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ƣă��@̻ʮ!�FÚƣ˖΋(arsenite, As(III))���ãňû�Sɿû�ˍǺ

Ǆûɇƚû�Ŗƽăƣ˖΋(arsenate, As(V))Ėˁ�ľã̗ēâ�ŗʆͮĵ�ʞR_

ʬɟǍ�" 104�ĵ�FʢſR͢�¿ȈǺƼ��@!ƣ"ŚÍ��105�ĵ�Ķʶ

ʢſR͢�Îǿ̗�ˮȁȇǲµƣ��@"v΂ʘ·��107�ĵ�ʢɪ1/ʢ´Ħ}

ÄRƼƣ"¿ȈɝɁ�4 108�ĵ�ɝɁ
ƒ1̫/eĖŒ"ȧ̻ʉ̸ÃƊă��@

ƣ´Ħ"ŚÍ�ɇŚÍŧɀ���MͫʯʢſR͢�(capacitive deionization, CDI)¿

Ȉˍ
ƒ1̫ (MnO2)/˶ȸeĖŒ (biochar)˿�ÃƊȁ�"ŎûeĖŒ (active-

biochar)ȟ*ăǚæ��@ƣ�Ń"˱�����(�ĵŚÍŧɀǑɉ�vĬĘŚÍ

�ć�ɘ�ʯ·ĳˮȁʘ·�Ȕʞ̗�ŎûeĖŒȟ*ˍʢſR͢�ʔʊ�Ȍŧâ

Ȝ As(III)ƒ1/´Ħ"ŎûeĖŒɯI˄ń�ƹʱ As(III)ɘ��ƉĘ͟Ȯˍ´Ħ�ĸ

ͼƸ�ʢſR͢�¿Ȉɘ���@ƣ�Ń"ǚæ�ã¿Ȉƍ:�ăŎûeĖŒ!Ę

MnO2SĪɘ As(III)Ęƒ15̵�Ȫ2̈́ƣĘ´ĦƉƮ�ǜɍ�ŎûeĖŒ˄ńĘJ

ŋ@Sɘ	Äɘ�ʢſR͢�ʔʊ�¯fŎûˀʢɽÃƊĘƽ7˚ˍƽ?ĠŮ̠ƚ

û��XLʢȡǦs��Fʢ´Ħ<�.͢@!Ȟ̋Ę�Ń͢�(� As(V)�Mn2+�

Na+4 Cl−ɇ)�ˆʃ́ǚJŋ@"İ̃� 

_ŚÍ�ȨȫŎûeĖŒ4Ŏûˀʢɽ
ĝÃƊĘːȜ¿Ȉ�Øɘ	Ä¸�Ã

ƊĘĖ1ƚû.Ċˍʢ1̑ƚû.Ċ�ŎûeĖŒĘ7Ōƚû�°ă�ÃƊĘĠŮ

üŕŮȪÞ�ɚĘ5̵üp%§fĘ͏ ��ãĠŮĘΑǌ(−COOH)ˍΐǌ(−OH)


ĝòƮǌ�ˍʉ MnO2Ā͜ĸ»�" Mn−OH͌ɉ�SĪɘ˿��ÃƊʱ As(III)

Ę͟ȮƉƮ�ɘ�Ȫ2̈́ƣĘ´ĦûƮ�U	<Ů�Ŏûˀʢɽâ�Ð�Ęɲ7/!

7.[��°ă͢�Ęɨ̧ˍ͐ȯ�}Ƌ��ʢ1̑ƚû<Ů�Ɓǳ̲ǷĘ͢�̳

�Ʈ��͢�ɨ̧Ʈ��SƷû4ͧñû�hÀ��Ęƒ1/´Ħʘ·�ćΆn�Ŏ

ûeĖŒĠŮĀ͜Ę MnO2í�͍ǽ��ˢɘ As(III)͟Ȯő As(V)Ę}Ƌ���?

ĠŮ̠�!7Ō?ß�´Ħ̦ë�ˢƽ�ɘ�Ȫ2̈́ƣĘ´ĦƉƮ�ŎûeĖŒʱ

ƣĘ´ĦſɚSʝ 1.36 mg/g�ƽăeĖŒ(0.18 mg/g)Ę 7ŲF�� 

�ɘ	ÄĘ·ͫ�§�_ŚÍ¯fŎûeĖŒ˄ńʘ·FȐͼŋĘ<�ɒ¢Ŏ

ûeĖŒʱƣĘƒ1/´ĦƉƮ�yhʘ·ýǗ"ȍŜ�˹FȨȫƼƣĘǄ�̑ǆ˩�

ǚæJŋ@İ �̃ŚÍ�ćΆn�ŎûeĖŒ˄ńĘȝ�ƣ´ĦſɚQ0ő 2.88 mg/g�

ŁeĖŒ(0.04 mg/g)Ę 72Ų�ŎûeĖŒ˄ńĘȍŜ͏ő 27�Ƌ�5"eĖŒ˄

ńɩăP�ƋĸȍŜ��M·ͫŎûeĖŒ˄ńʱƣĘ´ĦˍRƼ�Ɖ̲Ƿ�yĝ�

ʝ´Ħʥëĸ�MnO2ʱ As(III)ǖƒ1ƚû�'SĺͼÝ As(III)Ɂeƒ15̵�Ī

ÝňûƽCǺǄûƽĘ As(III)͟1�ňû¨CǺǄû¨Ę As(V)�U	<Ů�hʢ
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ſR͢�ʔʊ"ʢ´Ħƒ1ʘ·�ćΆn�̮ɍ̖§ʢ̴ĘȪ2�ƣĘʢ´Ħſɚ

q̮"Ȫ2�IʢɠŇĘJŋ@İ̃�Ǽ�ƣ�Ń˄æˬʃ"ɦf@@̃ˬʃ�_

ŚÍɘ	ÄǛƱ̗�ʘ·"ƣƒ1/´ĦĘ̙æ�·ͫMnO2ˍ As(III)ɁeĘƒ1͊

ź5 �̵�͟1ĸĘ As(V)Sȏʞˍ͊źĘMn(II)ɁeÉ̛§fRƼ�yĝ�hMnO2

ĠŮ�â� Mn−OH 5̵ŎûĘΐǌ�ɘ�F̬�̙æǑ As(V)´Ħ�_ŚÍȝȃ

̗�ŎûeĖŒ˄ńˍʢſR͢�ʔʊ�ɘ�ʯ·ĳȊˮĘ��@@˫"·ͫ�§�

�Mͫʯʱʯȡ��@ƣ�Ńǚæ"˱��S�ƉĘʱAs(III)ɘ�͟Ȯ4ˢɘAs(III, 

V)Ę´ĦƉſɚ�qS�ƉĘȇǲƣFXĘɿʕû͢��ÝJŋ@@̃Ǽ�ͻȽf

@@̃ˬʃˍɦf@@ʀ@̃ˬʃ�F4SFÂˆʃǚæJŋ@İ̃åɦf@@̃

ˬʃ�_ŚÍ�ćɝɁĘɹ̡ŎûeĖŒÃƊ�S̲1��@ƣ�Ńǚæȇǲ¿Ȉ

ɁƁˍ̵f�}ƋǼ�Įɘ��@ƣȇǲ"¿Ȉ˜Æ� 
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3$ 
As(III) species, accounting for a predominant proportion in groundwater, is more 

toxic, and difficult in adsorption than As(V) species. To facilitate the control of arsenic 

