoXgh elecWUoVWaWic aWWUacWion; 3) 

h\dUophobic aWWUacWion of UedXced AV(V), VXch aV AV(III) and AV(0); and 4) 

elecWUoVWaWic caWion bUidging comple[. The abXndance of WheVe VoUpWion mechaniVmV 

aUe dependenW on enYiUonmenWal condiWionV, VXch aV pUoWon concenWUaWion, caWion 

Yalence in elecWUol\We VolXWion, ion compoViWion and concenWUaWion, accXmXlaWed 

mineUal and VXUface fXncWional gUoXpV on biochaU VXUface and poUoXV VWUXcWXUe. 

 

6.2.2. PUoWon concenWUaWion effecWV 

 The pUoWon concenWUaWion haV been knoZn aV Whe moVW impoUWanW facWoU 

goYeUning chemical UeacWionV in Whe enYiUonmenW, and VimilaU UeVXlWV aUe e[hibiWed foU 

Whe pollXWanWV; hoZeYeU, Whe deWailed mechaniVmV ZeUe noW coUUelaWed. FoU Vima]ine, 

Whe VoUpWion incUeaVed ZiWh pH foU boWh B400 and B700, Zhile B400 VhoZed a moUe 

dUamaWic incUeaVe compaUed ZiWh B700. FoU Cd2+, Whe VoUpWion incUeaVed ZiWh pH, and 

moVW of Whe Cd2+ ZaV immobili]ed aW pH 10 WhUoXgh pUecipiWaWion, VhoZing no 

VignificanW diffeUence beWZeen B400 and B700. In Whe caVe of AV(V), Whe ma[imXm 

VoUpWion ZaV obVeUYed aW Whe SKa of AV(V) in Whe pUeYioXV VWXdieV; hoZeYeU, in WhiV 

VWXd\, VoUpWion ZaV dUamaWicall\ incUeaVed ZiWh incUeaVing pH, Vince Whe elecWUoVWaWic 

caWion bUidging comple[ ZaV Whe majoU UeaVon foU Whe VoUpWion of AV(V). ThiV VWXd\ 

confiUmed WhaW Whe oUganic and inoUganic pollXWanWV ZeUe moUe VWabili]ed on Whe 

biochaU VXUface ZiWh incUeaVe pH WhUoXgh diffeUenW VoUpWion mechaniVmV, and Whe 

pUoWon concenWUaWion iV Whe moVW cUiWical facWoU foU goYeUning Whe faWe and behaYioU of 

pollXWanWV on Whe biochaU VXUface.   

 

6.2.3. CaWion Yalence effecWV 

 The fiWWing of e[peUimenWal daWa foU Vima]ine VoUpWion Wo Whe FUeXndlich 

iVoWheUm model cleaUl\ VhoZed WhaW Whe KF decUeaVed ZiWh incUeaVing pH and caWion
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Yalence (CV) oZing Wo Whe incUeaVed elecWUoVWaWic UepXlVion foU neXWUal Vima]ine 

molecXleV ZiWh incUeaVing pH (pUedominanWl\) and gUeaWeU inhibiWion of inWeUnal poUe 

enWUanceV ZiWh incUeaVing CV, UeVpecWiYel\. The pH-dUiYen decUeaVeV in KF ZeUe 

gUeaWeU ZiWh Ca2+ ionV (higheU CV) Whan Na+ ionV, and Whe CV-dUiYen decUeaVeV ZeUe 

gUeaWeU aW higheU pH YalXeV. HoZeYeU, an inYaUiabl\ loZeU KF of biochaU in B700 Whan 

in B400 XndeU an\ giYen combinaWion of pH and CV leYelV ZaV obVeUYed, eYen WhoXgh 

higheU KF ZaV e[pecWed foU Whe foUmeU fUom iWV higheU SSA and loZeU AFGV aW Whe 

VXUface. ThiV diVcUepanc\ meanV WhaW incUeaVing CV conWUibXWeV Wo a gUeaWeU e[WenW Wo 

decUeaVed KF Whan incUeaVing pH. FUom WheVe UelaWionV, Ze dedXced WhaW CV-dUiYen 

YaUiaWionV in poUe Vpace and VXUface moUpholog\ pUedominaWe oYeU pH-dUiYen WhUoXgh 

