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Development of sequestration methods for
arsenate and selenate during the disposal and
utilization of alkaline waste materials
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Recently, iron slag and coal fly ash materials which are by-products from steelmaking and power indus-
tries, respectively are widely recycled as cement aggregates. However, these alkaline wastes usually
contain elevated concentration of toxic trace elements such as arsenic and selenium which could be
released into the surrounding environment as oxyanionic species with high mobility during the weath-
ering and internal dissolution of the source material. Due to the paucity of stable mineralogical host for
anionic species during the chemical weathering of alkaline waste materials, it is therefore necessary
to develop novel technology in preventing the release of toxic elements from the source materials in
order to reduce the cost of treatment and minimize the impact of environmental contamination.
Chapter 1 discusses the background and research objectives of this study and the related literatures
which support the basis of the experiments undertaken. In natural environment, natural attenuation
of anionic species such as arsenate in Mg-smectite and antigorite, borate in brucite and serpentine
phases and silicate in hydrotalcite minerals were reported in several investigations. Hence, the need
to study the generation of these Mg-bearing minerals during the use and disposal of slag, coal fly ash
and especially cement aggregates by controlling their pore water chemistry in order to ensure the safe
removal and encapsulation of anions in alkaline environments must be considered.

In Chapter 2, the general importance of various mineral phases formed at different Mg-Si-Al ratios
in ambient condition and their corresponding sorption behavior of arsenate at hyperalkaline condition
was examined. The coprecipitation and surface adsorption behavior of arsenate in the mineral phases
formed was evaluated and compared in order to determine whether arsenic can be irreversibly fixed
within the mineral structure. In Mg-Si-Al system, various mineral phases were generated at hyperalka-
line pH condition such as amorphous material, hydrotalcite, Smectite, brucite, serpentine and gibbsite
and their relative formation was mainly influenced by the Mg, Si and Al concentration. The interaction
of these mineral phases with arsenate revealed that only hydrotalcite and serpentine formed at low Si
ratio showed high uptake capacity and irreversible fraction of sorbed arsenate.

Chapter 3 presents the extent to which arsenate and selenate can be taken up by Mg-bearing minerals

with different Mg/Al ratios and low Si ratio during and after mineral formation considering the cor-
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responding effects of temperature and initial As and Se concentration in their sorption behavior. The
sorption mechanisms of arsenate and selenate was examined by XAFS analysis to give account of their
local coordination environment. The experimental results indicated that the sorption capacity and irre-
versibility of arsenic with high Al-content hydrotalcite and serpentine phases increased significantly at
higher temperature. The irreversible fraction of arsenic was mainly retained by inner-sphere complex
with Mg in the octahedral site for brucite, hydrotalcite and serpentine phases though Al as fit cannot
be excluded as well. The probability for arsenate to replace silicate in the tetrahedral site of serpen-
tine phases may also contribute for the irreversibility of arsenic retention. On the other hand, selenate
sorption was much lower compared to arsenate and showed decreasing removal efficiency with tem-
perature and mainly retained by outer-sphere complexation. The observed smaller amount of selenate
irreversibility in high Al content hydrotalcite and serpentine phases could be attributed to the increase
in the layer charge as Al substitutes for Mg in the octahedral site for hydrotalcite and serpentine which
leads to its higher affinity.

In Chapter 4, the results of a preliminary study which examined the generation of Mg-bearing miner-
als formed by controlling the pore water chemistry of coal fly ash and granulated blast furnace slag
with high reactivity by MgO addition and the corresponding uptake behavior of arsenate during the
generation of these minerals were discussed. Arsenate extraction experiments were also conducted to
determine arsenic association after the mineralogical transformation of slag and coal fly ash. Based
on the results, significant decrease in the amount of leached arsenic from TFA and GBFS after MgO
addition was observed. The formation of secondary hydrotalcite phases after hydration experiments
could account for arsenic immobilization. However, the amount of arsenic release using 1 M HCl
extractant of the samples considered did not pass the Japanese water regulatory standard of 0.0i ppm
arsenic concentration.

Chapter 5 takes in to consideration the initially very high pH and the rapid neutralization of slag and
coal fly ash during weathering, which will then result for the observed widespread formation of non-
crystalline clays. Since neutralization reduces the solubility of Al and Si and promotes further the
precipitation of these constituents in the pore water solutions. Hence, this chapter examines the effect
of Al/Si ratio on the formation of amorphous and short-range ordered minerals and uptake of arsenate
by these minerals phases at circum-neutral pH cbndition. The results revealed that only allophane-like
materials formed at relatively lower Si/Al ratio showed high sorption capacity and irreversible fraction
for arsenate, ‘

In chapter 6, the role of allophane in controlling the mobility of arsenate and selenate considering
the effect of its Si/Al ratio was evaluated. The results showed that allophane-like materials exhibited
high affinity for arsenate compared to selenate. Only arsenate showed significant irreversible fraction
supporting its inner-sphere complexation with the aluminol group while selenate was mainly retained
via outer-sphere complexation which is rather weak in controlling selenate mobility at circum-neutral
pH condition.