contamination, an integrated system of active-biochar column and capacitive deionization 

device was proposed. Herein, manganese dioxide-rice husk biochar composite (active-

biochar) with mesoporous structure prepared by in situ chemical precipitation method is to 

oxidize As(III) to As(V) to enhance the adsorption of arsenic. A hybrid system of active-

biochar fixed-bed filtration combined with capacitive deionization (CDI) was designed for 

removing arsenic, especially As(III) from wastewater. The fixed-bed filtration can be used 

to partially remove arsenic and other pollutants from groundwater, while CDI can be used 

to thoroughly remove the remaining contaminants. The integrated system was proposed 

with the aim of mechanism investigation and parameter verification, and further facilitation 

of arsenic contamination control in groundwater. Operational parameters of the fixed-bed 

filtration (i.e., flow rate and initial arsenic concentration) and CDI (i.e., voltage) is 

optimized. As a result, active-biochar obtained fast removal rate of 0.75 and 0.63 g/mg/h 

and high maximum removal capacity of 40.76 and 48.15 mg/g for As(III) and As(V), which 

was significantly greater than pristine biochar (BC), respectively. In addition, the arsenic 

removal performance in the filtration of active-biochar was 2.88 mg/g, it was much higher 

than that of BC of 72 times. The archived results were due to the redox transformation of 

As(III) to As(V). In the active-biochar filtration, the arsenic capture performance increased 

with the increase in the initial arsenic concentration and the decrease in flow rate. 

Especially, the oxidation of As(III) still remained a good performance after 60 h. Moreover, 

the electrosorption performance of arsenic can be controlled by the applied voltage in CDI. 

The electrosorption capacity of arsenic increased with increasing the applied voltage. 

Notably, a pracital experiment for the remediation of real arsenic-contaminated 

groundwater was carried out with the integrated system. The integration of the active 

filtration and 3 pairs-assembled CDI can remediate not only arsenic, but also others (e.g., 

electrical conductivity, Mn, Mg, Na, Cl−, and NO2
−), which was achieved the WHO 

guidelines for drinking-water quality. 

 

Keyword: Active-biochar, Manganese dioxide, As(III) oxidation, Capacitive deionization, 

Arsenic-contaminated groundwater
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˰Ǯ@ʙʀĘɂƫˍɦf@Ę�w�őȜéͭċĘͷͥ�Ûͅ�ǉ(United 

Nations, UN)Ȣ³Άn�lĬ�˩�˞��ĘeŎ̻ʮƫE�wÞ@Îǿ�őʕÊ�

f@˜Æ�̵ɝɁ	ƽ�Ɖ�¨ƬƮC̻ʮ3Ɍ"̗�Ĳ@ȇǲɅ¹�F̵ʱƑŵ

΅̇�ƠɁͰūĘ@ʙʀǇͥ� 

Fǉ+�Ó�̷ȼ¿ȈĘɘÄ4�Ńȡ¶ĘȖͼɁǳ�Ý�ͱ4��@�Ń̗

ēǇͥƠéūɑ����ďȊæĵĘ¸Ɍ(�Ġ 1.1ýn)4̗ēȦÏŗͭĽɈĘǞǄ

Łã!ͭ͌�Ə̻̔ĩʋ 107�ĕ̻ʮjkƌ�ɝɁ̅�½ǉ"́ņˍ̗ē¿ȈF

Ǽ�ǉ+�Ńȡ¶"ƚ�ˍ̗ē˜Æ�Ł½ǉ��ͱ4��@ĩ;ɈǶ!ūŦĘ	

̻�ġ�à�ƣ�ŃŗͭŚÍĺͼǞǄ��ȣƣ��@"@g�ͱ˦΁˸ȠǛƱˍ

�ǚæ΅��ƣ̜ĵǺƼƉǰĘŚÍ�â�ˆɘ½ǉ̗Έ�Ń́ņˍ.ĊƮ�� 

 

Ġ 1.1 ˌΌ�ͯ@̃Ęƣ�Ń˄æˬʃų(̻ĩʋ�2019) 

�ͯ@̃ˬʃ  ƣȊ˸̜ĵ(mg/L) 

��@�Ńʽȼˬʃ ǻ	ͯ(ɦf@@ʀ) 0.025 

ǻ
ͯ(ħɦf@@ʀ) 0.25 

��@�Ń˄æˬʃ ǻ	ͯ(ɦf@@ʀ) 0.05 

ǻ
ͯ(ħɦf@@ʀ) 0.50 

ͻȽf@@̃ˬʃ  0.05 

ɦf@@ʀ@̃ˬʃ  0.05 

ɦf@@̃ˬʃ  0.01 

 

��"��� 
_ŚÍŧɀͺă̒�ĲĘǌ͗ŚÍ�DŦ̗�ʞRŚÍ�ć�ȌŧŎûeĖŒ

ɯI˄ńˍʢſR͢�ʔʊ"̗�ûʘ·�ɁƁ��@ƣ�ŃǚæÎǿ�¿Ȉƍ:

ī͛ŎûeĖŒǑAs(III)ɘ�͟Ȯˍ´Ħ�y͛hʢſR͢�ʔʊ́ǚJŋ@İ �̃

ɘ�Ǽ�ɦf@@̃ˬʃˍʜɻͻȽf@@̃ˬʃ�_ŧɀlˬő¸�̗�ĲŚÍ

"ɾú·ͫ�Øç°ʯȡ��@ƣ�Ńȇǲ"ˆɘ�ŚÍŧɀ�ćâȜĬ͖û�Ɂ

Ɓû4̵f˱�� 
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3.1. ?*-cg")�>% 

@!Ęƣ(arsenic, As)S.ő�̙ƣˍȾ̙ƣ��̙ƣĘňûŁȾ̙ƣĘ�."

	(Nagy and Korom, 1983)�C�̙ƣ]ɥŦ�̅ʆĘ̻ʮ+�F˕Ƨɪ1ã5̵�

SFǵe�ľ�̙ƣȏǓV�ƖŊȚͯüÔͯΈ!ȉɁǳ(Goessler et al., 1998; 

Tamaki et al., 1992)�ʱ�Έ˦΁ûʚ¨�Ⱦ̙ƣĭS.ő�ˠƣ4&ˠƣ�ɿă@

ƋFÚƣ˖(arsenite, As(III))4ƣ˖(arsenate, As(V))ĘĲʳ���Ə̔ŚÍΆn As(III)

Ęňû�ă As(V)�áĝ�@!Ęǔʢû��ýƄǷ�̻ʮ!Ęƒ1͊źʢ (Eh)ë

pHųŁ˦΁Ė̃�@!ĲʳĘūŦ�Ƨ�Ə̔ʭ 3.1SĚ As(V)Fƣ˖Ę»���

ă@!�Cʆ pHų�ă 6.9F�Ƌ� �ʚƽ pHų�ĭF HAsO4
2−őDŦĲʳ��

H3AsO4
0 ˍ AsO4

3−ɩ��ăɽ˃Ę˖û̻ʮüΊû̻ʮ��As(III)ĭ�FÚƣ˖Ę

»���ă@!�ʆ�͊źǦs��C pH ų�ă 9.2 Ƌ�As(III)īF ǔʢĘ 

H3AsO3
0Ĳʳ���ʚƽ pH ųƋ�ĭŁF H2AsO3

2−őDŦĲʳ��ăƣP5̵Ę

͊źʢ SÑĠ 3.1�Ġ!ő } pHų� As(III)ĘĲʳ4ãƒ1ő As(V)ý˜Ęʢ

 �ãʢ )ă 0.56 � 0.72 "ɞ�Ə̔ŚÍΆn�±Ĩ As(III)4 As(V)Ŗâ�ň

û�ȿ� As(III)Ęňûő As(V)Ę 25� 60Ų�yĝ�Ⱦ̂ŁSɿûüǺǄû�As(III)