Yan deU WaalV foUceV in conWUolling Whe VoUpWion affiniW\ and capaciW\ of biochaU foU 

Vima]ine. The UeVXlWV confiUmed oXU h\poWheViV b\ UeYealing WhaW changing Whe CV 

alWeUV Whe aYailable VXUface coYeUage foU Vima]ine VoUpWion and Whe blocking of Whe 

enWUance Wo inWeUnal poUe Vpace; meanZhile, Whe pH goYeUnV Whe 

pUoWonaWion/depUoWonaWion of AFGV, and CV pUedominaWeV oYeU pH in conWUolling Whe 

behaYioU of Vima]ine (conWaining lone-paiU elecWUonV) VoUpWion Wo biochaU. 

 

6.2.4. ConcenWUaWion effecWV 

  The concenWUaWion of pollXWanWV aUe Whe facWoUV affecWing Whe abXndance of 

Whe VoUpWion mechaniVm Xpon enYiUonmenWal flXcWXaWion. The oUganic pollXWanW 

Vima]ine VhoZed no VignificanW concenWUaWion effecWV, and Whe VoUbed amoXnWV ZeUe 

aWWenXaWed ZiWh incUeaVing iniWial concenWUaWion, Vignif\ing WhaW Whe VoUpWion ViWeV on 

Whe biochaU VXUface ZeUe VaWXUaWed. MeanZhile, caWionic Cd2+ and anionic AV(V) 

VhoZed no aWWenXaWion oYeU Whe incUeaVe in concenWUaWion, becaXVe Whe VoUpWion ZaV 

mainl\ condXcWed b\ Whe pUecipiWaWion and elecWUoVWaWic caWion bUidging comple[ aW 

loZ concenWUaWion. The incUeaVe in concenWUaWion led Wo an incUeaVe in Whe fUacWion of 



6-8 

 

Whe VoUpWion mechaniVmV, VXch aV paUWiWioning, pUecipiWaWion, and h\dUophobic 

inWeUacWionV, Zhich coXld change Whe leachabiliW\ and bioaYailabiliW\ of pollXWanWV 

Xpon Whe Ueali]aWion of enYiUonmenWal flXcWXaWion. In Ueal enYiUonmenWV, Whe 

concenWUaWion ZoXld YaU\ and co-e[iVW ZiWh oWheU ionV foU Whe limiWed VoUpWion ViWeV; 

WhXV, Whe concenWUaWion effecWV VhoXld be XndeUVWood foU Whe e[WUapolaWion of Whe 

VoUpWion mechaniVmV fUom Whe lab-Vcale VWXdieV Wo UeacWionV in Ueal enYiUonmenWV. 

 

6.2.5. MolecXlaU Vcale VWUXcWXUeV of biochaU 

 The molecXlaU VWUXcWXUeV, chaUacWeUi]ed b\ infUaUed VpecWUoVcop\ foU 

pol\VacchaUide, aliphaWic, eVWeU, phenol, and caUboh\dUaWe VWUXcWXUeV diVappeaUed 

dXUing p\Uol\ViV, ZheUeaV WhoVe indicaWing aUomaWic and caUbon\l doXble bondV 

appeaUed in B400 bXW compleWel\ diVappeaUed in B700, leaYing onl\ lignin C=C and 

Si-conWaining VWUXcWXUeV. In addiWion, Whe molecXlaU VWUXcWXUeV XVing X-Ua\ 

phoWoemiVVion VpecWUoVcop\ VhoZed WhaW Whe incUeaVe in p\Uol\ViV WempeUaWXUe 

dUamaWicall\ decUeaVed Whe aliphaWic C-C and incUeaVed Whe amoXnW of aUomaWic and 

gUaphiWic C=C, accompanied b\ an incUeaVe in aUomaWic and gUaphiWe C-O. HoZeYeU, 

Whe concenWUaWion of o[\gen decUeaVed fUom 25.3% Wo 19.2% b\ elemenWal 

compoViWion anal\ViV, bXW Whe o[\gen conWaining caUbonV incUeaVed, Zhich coXld be 

dXe Wo Whe foUmaWion of aUomaWic and gUaphiWic VWUXcWXUeV inVide Whe biochaU VWUXcWXUe; 

meanZhile, Whe Uemaining o[\gen mainl\ UeVided on Whe VXUface. The WZo infUaUed 

and X-Ua\ phoWoemiVVion VpecWUoVcopieV confiUmed WhaW Whe Vingle bond beWZeen Whe 

caUbon and o[\gen diVappeaUed ZiWh incUeaVing p\Uol\ViV WempeUaWXUe, and Whe doXble 

bondV Uemained and foUmed aUomaWic VWUXcWXUeV. SXch a WUanVfoUmaWion of molecXlaU 