Chapter 7 presents a summary and conclusion of all obtained results as well as a short outlook for

future necessities and suggestions of research.
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BIGFTCREBRTO SRIEWME UTHHHENZHMAS 7R T SA47 v aid, —RANICRL %D
BTEMEIN TS, LML, INE0EM TR, BRI NRETEC 3 BULPERERISIC
EoT, SETIEEAF VENBHETAT LRSI TV B, —H. TOX3&TIVAVEM
k. KRR SICRES T ettringite %P hydrocalmite 7 & DREA A4 VEINER L RO B 2HMHBERT
BT EBHENTVWS, UL, ZhE0fMit, B7 VAV RBCBWTOARZEILEEL, &
BN EEEA 4 Y OEBILIBERE N TV ALY, TOK3IC, 7IvAYBMOR(LERETIE. B
A A VHEREET BRA MNEHESEDTROT. TIVAYBMORIGERICBIT 2 EER 4
VRO ERR SF UWERBIRAREICK > TL %0

£ 1ETR, FTEHIC, antigorite IC K 2 LA 4>/, brucite % serpentine iCk B RTEA A
~. hydrotalcite Ic K27 A BA AV EDEA A VEOERELERE L TOAEFAEIIONT

L¥a—LUf. Thbm Mg fiMid, Ca§EMicEbNTIAEIF D pH TEEICIFIET 5 T L W
ENTWVWB, FTTTIVAYEMOERREREDIC, B4 VBOWEH & LT Mg S %FIH
TBD, TIVAUEMFICET 2 Mg SEIOERICDOVWTRNSZHRENDH 5, —H. SBAH
RhSiE Al ® Si DIEEER T 210, EEEOTIVI /) rABER ENVERT ZAT8EENH 5,
Z 0T, FEEEWEORAL VEINT BN FHIE LTOBRELCDONWTERANSLEND S,
Plliozeht, 7VvhYEMORLICHEY, KR TR A VIBOIERE T 2 Sl MRk
DILEEREHLMCT R L ERHEDOEME Uiz, . TIVAVEMOF AN SREERICRS
ETOEERAA VEORERRELEEIEERT 27D, 7TVAVRETO Mg-Si-Al &
FEAETO Si-Al RICBT 2HRAHIMOER. E BICREFNL DI L As(V) *® Se(VD) &D
MEERIC DOV TEIICEAN T

B2 ETR, TIVAVEBCBVWTELRS Mg-Si-Al tETERT 2L RHEMORFE. BXU
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FNFNONELHEHL TR LIEEREER Uiz, Il 4 VB HEMOBERICEEIC
BEIELENTWA T L RERT B0, LBEA A 2 OHIL & RETE DZEENC DWW T LBRE
U7co Mg-Si-Al RTIEE7 VA VEREICEW T, JFEEEWHE S hydrotalcite, smectite, brucite,
serpentine, gibbsite FOML LFHMNER L. £ 5 OERIWIEEIC Mg, Si. Al BEICRHE%
S332, ThODFH & A4 L OHBEER ORI ORER. & Si lBE THRT 5 hydrotalcite
¥ serpentine DAL ALV OBWINEREEE L. TIN5 OFEMHBERIFIC A T BIEEN
WCREICEET BT L RHRE LT,

BIETE, ESIBEICET 2 MgAlLLL, BE. 9O BA 4 e LR BEN Mg
SEFMCEXBDBAA L VBAAVORMDAREEICEZZFEMCBELTERETNATY
%, bBAF YL VBBAA Y OIMERE R & CAETOMERIE. X RRIEHIEE (XAFS)
SFICE b BE L. ERERNS, B Al EE D hydrotalcite & serpentine T, BIETEBR LIS
DIEEFHOLEEA A OIVEREL BEELAESNER S Nit. REFRRINI BT VIBEK Mg
AE&KS— b & NEREEAZF K L. Mg 2349 5 brucite & hydrotalcite, serpentine IZEY DA
ENTWVW3B, iz AIJNEKRY— MOV TEARICE B4 E ABRIERZER L T\, %
7= serpentine DIUFIHAS — MZBW T, LBAZT VBT A BAZ 2V EBRUTHBAREENDH ST
PEBEEDER DT, — . R LVBA T VT BINER. HNEESEAORRICK BTH. LB
AZNCHRTINEEMEL, BED LR L LHIBRERBEDLL T,

ABTIR, BIFKBRASTERART AT v alc MgO 2EINT 3 C & THEFILEELBE
AL TH SR ERE Y. TOEREGE T TOLBAA Y ORKEREIT o7 £
B, BIFEKBRASTEBRT ST v alc MgO 2N 52 L TRBIET 2 LA 4V DEIZHK
B, R4S TH B hydrotalcite DAERRIC K > T BAA VBEE(LENTWB T LS
heixol,

B 5 ETIR. RIGEKD AYSi ELOHBNERT 2IEREMERICEZ 28, CThbOWE
X BHEETOLBAL Y OMDIARICEZ ZHEBETHME LIz, ZOME. HEHIMEY Si/Al
t:C allophane BVER L. BERA A ICH L TEWVIERE L ZERZRT T ENHLM Ko T,

# 6 ETIE. Si/Al LhOBE#EB U T, allophane DA F 2 L LVBEAA Y ORER % T
i’ DR, allophane &t L VBA A VICHNRT, LBALAVICH LTEWEIERRL
Teo THRHBBMEICHBNT, eBAF Vid ALJNEGROKERE L ZEEOEHVHEEREE AL LT
REENTVBH, L VBAF VETEEENEEEER e L TRIENB L LWRRTH BT
FHOEOE LU, .
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