Ŗƽă As(V) (Xue et al., 2017)�ȿ��ʆFǳ�"��@̗ē¿Ȉȇǲµƣ��@

Ƌ�As(III)ĘRƼ�Ɖį�¨ă As(V)����ʆ@̻ʮ!ĘƣŁF As(III)ĖˁőD

ŦĲʳƋ��¡͟ȮƣĖˁùùŁȪƽ@̻ʮ!ƣRƼƉǰĘͭ͌�Ƨ�qŁģȵ

Fà�µƣ��@̗ē<ŮéǏ/ͭċĘͷͥ� 
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ʭ 3.1 ƣĘ Eh-pHͭīʭ 

 

Ġ 3.1 ƣĘ˖ʕ͢Ǔ˩4ˬʃ͊źʢ  

Acid−Base Equilibrium Ka 

H3AsVO4 = H2AsVO4
– + H+ 10–2.2 

H2AsVO4
– = HAsVO4

2– + H+ 10–6.9 

HAsVO4
2– = AsVO4

3– + H+ 10–11.5 

H3AsIIIO3 = H2AsIIIO3
– + H+ 10–9.2 

H2AsIIIO3
– = HAsO3

2– + H+ 10–12.2 

HAsO3
2– = AsO3

3–
 + H+ 10–13.7 

Half Reaction E0 (V) 

H3AsO4 + 2H+ + 2e– = H3AsO3 + H2O 0.56 

H2AsO4– + 3H+ + 3e– = HAsO2 + 2H2O 0.67 

HAsO4
2– + 3H+ + 2e– = AsO2

– + 2H2O  0.61 

2AsO4
3– + 10H+ + 4e– = As2O3(s) +5H2O  0.72 

AsO4
3– + 8H+ + 5e– = As(s) + 4H2O  0.65 

HAsO2 + 3H+ + 3e– = As(s) + 2H2O 0.25 

AsO2
– + 2H2O + 3e– = As(s) + 4OH– –0.68 
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3.2. �Lgft*���?�0Er 
�ƣő	ˁ6ȿ*Ƨ�ȾêȾ����ȸ!\·µɚő 2000−5000 mg/L�Ł�

ȸ!µɚǠ�ǻ 20͞ȣĘ*Ƨ��FʹĖĘĲʳ.[ă�ȿŕʆ!�ʱă��˩Ȁ

ŢeĖâ�ŗʆƽĘňû�Ť�Έģȵ˪΀�ƣĘ|Ž��SƮɺǵeʴûĘňǲ

Ɖ̵˦΁ǁǕ��̒ţƙʎƞ4�Έȧ̻Îǿɸɫ����ƣȉǉ˛̼ƟŚÍȁ͙

(International Agency for Research on Cancer, IARC)zőǻ	Ʃţ̼Ė�ɳĠ�˵ñ

�Έţ̼û��ΆnƣĘ|ŽΆ�ĄÑ�Ə̔ 2018 �Bŕ˾eȁ͙(World Health 

Organization, WHO)ĘȢ³Άn�ăĤƏº�ðLþ�Ȳ¯�!ǉ�{ĵ�̌�Ż4

şǉɇ̀�ǉžĘ��@µ@ˣ!�ŖʽȼåƣĖˁĘ��(WHO, 2018)�}Ƌ�Ə

̔WHO¢ŧ�ăwǱ 50Ŵǉž!�8� 1.4˞Ę��˪΀ăƣ̜ĵɖʞWHOĶ

ͷĘ�wŬųˍşǉ̻ĩʋ(U.S. Environmental Protection Agency, EPA)ýŨñĘȝ

��ŃĖſȋ̜ĵ(maximum contaminant level, MCL) 10 µg/LF�(MassDEP, 2019)�

ƽă�̜ĵˬʃ�ƣɺʱ�ͯȓ�Γ:�ʪ~�ʏ͔�k˽Ɲƞ�+.ČÝ�ŝ

�Ǳˍj�ǱȻ8��ˁͯĲĘ̼Ɵ�:�˄ƝƞüƤʉÎǿÝɇͰūĘǁǕǇ

ͥ(Murphy et al., 1981; FDA, 2001; MassDEP, 2019)�ʭ 3.2Ȭ΀wǱĘƣ�ŃǇͥ�

Bŕ˾eȁ͙4şǉ̻ĩʋq�ƣĘ|ŽɶɁͰū�Ǒɦf@@̃ˬʃȌñő 0.01 

mg/L�ˌΌǆ�şǉ̻ĩʋ�ǑƣĘɦf@@̃ˬʃȌñő 0.01 mg/L��ɦf@@

ʀˬʃő 0.05 mg/L�ŗͭ˩̔Sǆ�Ġ 1.1ýn� 

 

 

 

 

 

 

 

 

 

 

ʭ 3.2 wǱĘƣ�Ń˱ɬ(Amini et al., Environ. Sci. Technol., 2008) 
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ˌΌ��@!ƣĘµɚDŦʀă6ȿõˣ!µƣĘʹĖ��cǉ 60�Hɝï�

hăƙʎƞĘƎßWƵ�ÝǗȋ�̑ĝɝïʱˌΌ�ǅ��@!ƣĘµɚˍ.[ɘ

�́ņ�ˌΌ��@ƣ̜ĵ˱ɬ˸ȠNļ̝@ʄË̠Ƈ�ʫĮ\ź�ĴĆ\ź�ͽ

ɡ\źɇWǅ��ʭ 3.3 Άn�ŝ�ǅɱő��@ƣ̜ĵɖʞǻ	ͯ��@�Ńʽ

ȼˬʃ(0.025 mg/L)Ę̙ǰ�ă 75% (̻ĩʋ�2019)�ˌΌĽöqȪÞ�Ŵ��@$

Ę@̃ʽȼ˩̔�FĨȨȫ��@!ƣĘµɚˍŋđ�h̻ĩʋ̚�ŧɀĘ́ņɉ

ćΆn�ˌΌ��@!ƣ̜ĵʚƽĘǅǊɢ!�ˌΌ�ĮȕĒƖĘʫĮ\źˍĆO

ȕͽɡ\źáȇ�ȕ.ʽȼ$ĘƣµɚŞƽăˬʃųĘ 3 � 10 Ų�ˌΌ�ǅµƽ

̜ĵƣ"��@!�Ƽƣ"XôNµͿ�̫Ⱥ΋�ɜ΋�Ƀ˖΋�ÚɃ˖΋�ŉ΋�

̀˖΋�ʟ�ɛ�͋ɇšȱǌ̃�ľ�ɘ�ƣ�Ń̗ēƋ�˜�˨�ͯšȱǌ̃ʱ

ýǟf"@ȇǲ¿ȈãƼƣ�ƉĘ�͑ˍ˦΁�yĝ�ŤŁ̆é�ő�Ń"��@�

@Έ!Ƽ�ƣˍǌ̃X�ÂSƮɘ	ÄNµ�ͯƽ̜ĵ͡�˙�˘�Ç�͠�ʠ4

̈ɇūĢͺ�ŃĖ̃�ľȇǲˌΌ�ǅµƽ̜ĵƣ"��@�˜�˨"�͑ǌ̃4

�ŃĖ̃S͓ƪőͿ�̫͢��΋ͯˍΊ(�)Ģͺ͢�ˍūĢͺx��ͯ� 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 3.3 ˌΌ��@ƣ̜ĵ˱ɬ˸Ƞ 
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3.3. ?*NDVM 
̻ʮ!ĘƣȏǓFáˁ»����.­ő As(V)4 As(III)�ă!û pH 4ʢ 