VWUXcWXUeV iV alVo coUUelaWed ZiWh obVeUYaWionV fUom elecWUon micUoVcop\ and Vpecific 

VXUface aUea meaVXUemenWV. FUom Whe UeVXlWV, Whe chaUacWeUi]aWion of biochaU VhoXld 

be compUehenViYel\ condXcWed Wo XndeUVWand Whe VoUpWion mechaniVmV of pollXWanWV 
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befoUe Whe in ViWX applicaWion in Ueal enYiUonmenWV, and a VWandaUd meWhod VhoXld be 

deYeloped Wo aVVeVV Whe ph\Vicochemical chaUacWeUiVWicV accXUaWel\ and cUedibl\. 

 

6.2.6. PoUoXV VWUXcWXUe effecWV 

 WiWh incUeaVing p\Uol\ViV WempeUaWXUe, a dUamaWic incUeaVe in micUo-poUeV 

ZaV obVeUYed, ZheUeaV nano-poUeV decUeaVed dXe Wo Whe collapVe of nano-poUe b\ 

pUogUeVViYe WheUmal decompoViWion, caXVing a WoWal SSA of MiVcanWhXV biochaU foU 

B400 and B700 of 197.2 and 293.5 m2 g-1. PUeYioXV inYeVWigaWionV on MiVcanWhXV 

biochaU UepoUWed WhaW Whe SSA of micUo-poUeV Uanged fUom 2.4 Wo 381.5 m2 g-1 (Kim eW 

al. 2013a), dUamaWicall\ incUeaVing in Whe p\Uol\ViV WempeUaWXUe Uange beWZeen 400 

and 600 �C oZing Wo Whe collapVe of Whe nano-poUe b\ pUogUeVViYe WheUmal 

decompoViWion (Kim eW al. 2013b; LXo eW al. 2015a). The SSA incUeaVe ZaV caXVed b\ 

Whe pUogUeVViYe YolaWili]aWion of cellXloVe, hemicellXloVe, and lignin ZiWh incUeaVing 

p\Uol\ViV WempeUaWXUe (QX eW al. 2011; Mimmo eW al. 2014), aV Whe pUogUeVViYe WheUmal 

decompoViWion of molecXlaU VWUXcWXUeV caXVeV Whe foUmaWion of channel VWUXcWXUeV 

ZiWh laUgeU poUe Vi]e. ConVeTXenWl\, Whe WoWal SSA incUeaVed (CanWUell eW al. 2012; 

KloVV eW al. 2012; Zhao eW al. 2013), Zhich alVo indicaWeV Whe poVVible incUeaVe in Whe 

h\dUophobic VXUface aUea of B700 compaUed ZiWh WhaW of B400 (Shaaban eW al. 2014; 

Peng eW al. 2016). The SEM moUpholog\ imageV VhoZed Whe accXmXlaWion of Na+ oU 

Ca2+ on Whe biochaU VXUface Wo a gUeaWeU e[WenW ZiWh incUeaVing pH and CV, and Na+  

oU Ca2+ ZeUe eYenl\ diVWUibXWed on B700, Zhile WheVe ionV ZeUe obVeUYed aV feZ 

micUomeWeU pUecipiWaWeV on B400 dXe Wo Whe diffeUenW poUe Vi]e diVWUibXWion. ThXV, Whe 

amoXnW of Vima]ine VoUbed on biochaU ZaV higheU in Whe Na+ elecWUol\We VolXWion Whan 

in Whe Ca2+ elecWUol\We VolXWion, UeVXlWing in gUeaWeU blocking of Whe enWUance. 