Ǧs��Úƣ˖΋Ą»� ǔʢȆĘƣ˖(H3AsIIIO3)�Fɨǿ<ď�Ó�ãRƼͮĵ

ƽ��ƣ˖΋�ƒ1̻ʮ!�ȕ. pH Ǧs�ŖF͢�ʳ���ãDŦĖˁő

H2AsVO4
−ë HAsVO4

2−Ęµƒȗ͢�»��ʚĄF͢�pȮɇ<�RƼ�ŗʚ"��

ƣ˖΋?Úƣ˖΋ſĄǺƼ�ľă@ȇǲɅ¹!�Ǔ͛hǩLȺ�ʞƒ1ǧüƯƒ

ɇƒ1<��ɘ�Úƣ˖΋͟1őƣ˖΋"Ĭȇǲ��ĸʉh˩ˁǓÑĘ��@ƣ

ȇǲ¿Ȉ��Ȕʞ)̃(�Ā͜Ϳƒ1ĖĘƚƐ) �̃Ŏûƒ1̉4͢�pȮ̘ƭɇ)

4͇˻(�ƷʺȔ�ʢȔĊ4͇˻ˏͦ¿Ȉɇ)ɇ<�RƼ�̍˄lĬ��ǘ��@

!RƼƣĘȇǲ¿Ȉ�¦��˩¿ȈȏǓ˜ŦÝfâ5̵ûĘ1̑Ė̃�Fţă¨

@��ǰ�ƽƮʀƓƬ4
��ŃɇǇͥǵe� 

´ĦďőȝǓ̵fĘ¿Ȉ"	�â�̖§͘Ą�ŗʱ�_ʚ¨CȾ�čȇʊ˜

Æɇ̲ɬ(Mohan and Pittman, 2007)�ʞR˩��!��ɝɁ��ͯĲĘ´Ħ̎�S

fă@ɿǨ!ƣĘRƼ(Yadanaparthi et al., 2009; Hu et al., 2015)�ã!�Ϳǧƒ1Ė

§ő´Ħ̎ȉˑőŁȝ�ƉĘƣRƼ<ď(Saharan et al., 2014)�ȿ��Ϳǧƒ1Ė

͍ǽĘye˜Ŧɘ	ÄȔʞÈ̛üʞ͕RƼ��͆ǑˢLȇǲ�_�Øȓ�ŗʱ̵

Ę̙ǤɸƬˊ;(Tuna et al., 2013)�UX�ŎûˀqőǓÑ"´Ħ̎�â�ƽ?ĠŮ

̠�ƽ7˚ɉʶ4ȣµĠŮòƮǌɇƚû�S̵fă@!�ŃĖĘRƼ�ȿ��	

ư̖§Ǧs��ĠŮʢȆ�őũʢ��ʢȆŗ^�Ƨ�@!ȗ͢��ŃĖĘRƼé

åŬæ�ƣĘRƼƉƮqŗʆ�Ŭ(Cooper et al., 2010; Yao et al., 2011)�őɉ�
ĝ

̲ɬ��ɁƁJͿƒ1ĖˍŎûˀɉ�Ę˿��´ĦÃƊ�͛�˿��´ĦÃƊ�

S�Ɖ�RƼ@ɿǨ!Ęƣ(Chang et al., 2010; Nieto-Delgado and Rangel-Mendez, 

2012)�̍˄���hăŎûˀĘːȓʞɅʱ̻ʮ3Ɍû�ʼ˨�ʖ˿��´ĦÃƊ

Ø â�_ƉƠ(Hjaila et al., 2013)����'˜ĺͼŚɁâȴHû4¨�_Ę´Ħ

̎�FRƼ@ɿǨ!ĘƣˍãZ�ŃĖ̃� 
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3.3.1. 2%�)4 
Ə̔eĖŒ(biochar, BC)ĭőǳ(â�ƽĵɁƁˠųĘ	ˁˀ̃ÃƊ�SȔʞ

ʜɻˤǥĖüãŗͭǵĖʉƽʁɐʕ�ː��}Ƌ��ǉ˛ŚÍ���ŗʆȊˮ

(Zimmerman et al., 2011; Ahmad et al., 2014)��źƊèǗ<Ĩ���ɚC¨�_Ęͧ

ñƊʀɘ�eǵ�ľǈˠŗʱĨó�S§ő@ȇǲɅ¹!èHɨǿ´Ħ̎Ęƽ˱�

yeÃƊ(Mohan et al., 2014)�ȿ��ǳɠŇĘ;ͳ!�8�ǛƱeĖŒÃƊ̵fă

ƣĘ´Ħ"ŚÍ(Zhang and Gao, 2013; Zhang et al., 2013; Mohan et al., 2014)����

_ʬɟġ�àƹʱeĖŒ̞ƚĘ7˚ɉʶɘ�ŚÍ�Øă((2019)�ɁĠăǉ˛Ě

�ȵK�ŚÍ�ćSø£̵făeĖŒĘːȜɅ¹ǚæ�͛h̗́ã!74ɲ7Ę

?ß�FʝåÂƽƉǰĘūĢͺ´Ħ(Cuong et al., 2019)� 

Û_ʬɟ�	ȵŧɀ�ă 108�ĵýǍ�̻ĩʋ��ǌ˄ɺʓ°"�ɝɁ
ƒ

1̫/eĖŒ"ȧ̻ʉ̸ÃƊă��@ƣ´Ħ"ŚÍ�ŚÍŧɀ�DŦƹʱeĖŒ´

Ħˍʱ̵"ƣ͟Ȯ̙æɘ�ǛƱ�űvȔʞ1̑É̠ďǑ
ƒ1̫(manganese 

oxides, MnO2)Ā͜ăeĖŒĠŮ�ɘ�ɝɁwɹĘŎûeĖŒ(active-biochar)˿��

ÃƊ�ØͫʯʖÃƊʱ@!Ęƣâ�ɽÜRƼƉƮ�ͭ͌�Ƨ�ă MnO2"̲ǷĘ

ƒ1͊źŎû��̻ʮ pHǦs�SˍƣĖˁɘ�ƒ15 �̵Ǒ As(III)͟Ȯ� As(V)�

MnO2 ˍƣĖˁ"ɞĘ5̵̙æSǆÑ�Ū5̵��Άn MnO2 4ã!ɞǵĖ

MnOOH*ŖSɘ	ÄǑ As(III)͟1 As(V)�ŭ¨ãǺǄûˍeĖňû� 

 

MnO2 + H3AsIIIO3 + 2H+ → Mn2+ + H3AsVO4 + H2O      (� 3-1) 

2MnO2 + H3AsIIIO3 → 2MnOOH* + H3AsVO4       (� 3-2) 

2MnOOH* + H3AsIIIO3 + 4H+ → 2Mn2+ + H3AsVO4 + 3H2O    (� 3-3) 

 

��ŧɀȪƎ!�_ʬɟǑŎûeĖŒɯI�˄ń!�ãő	ʶȓ͘ȟ"5̵

̐�nɳʭSǆ�ʭ 3.4 ýn�S͛h�˄ń!ʔʛüɯIìΈ͍ǽ"ɪ1̎ü´

Ħ̎��ĐmüŎûˀɇ�ɘ��ŃĖ"ìñ1��ď ɩâ�Ą̖§ˍĄĂ�Ȋ

ˮɇ̲ɬ(de Gama et al., 2017)�Chă͟1ƉƮDŦéŎûeĖŒĘ5̵ĠŮ̠�

ħ5̵̐ĘΈ̠ýŬæ�ľȟ ŎûeĖŒ"͟1ƉƮąΆ̲ăãZɪ1 �̎���

ǑŎûeĖŒɯIă˄ń!ɘ���@ȇǲ�SȪÞ	Ŵâ�_ƉƠĘµƣ��@

�Ń̗ē¿Ȉ� 

 

上傳時間：2020年12月30日上午 11:51



 

8 

 

3.3.2. `9
q��P 
ʢſR͢�¿Ȉ(capacitive deionization, CDI)�ő	â̵f˱�"ǪǮʈƮ@ȇ

ǲ¿Ȉ(Liu et al., 2019)�ãźǲī¯fí��7ûŎûˀʢɽĘƽ?ĠŮ̠�ĿL

Xȕʢ̴�
ʢɽɞ»�ʢȡ�ʉʢ´Ħ̙æ�Fƅŷ̰ʢ�Ǒ@!ǔʢ͢�´Ħ

ăʢɽĠŮ��ǵeƾǮ"Jŋ@�ͭă_ʬɟ�ƣ�Ńǚæ<Ůâ�"̲ɬ�l

Ĭ�_ʬɟýɁƁĘʢſR͢�ʔʊ"¿Ȉ�˲ĵ�� TRL 7�¿Ȉ�ăơʯ̻ʮ

ʘ·�M�èǗǐ¯��őwǱ��˝vʬɟ�Cʞùȳǜé̻ĩʋ��ǌ˄ɺʓ

°�.­Ǎ� 104�ĵ�FʢſR͢�¿ȈǺƼ��@!ƣ"ŚÍ��105�ĵ�Ķ

ʶʢſR͢�Îǿ̗�ˮȁȇǲµƣ��@"v΂ʘ·��107�ĵ�ʢɪ1/ʢ´

Ħ}ÄRƼƣ"¿ȈɝɁ�ɇŚÍŧɀ�·ͫʢſR͢�¿Ȉ̵fă��@ƣ�Ń

Ę̙æ��MͫʯʢſR͢�¿ȈS̵fă.͢��@ƣ�Ń"˱��ŧɀ"ŚÍ

�ćØ�ɁĠ�ǉ˛Ě� SCIȵK(Fan et al., 2016; Fan et al., 2017)�}ƋØ�ǉ+

Xȋ�ŚÍʬɟ9f_ʬɟ"ȵK;ș�Ȫ2½ǉăʢſR͢�RƼūĢͺƣ�Ń

"ǉ˛Ě�ĵ�ˇ�ýŪ�_ŚÍʬɟ�ʢſR͢�¿Ȉ�̓�ģȵŚÍ"ʉ·�

�Ȩǚµƣ��@�ŃĘͭ͌¿Ȉ�ã!�ʢſR͢�ʔʊ! }ƣĖˁˍʢɽɞ

Ęďþǻ4ħďþǻ5̵̙æ(Song et al., 2019)�Sǆ��Ū5̵�� 

H2AsIIIO3
– + WE = WE−H2AsIIIO3

–          (� 3-4) 

H2AsVO4
– + WE = WE−H2AsVO4

–          (� 3-5) 

HAsVO4
2– + WE = WE−HAsVO4

2–          (� 3-6) 

AsVO4
3– + WE = WE− AsVO4

3–           (� 3-7) 

H3AsIIIO3 = H3AsVO4 + 2e–            (� 3-8) 

H2AsIIIO3
– = H2AsVO4

– + 2e–           (� 3-9) 

ƣăʢſR͢�ʔʊ!ĘǺƼ̙æDŦŁ�Xȕʢȡ(1.2 V)Ę§f��As(V)

Sȉɡɽ´9�ʢ´ĦRƼ�As(III)ĭȾďęǜFʢ´Ħ§fRƼ�D�ő As(V)�

�ȿ@Έ!Łǔũʢ�� As(III)��ȿ@Έ! ǔʢȆ�ȿ���ɡɽŎûˀʢɽ

ĘĠŮ�΍ʰå�ƣĘƒ15̵Ɂe�ȕ.Ę As(III)ɘ�͟1� As(V)ĸȉʢ´Ħ

RƼ(Fan et al., 2016)����_ʬɟɘ	ÄǑ�ŪƣĘRƼ̙æͨː�nɳʭ�ʭ

3.5ýn�yˍɨǿĘƣȇǲ¿Ȉ?ʚ�ͫʯʢſR͢�¿ȈS�Ɖȇǲµ¨̜ĵ(< 

1 ppm)ƣ�Ń"��@Έ�}ƋSʝåˌΌ̻ĩʋýŨñ"��@@̃˄æ4ʽȼ

ˬʃ�ͻȽf@@̃ˬʃF�"ƣȊ˸̜ĵ(Fan et al., 2017)� 
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ʭ 3.4 ŎûeĖŒȟ*nɳʭ 
 

 

 

 

 

 

 

 

 

 

 

ʭ 3.5 ʢſR͢�ʔʊnɳʭ 
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3.3.3. l�2%�)4g`9
q�^] 
ˇ�ýŪ�_ŚÍʬɟǑȔʞʞR�̻ĩʋ��ǌ˄ɺǍ�ǐƎĘŚÍ�ć�

ɝɁ��@ƣ�Ńǚæ"̗�Ʌ¹�ǻ	ȕ.ŁɯIŎûeĖŒă˄ń!�Ķʶ	

âƒ1͊źŎûĘ5̵̐�ʖ5̵̐S§ő��@ƣ�ŃǚæĘĬȇǲ¿Ȉ�ʱƣ

Ėˁâ�ƒ14´ĦĘƮ��ǻ
ȕ.ĭŁːȜí��7ûˀ̃ÃƊ̵făʢſR

͢�ʔʊ!�§őƽƉƮĘʢſʢɽÃƊ�Ø͛hĿLXȕʢ̴(1.2 V)��Ɖ�.