 

6.2.7. SXUface chaUge denViW\ and fXncWional gUoXpV
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The SCD of B400 ZaV moUe poViWiYel\ chaUged Whan WhaW of B700, and Whe 

change in SCD ZaV moUe VignificanW ZiWh incUeaVing pH in B400 Whan in B700. ThiV 

iV becaXVe o[\gen conWaining AFGV, VXch aV caUbo[\lic, lacWonic, and phenolic 

gUoXpV, ZeUe moUe abXndanW in B400 Whan in B700; WhXV, Whe incUeaVe in pH caXVed 

Whe depUoWonaWion of AFGV on biochaU aW Whe coUUeVponding SKa YalXeV. Leon and 

RadoYic (1991) indicaWed WhaW Whe SKa YalXeV of caUbo[\lic, lacWonic, and phenolic 

gUoXpV Uanged fUom 4 Wo 5, 7 Wo 8, and 10, UeVpecWiYel\. FUom WheVe diffeUenW 

ph\Vicochemical chaUacWeUiVWicV of B400 and B700, Whe VoUpWion behaYioU of Cd2+ and 

AV(V) ZoXld be e[pecWed Wo VhoZ diVWincWl\ diffeUenW VoUpWion mechaniVmV aV a 

fXncWion of pH. AFGV aUe knoZn aV caUbo[\lic, lacWonic, and phenolic gUoXpV, 

ZheUeaV Whe baVic fXncWional gUoXpV (BFGV) aUe UepoUWed aV p\UidiniXm gUoXpV, 

o[oniXm gUoXpV, and pUoWonaWed aUomaWic UingV (LaZUinenko and LaiUd 2015). BoWh 

fXncWional gUoXpV affecW Whe VoUpWion mechaniVm of chaUged molecXleV, VXch aV heaY\ 

meWalV, meWalloidV, peVWicideV, and ValWV (Ahmad eW al. 2014), becaXVe Whe VXUface 

chaUge of biochaU iV goYeUned b\ pUoWonaWion and depUoWonaWion of BFGV and AFGV. 

UndeU acidic condiWionV, Whe SCD of biochaU iV poViWiYe oZing Wo Whe combinaWion of 

Whe depUoWonaWion of BFGV and pUoWonaWion of AFGV. An incUeaVe in pH aboYe Whe 

SKa YalXe (caUbo[\lic ≃ 4.4, lacWonic ≃ 8.2, and phenolic ≃ 10) caXVeV Whe VXUface of 

biochaU Wo be moUe negaWiYe WhUoXgh depUoWonaWion (Leon and RadoYic 1991; SilbeU 

eW al. 2010); hoZeYeU, no SKb YalXe haV pUeYioXVl\ been UepoUWed foU BFGV.  

 

6.2.8. EnYiUonmenWal implicaWion and fXUWheU pUoVpecW 

 The VolXWion pH and CV e[hibiW a diffeUenW effecW on Whe VoUpWion of Vima]ine, 

Zhich conWainV lone-paiU elecWUonV on Whe VXUface of biochaU ZiWh YaUiable VXUface 

chaUge denViW\. TheUe aUe man\ VWXdieV in Zhich biochaU iV XVed Wo amend Whe Voil 

enYiUonmenW Wo VeTXeVWUaWe caUbon, impUoYing Whe Voil ph\Vical chaUacWeUiVWicV, 
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mainWaining Whe nXWUienWV, and decompoVing Whe oUganic pollXWanWV. Man\ pUomiVing 

UeVXlWV haYe been demonVWUaWed; hoZeYeU, Whe fXndamenWal and cUXcial mechaniVmV 

haYe noW \eW been fXll\ UeYealed. BaVed on WhiV VWXd\, Ze can Wake one VWep foUZaUd 

WoZaUd XndeUVWanding feaVible mechaniVmV beWZeen oUganic pollXWanWV and biochaU 

XndeU YaUioXV pH condiWionV, Zhich ZoXld be applicable Wo eVWimaWing Whe WUanVpoUW 

and degUadaWion phenomena of oUganic pollXWanWV in Whe pUeVence of biochaU XndeU 

Voil enYiUonmenWV. 