͢@!Ęǔʢ͢��ɘ�ʝåǚæ@̃"lˬ�̗Έà˒�µƣ�ŃĘ��@ɺv

ŋʉŎûeĖŒ!�As(III)ɺˍŎûeĖŒɘ�ƒ1͊ź5̵�As(III)ɘ�͟1�

As(V)�ȕ.Ę As(V)SęǜȉŎûeĖŒF´Ħ<�RƼ��ƒ1͊ź5̵ȵɞ�

ŎûeĖŒĠŮĘMnO2ɺ»�!ɞǵĖMnOOH*F4ǵeÙȋĘMn2+͢��qɺ

Īɘ As(III)Ęƒ1�͟1� As(V)»�ă@Έ!�ãĸ�ʉh˄ńȇǲʞĸĘJŋ

@�ɺyŋʉʢſR͢�ʔʊ�ɘ	ÄFʢ´Ħ<�.͢@!Ȟ̋Ę͢�(�Mn(II)

ˍ As(V))�ɘ�ǚæJŋ@İ̃�_ŚÍŧɀ̶͛h
ɠŇȇǲɅ¹"̗�4ĸͼ

ʘ·"·ͫ�ç°ʯȡ��@ƣ�Ńȇǲ"ˆɘ�nɳʭ�ʭ 3.6ýn� 

 

 

 

 

 

 

 

 

 

ʭ 3.6 eĖŎûŒˍʢſR͢�¿Ȉ̗�Îǿnɳʭ
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4.1. 5 Qa 

ŚÍŅʶʭ�ʭ 4.1ýn�_ŧɀŚÍFŎûeĖŒ˄ńˍʢſR͢�ʔʊő

¿Ȉƍ:�ɁƁ��@ƣ�Ń"ǚæÎǿ�ã�§ɤlűvőŎûeĖŒˍŎûˀ

ʢɽːȜ�ˍˮ̶µƣ��@@˫"Ƹː�yĝ�ɘ�ŎûeĖŒ˄ń"ȟ*ˮȁ

ȼʘ��·ͫÎǿ"S�ûĸ�ɘ	Äɘ�ŎûeĖŒ˄ńˍʢſR͢�ʔʊ"̗

�ûʘ·�Fɒ¢ƣĘƒ1/´ĦƉƮ�RƼƉǰȍŜ� �˹ɇʁ´Ħ4Ǆ��őɇ� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 4.1 ŚÍŋɅŅʶʭ 
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4.2. 5 
( 
4.2.1. ?�0����ChgJ[ 

ŚÍğȵ�Ƹː̜ĵő 1 mg/LĘAs(III)ɿǨɘ�ȟ	ĖˁĘƣƒ1/´Ħʘ·�

F¸�̑ǲĘ·ͫ�ǜɍ�ǟɢˌΌ��@ƣ˱ɬǅ˸Ƞ"ʯȡ@˫�ɘ	Äɒ¢

�͑Ėʱƣƒ1/´Ħ"˦΁Øɘ�¿ȈĘ·ͫ�§� 

_ŧɀîƳɻ̤̻ʮś¿Ğt�Ŭ-Tɘ�µƣ��@"ǟɢ§ɻ���@@

˫ǟɢ§ɻăcǉ 109 � 4 > 21 =ɘ��īǟ�ɣĈ̣ˌ�ə�MŇ 1426 �

ʒʜ�"ʽȼ@$���@ǟ˫͏ ʊ�ʭ 4.2 ýn�ʖǅǊǳȡɚȼ"@̃ʙƲ

���ƣĘ¼̢̜ĵő 0.725 mg/L�̒ ʢĵő 1209 µS/cm�pHő 7.57�ʁĵő 25.4oC�

ƒ1͊źʢ ő−122.3 mV 4ɿƒő 1.67 mg/L�ǟɢĸ"��@@˫Ǒɘ��.

ˍƚû.Ċ�.Ċɤl�˟̐ˍ̷ȼ<ď�Ġ 4.1ýn�Nļ��@!ȗ͢�(�ŉ

΋�Ⱥ΋�b̀˖΋�ǹ˖΋�ÚɃ˖΋4Ƀ˖΋)"̷ȼ�Ί(�)Ģͺ͢�(�ɛ�

͋�ɜ4ʟ)ˍ(ū)Ģͺ(�ƣ�Ϳ�̫�͡�˙�˘�Ç�͠�ʠ4̈)ɇšȱǌ̃"

µɚ� 

 

 

 

 

 

 

 

 

 

 

ʭ 4.2 ʯȡ��@@˫ǟɢ ʊʭ 
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Ġ 4.1 ��@@̃.Ċɤlˍ̷ȼ<ď 

.Ċɤl .Ċ˟̐ ̷ȼ<ď 

pH pHŧ NIEA W424.53A 

̒ʢĵ ̒ʢĵŧ NIEA W203.51B 

@ʁ ʁĵŧ − 

ȗ͢� a ͢�ˣĊ˟ NIEA W415.54B 

Ί(�)Ģͺ b ɴ̵˺�ʢ˯ź�Ɂƀuͪ˟ NIEA M104.02C 

(ū)Ģͺ c ɴ̵˺�ʢ˯ź�Ɂƀuͪ˟ NIEA M104.02C 

aŉ΋(fluoride, F–)�Ⱥ΋(chloride, Cl–)�b̀˖΋(orthophosphate, PO4
3‒)�ǹ˖΋

(sulfate, SO4
2‒)�ÚɃ˖΋(nitrite, NO2

‒)�4Ƀ˖΋(nitrate, NO3
‒)"̷ȼ 

bɛ(calcium, Ca)�͋(magnesium, Mg)�ɜ(sodium, Na)4ʟ(potassium, K) 

cƣ(arsenic, As)�Ϳ(iron, Fe)�̫(manganese, Mn)�͡(cadmium, Cd)�˙(chromium, 

Cr)�˘(copper, Cu)�Ç(mercury, Hg)�͠(nickel, Ni)�ʠ(lead, Pd)4̈(zinc, Zn) 
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4.2.2. 2%�)4��� 
_ŚÍÝfˌĮʜȡ"˶ȸˤǥĖ"eĖŒ�ʉǪōƼRȾ̙ͣ̃ĸ�ʊăƗ

˷+F 105oCʉ 24�Ƌƾ̺FRƼ@.�Ś̟ĸØ¯f7Ɔ��ő 0.2−0.5 mm"

̢ˉʞ̢�ȝĸǑːȜ¸�"eĖŒɯIă˄ń!�U	<Ů�_ʬɟØÛ 108�

ĵǍ�̻ĩʋ�ǌɺŧɀ"ŚÍǐƎ�ć�ǆ�McKenzie (1980)ýȪJ"ƽ̫˖ʟ

(potassium permanganate, KMnO4)É̠ď(Ñʭ 4.3)�Ȕʞ KMnO4Ęǖƒ1ƚûĪÝ

MnO2Ā͜ă BCĠŮ�ːȜŎûeĖŒÃƊ���"<ďʗŪ���ƥèŞ 1 gĘ

BC�ǑãL�� 100 mLĘ 100 mMĘW@�
˖̫(manganese(II) acetate tetrahydrate, 

Mn(CH3CO2)2·4H2O)ɿǨ!ˡƘ΄ÿÝ"·0ǫ��Øăĳʁ�ʊăɖůĎƈ̙̽

!̊̽Ş 30.͹�ʻĸ��Ȑͼ΄ÿȵɞ͝ɷ�L� 100mLĘ KMnO4�ő�Ŧˍ

Mn(II)ʝ1̑\̥�ǫ�ɿǨɘ�ǵe MnO2 Ęǭȶ�É̛�±Ġn�MĀ͜ʞĵ

Ģͺƒ1ĖMnO2ă BCÃƊ�ːȜ��"MnO2/BC˿�ÃƊ�yǑǭȶ�Ęǫ�

Ǩʊăʿm΄ÿ̐!F 800 rpm�΄ÿ 30.͹�Øǚæăʁĵ 80oCĘ̻ʮǦs�

ȝȃ�ķɅ¹¸�ĸǑƸː��ĘǨΈ¬į�ĳʁĸ�ǫ�Ǩyȏʞ7Ɔő 0.22 μm

Ęʞ͕˻ǑÃƊ�ɢ4ʞ͕�ȵɞǑʞ͕ĸ�ɢĘ MnO2/BC ˿�ÃƊF RO @ʲ

÷Ëō��ɢă͕A�²č˯ėĘÃƊ�ɘ	ÄǑãʊăƗ˷!̗́ʁĵ� 80oCƾ

̺ 36�Ƌ�F�MĀ͜ʞĵĢͺƒ1ĖMnO2ă BCÃƊ��¸�ŎûeĖŒĘ�

��ŎûeĖŒĩ�ăĳʁ4̅ʆĘſ̐!�C͉«ɡuęǜʅƀüŐʷ� 

 