Changing Whe CV alWeUV Whe VXUface coYeUage aYailable foU Vima]ine VoUpWion 

WhUoXgh Whe blocking of Whe enWUance Wo Whe inWeUnal poUe Vpace, ZheUeaV pH goYeUnV 

Whe pUoWonaWion/depUoWonaWion of AFGV. ThXV, CV pUedominaWeV oYeU pH in 

conWUolling Whe behaYioU of Vima]ine (conWaining lone-paiU elecWUonV) VoUpWion Wo 

biochaU (caUU\ing YaUiable SCD). TheUefoUe, Ze belieYe WhaW oXU appUoach and 

findingV Zill conWUibXWe Wo a moUe compUehenViYe XndeUVWanding of Whe VoUpWion 

mechaniVmV and behaYioU of ioni]able oUganic pollXWanWV (YaUiable-chaUge VoUbaWeV) 

Wo Whe VXUface of biochaU (YaUiable-chaUge VoUbenW) and help beWWeU inWeUpUeW WheiU 

enYiUonmenWal occXUUence, behaYioU, WUanVpoUW, and faWe XndeU naWXUal VoilV and neaUb\ 

ZaWeU enYiUonmenWV. 

The paUWiWioning and oXWeU-VpheUe comple[aWion ZeUe chaUacWeUi]ed foU boWh 

Cd2+ and AV(V) aV VoUpWion mechaniVmV, ZheUeaV Whe inneU-VpheUe comple[ ZiWh 

AFGV and VXUface pUecipiWaWion aV oWaYiWe ZeUe Whe goYeUning VoUpWion mechaniVmV 

foU Cd2+; meanZhile, Whe h\dUophobic aWWUacWion of UedXced AV molecXleV and  

elecWUoVWaWic caWion bUidging comple[ ZiWh mXlWiYalenW ionV on Whe AFGV ZeUe 

pUeVXmed Wo be addiWional VoUpWion mechaniVmV foU AV(V). The VoUpWion capaciW\ of 

Cd2+ Uanged fUom Whe iVoWheUm UeVXlWV of Whe pUeYioXV VWXdieV; hoZeYeU, Whe VoUpWion 

capaciW\ foU AV(V) ZaV noW e[pecWed baVed on Whe SCD VWXd\ and pUeYioXV liWeUaWXUe 

becaXVe a higheU leYel of anion e[change capaciW\ ZaV e[pecWed Whan Whe leYel of CEC. 
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FUom Whe pUeYioXV VWXdieV, an oppoViWe WUend beWZeen Cd2+ and AV(V) ZaV 

e[pecWed foU pH-dependenW VoUpWion; hoZeYeU, boWh Cd2+ and AV(V) had gUeaWeU 

UeWenWion aW high pH Whan aW loZ pH. In addiWion, Whe degUee of VWabili]aWion ZaV 

VignificanWl\ diffeUenW becaXVe Whe VoUpWion capaciW\ of Cd2+ ZaV appUo[imaWel\ 10-

fold higheU Whan WhaW of AV(V). ThiV ZaV e[plained b\ Whe UedXcWion and chaUge 

diffeUence beWZeen Whe AV(V) and BFGV of biochaU. ThiV UeVXlWV VXggeVWed WhaW 

phoVphaWe (P(V)) ZoXld e[hibiW VimilaU behaYioU on MiVcanWhXV biochaU becaXVe of 

Whe elecWUochemical VimilaUiWieV beWZeen AV(V) and P(V). HoZeYeU, anionic nXWUienWV, 

VXch aV niWUaWe and VXlfaWe, Zhich haYe UelaWiYel\ loZ VoUpWion affiniW\, ZoXld be 

pUecipiWaWed onWo Whe VXUface of B400 oU eYenl\ diVWUibXWed on Whe B700 VXUface baVed 

on Whe diVWUibXWion of Cl in WhiV VWXd\, becaXVe BFGV aUe moUe VXiWable foU holding 

VXch anionV.  

ThiV VWXd\ onl\ focXVed on VoUpWion mechaniVmV b\ Vimplif\ing Whe V\VWem 

ZiWhoXW Whe conVideUaWion of Voil; WhXV, iW iV haUd Wo e[WUapolaWe Whe UeVXlWV Wo Ueal Voil 

enYiUonmenW, becaXVe man\ backgUoXnd ionV, oUganic maWWeU and Voil componenWV 

ZoXld inWeUacW ZiWh Whe biochaU VXUface. NeYeUWheleVV, Ze confiUmed WhaW Whe poUe 

VWUXcWXUe and AFGV of biochaU goYeUn Whe VoUpWion behaYioU of Vima]ine, Cd2+ and 

AV(V), and WhoVe aUe conWUolled b\ AFGV WhUoXgh inneU-VpheUe comple[aWion and 

elecWUoVWaWic bUidging comple[eV. TheUefoUe, Ze belieYe WhaW oXU findingV Zill 

conWUibXWe Wo a compUehenViYe XndeUVWanding of Whe VoUpWion behaYioU of oUganic and 

inoUganic pollXWanWV Wo biochaU and coXld help beWWeU e[plain WheiU enYiUonmenWal faWe, 

behaYioU, and WUanVpoUW XndeU naWXUal Voil and ZaWeU enYiUonmenWV. 
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AB675AC7 IN K25EAN 

 

 바이오㵜는 다양䚐 농산업 부산물의 열분䚨 과정에서 생산된 

䇸소㫼 물㫼로, 뛰어난 오염물㫼 䢕㵝량 때문에 㾐䞌경적인 생물 

䢕㵝제로 많은 주목을 받고 있다. 열분䚨와 䞌경 조건은 바이오㵜의 

물리䞈䚍적 䏭성과 오염물㫼의 䢕㵝 거동을 결정䚌㫴만, 바이오㵜와 

오염물㫼 간의 복잡䚐 상䝬작용을 䔠괄적으로 이䚨䚌기 위䚐 연구는 

부족䚐 실정이다. 따라서, 이 연구는 바이오㵜의 열분䚨 조건에 따른 

물리䞈䚍적 䏭성과 오염물㫼 䢕㵝에 대䚌여 문䜀 조사를 수䚽䚌였고, 

오염물㫼 䢕㵝 기작을 설명䚌기 위䚨 열분䚨 조건, pH, 바䈉 전䚨㫼의 

이온 원자가 변䞈에 따른 거대 억새 바이오㵜의 시마㫸, 㾨드뮴, 

비산염의 䢕㵝 실䜌을 수䚽䚌였다. 그 결과, 바이오㵜의 시마㫸 䢕㵝에 

electron donor-acceptor와 hydrophobic interaction이 주요䚌게 작용䚌였고, 

바䈉 전䚨㫼 용액의 양이온은 바이오㵜에 공극 막䣌 䟜과를 유발䚌여 

시마㫸 䢕㵝량 감소 䟜과는 나䏬륨에 비䚌에 㾰슘이 더 䀬다. 㾨드뮴과 

비산염의 䢕㵝 기작에 partitioning과 outer-sphere complexation이 공䋩으로 

䞉인되었으며, 㾨드뮴의 경우 䢕㵝에 inner-sphere complexation과 

precipitation이, 비산염의 경우 cation bridging complexation과 hydrophobic 

interaction 작용䚌였다. 䏭䢼 䢕㵝과정에서 바이오㵜에 의䚨 䞌원된 

비산염 䞈䚍종이 䞉인되었다. pH와 열분䚨 온도에 따른 바이오㵜의 

오염물㫼 䢕㵝은 일반적인 경䛙을 보이㫴 않았다. 시마㫸 䢕㵝량은 pH가 

㫑가䚔수록 감소䚌였으나, 㾨드뮴과 비산염은 반대였다. 열분䚨 온도가 

높을수록 시마㫸의 䢕㵝량은 감소䚌였으나, 㾨드뮴과 비산염의 䢕㵝은 
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일정䚐 결과가 없었다. 이러䚐 연구 결과들을 바䈉으로, 열분䚨 온도와 

䞌경 조건의 변䞈가 바이오㵜와 오염물㫼과의 독䏭䚐 상䝬작용을 

일으䁤고, 이는 바이오㵜와 오염물㫼 사이에 다양䚐 䢕㵝 기작이 

존재䚌며 주요 䢕㵝 기작이 䞌경 조건에 따라 변䚌여 오염물㫼의 용㻐도, 

생물 유䟜도, 독성에 영䛙을 주었다는 것을 밝䝈다. 따라서, 본 연구는 

바이오㵜를 실제 䞌경에서 생물 䢕㵝제로 사용䚌기 전에 바이오㵜의 

물리䞈䚍적 䏭성, 오염물㫼의 䏭성, 䞌경 조건 간의 기본적인 상䝬작용을 

이䚨䚌는 것은 䙸수적이라는 것을 제시䚌였다. 

 

중심어: 바이오㵜, 열분䚨 온도, 䢕㵝 기작, pH-의존, 전䚨㫼 원자가 䟜과, 

시마㫸, 㾨드뮴, 비산염 

 

䚍번: 2013-21180 
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