 

 

 

 

 

 

 

 

 

 

ʭ 4.3 MnO2/BC˿�ÃƊ"ːȜŋɅ 
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4.2.3. 2%d`\�hT 
Ŏûˀʢɽ"ːȜŋɅ�ʭ 4.4ýn�_ŚÍʬɟâȜ͞ȣ"ʢ´Ħʢɽː§

ʉ·�ɦ ăʢɽÃƊ�͎ ɍ̎"̩ �̕ǩL?ß"́Ƹˍː§<��ǭ�"ŚÍ(Hou 

and Huang, 2013)�lĬ�Ʈʉ̸�ƉǰĘǵJ¨�_�ƽ?ĠŮ̠�Ð�̙Ǥǖĵ

ĘŎûˀʢɽ�S̵fă CDIˮȁ!§őʢɽÝf�_ŚÍÝf!ǉ̭ͿĞt�Ŭ

-Týeǵ"ŎûˀźƊ(ACS20)�Ə̔_ʬɟvĬĘŚÍ�ć�ACS20 âȜ̲Ƿ

Ęʢ1̑ƚûˍȄ΋Ʈ��őɽâ̵f˱�ĘŎûˀÃƊ�âΈ�Ó�Ȕʞȧ̻r

�ď�ñʢŋIĂʢ4ʢ1̑ĥ¾̱ͪďɘ�.Ċ�ACS20ΆnJʚƽĘ?ʢſų�

Ð�Ęʢ1̑ͧñû�ʚÜĘ̒ʢû4ʚ�Ęĥ¾ųɇ����̩̕ ACS20§őˀ

ʢɽÃƊ"ːȜÃƊØɘ�ĸͼŗͭʘ·�űv�ǑŎûˀˍˋǃŉ
ǯ

(polyvinylidene fluoride, PVdF)F 9:1 Ę?ßǫëĸ�yǩL�iǌ�?ıʇΒ(n-

methyl-2-pyrrolidone, NMP)ɿǨ!�ʉ 2 �Ƌ·0΄ÿĸ�Ǒˀ˯·0ɮ©ăΎĉ

��F 120oCƗƾ 2�Ƌ�ķĬÄΉ¸�ĸÁF 80oC"ơĜėʳyƗƾ 2�Ƌ�ȝ

ĸɏ/�ý˜��̵făʢſR͢�ʔʊ� 

 

 

 

 

 

 

 

 
ʭ 4.4 ŎûˀʢɽĘːȜŋɅ 
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4.2.4. 2%�)4�2%d`\�X� 
_ŚÍ!Ǒɘ	ÄÝf˟̐.Ċ�Fɒ¢ÃƊăʘ·ĬĸĘĖ14ʢ1̑ƚû� 

(1) Ė1ƚû.Ċ 

FȡɁƀǝȩʢ�ΆɲͬʵƮɚȯ©Ʈͪ˟(field emission scanning electron 

microscope & energy dispersive spectrometer, FE-SEM&EDS)΍ʰÃƊ�ĘĠŮɉʶ�

?ĠŮ̠47Ɔȼñ˟ɚȼÃƊĠŮĘ7Ōƚû�˳ū.Ċ(thermogravimetric 

analysis, TGA)̿ʕÃƊĘ*Ƨ?ß.[4ƽʁ˳ɐʕ5̵Ę�ő�Xu͚ƀuͪ˟

(x-ray powder diffractometer, XRD)ɘ�˿�ÃƊȰĲɉʶ.Ċ�Fțoʑ͟ȮŝX

˹uͪ˟(Fourier-transform infrared spectroscopy, FTIR)ɘ�ÃƊĠŮòƮǌ.Ċ�F

X ƀ˹uʢ�Ʈͪ˟(X-ray photoelectron spectroscopy, XPS)ɘ�ÃƊĠŮ1̑Ę͌

ɉĲʳɇ*Ƨȁ�.Ċ�ØFŕʝʢ ʤȼ˿�ÃƊ�@ɿǨ!Ę.ȯǙđØ.Ċ

˿�ÃƊĘɇʢ ͏Ę΅1ɇ� 

(2) ʢ1̑ƚû.Ċ 

ʢ1̑ƚû.ĊŁ¯fĹʢ ˟(CHI-627D, CH Instruments, Inc., USA)ɘ�ʘ·�

ØF�ɽ�ʢ1̑.ĊÎǿɘ�ʢſʢɽĘʢ1̑ƚûɒ¢�ã!��ɽ�Îǿ.

­HĠ�§ʢɽ(working electrode)�ǆ�ʢɽ(reference electrode)4ʱ�ʢɽ(counter 

electrode)��§ʢɽő�7ûŎûˀ(activated carbon, AC)ʢɽ�ǆ�ʢɽő˗/Ⱥ1

˗(Ag/AgCl)ʢɽ�ʱ�ʢɽĭőʡĢɊʢɽ�ʢ1̑ƚû.ĊĘ�§ɤlNļȧ̻

r�ď(cyclic voltammetry, CV)�ñʢŋIĂʢ(galvanostatic charge/discharge, GC)4

ʢ1̑ĥ¾̱ͪď(electrochemical impedance spectroscopy, EIS)�lĘőɒ¢Ŏûˀ

ʢɽĘʢ1̑ƚû�ʢſƚûü͢�ɨ̧ƚû� 

ȧ̻r�ďăʘ·!ýÝfĘʢʕ̃ɿǨő 1 MĘȺ1ɜɿǨ�ǝȩʢ ˸Ƞ

)ă−0.4�+0.6 V"ɞ�ǝȩȑǰő 5−100 mV/s�͛hȧ̻r�ď.ĊSǗ	ʢ̴

ˍʢŋ"ͭīʭ�ɘ�ŧ˅?ʢſų�ŤʢɽÃƊőǲɵ"ʢͤˣʢſÃƊ�ȧ̻

r�ď"ͭīʭő	<bƢ»�UX�Ə̔?ʢſųˍǝȩȑǰ"ͭī�SǗĚʢ

ɽÃƊʱă͢�Ęɨ̧ȑǰˍ7Ōƚû�Ŏûˀʢɽ"?ʢſųS¯f�z-�ɘ

�ŧ˅� 

 

                 (� 4-1) 

 

ã! 

c

a

c a

 d

2 ( )

V

V
I V
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mv V V
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-

ò
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C�?ʢſų(F/g) 

I�ʢŋų(A) 

m��§ʢɽ"̃ɚ(g) 

v�ǝȩȑǰ(V/s) 

Vcˍ Va�ǝȩʢ ˸Ƞ"ƽʢ ˍ¨ʢ  

 

ʢŋIĂʢSƹʱʢɽÃƊ"̒ʢû�SƷû4ÝfƉǰɘ�ȼʘ�ãźǲˍ

ȧ̻r�ďŗ¥�_ŚÍ!F 0.1 A/gʢŋǏĵʢ§őʘ·ǆ˩�Øɋ#	ñʢ̴˸

Ƞ(−0.4�+0.6 V)�� 1 MĘȺ1ɜɿǨ!ɘ�ñʢŋIĂʢʯ·�͛hȐͼIĂ

ʢ<�΍ʰʢɽÃƊ˿�ˀ"ʢɽĘͧñû�ăǲɵĘʢͤˣʢſʔʊ!�	ʱʢ

ɽéåęŋʢ̴ƄĘ΂Ǆ�±ǵeʢ̴΅1�}ƋɞʢɽĠŮǵeɽ1ǳɓ��ɿ

ǨʢĥɇăʣĘƋŵ�áʢɽɞ"ʢ̴΅1\ͧ�ľñʢŋIĂʢʭ»ɺ²ǳʱ˂

�Ò»�ȿ���ʯ˛Ęʢͤˣʢſ̐!�ʆʢŋȏʞɿǨƋĭɺéåΆɍĘʢʕ

̃ɿǨʢĥĘ˦΁��IĂʢğȵɺǵe̾ɞĘʢ ŭ(voltage drop)�± iR drop�

őÎǿ!Ę̗Έʢĥýȓ��ʖųɶ�Ġn̗Έˮȁ"ʢĥ¾ɶ��̒ʢûʚÜ� 

ʢ1̑ĥ¾̱ͪăʘ·!F 1 MĘǹ˖ɿǨ§őʢʕ̃ɿǨ�ǝȩ̱ǰȌñ)

ă 0.001� 100 kHz"ɞ�pŋʢ"ƈȥő 5 mV�͛hʢ1̑ĥ¾̱ͪSǗ	ĥ¾

̱ͪʭ(Nyquist plot)�äĲĘĥ¾̱ͪʭ!Ę yɗőɎȕĠnʢɽ"ʢſų�xɗő

ʯȕHĠʢɽĘʢĥ�ã!�ʢ1̑ĥ¾̱ͪŁh�ˁ }̱ǰǅǊĘʭ»ɉ��

��	őʯȕƽ̱ǰĘPɭ»ǅ�ˍÃƊ_ÖĘ+ʢĥŗͭ�D�őÃƊ_Öɨ̒

ʢ�Ʈ�ʚƄ�̒ţʢɽŕŮĘʢȆ͟Ǻ"ʢĥȪƽ�
őƽ̱ǅǊĘ!Ňȕ.(ǜ

åPɭʭ»Ů)��ǅǊŁh˹Ň§ʭ�DŦŁ�ő͢�͐ȯ�Ƨȓ��Ť�˹Ňɕ

ģ�HĠ͢���ÃƊ+ȕĘ͐ȯƉć Ü�5"Ť˹Ňɕɂ�ĭHĠ͢���Ã

Ɗ+ȕĘ͐ȯƉćÜ�ǻ�ő�Ɏȕ¨̱ǰǅǊĘ˹ûȕ.�Ȏȕ.ŁHĠÃƊĘ

ʢſû̃�ɎȕĘųɕƽHĠʢɽĘ?ʢſųɺɕ¨�CǡǰɕƻƂɕǼ�ǲɵʢ

ſƚû� 
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4.2.5. 2%�)4�e1_s 
Û̔ĬȵĘŚÍ�ć��ʉğÄ·ͫŎûeĖŒʱă��@!ƣĘƒ1/´ĦƉ

Ʈ��_ŧɀ!�ŚÍʬɟɘ	ÄǑŎûeĖŒɯI�˄ń!�ɘ�ȟ*ˮȁ"ȼ

ʘ�ØȊʨȼʘɘŋɿǨĘ�.ˍ̜ĵ�ŎûeĖŒĘɯIɚ�ŋȑ4 pH ɇ̖§

ǆ˩�ʯ·ɉćØSɘ	ÄF Langmuir4 Freundlich
ˁɇʁ´Ħˮ�4̶	ɠǄ

�̑(pseudo-first order kinetics)ˮ�ȩŪŎûeĖŒˍƣĘǄ��ő�U	<Ů�_

ŚÍȌʊ"ʯ·ĳ˄ńʘ·�Ñʭ 4.5ýn�Fœ˴˄ń§ő5̵ſ̐�+Ɔő 1.3 

cm�wģő 30 cm�ă˄ńĘĬĸ
˃ɯI\·ǽƆő 0.5−1.0 mmĘmťř�Ş 3 

cmƽĵ�ő˵ĩǨΈŋʉƋS·0.ȯ�ØɥǑeĖŒƕ̹ĸy�ɯI�ǜɍ�¯

fR͢�@Ëō˄ńŞ 2�Ƌ�F˵ĩeĖŒ͍ǽˈǏǠz�Ȼ8Ĝ˚�yĝ�¯

f͵Ǆŏ§őɘJŋĘǄ�àʀ�FǚæɿǨ�˄ńĘŋȑ�͛h� }Ƌɞ͏ǟ

ɢ˄ń"Jŋ@�ɘ�@̃.Ċ�ǗF̿ʕ@!͢�̜ĵ"΅1� 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 4.5 FMnO2/BC˿�ÃƊă��@ƣ�Ń̗ē"nɳʭ 
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ɇʁ´Ħˮ�ȩŪ�ìñʁĵĘ´Ħ5̵��ɿǨĘ´Ħ\̥̜ĵˍ´Ħ̃ɞ

"ͭī�SǑìŗ!̜ĵˍğïǨŗ!̜ĵͨː�ɇʁ´Ħ�˹� 

ã!�Langmuir ɇʁ´Ħˮ�Û̔ȟˣ´Ħǲ̂�²ǳʥë´Ħɚ"ę΍ɾ

ú���̵f˥Ĕ�ǓfFȩŪ´Ħ̃·0´Ħă´Ħ̎ĠŮĘǳɓ�ã´Ħˮ�

"ǀȌ��zW͏�(1)´Ħ̎ĠŮâ�.[·0"´Ħ ʊ�CÅ	´Ħ ʊɩƮ

´Ħȟ	´Ħ̃.��(2)ÅŴ´Ħ ʊˍ´Ħ̃ɞ"̦ë�Ŗŗɇ�(3)´Ħ̃.�

 ɺ˦΁ãG ʊ´Ħ̃.�"´ĦˍȄĦ�(4)ȝ�´ĦſɚŁĻȟ.�ˣ"´Ħ�  

 

                 (� 4-2) 

 

�! 

qe�´Ħ̎ʝ\̥̜ĵƋĘ´Ħſɚ(mg/g) 

qm�ȟˣȝ�´Ħſɚ(mg/g) 

Ce�Îǿ\̥Ƌ"´Ħ̜ĵ(mg/L) 

KL�Langmuirɇʁ´ĦǓ˩ 

 

Freundlich ɇʁ´Ħˮ�ő	ˁʉ·��īÛ̔ʯ·ɉćǞ˅�Ǘ��ˮ�"

ǌ_ǀȌő´Ħ̎ĠŮ }´Ħ ʊâ� }Ę´Ħ̦ë��ʱă }Ę´Ħ̃q

� }Ę.Ƹ§f�ǓfăĠŮ ·0"´Ħ̎�	ñ̜ĵ˸Ƞʱȟ	´Ħ̃Îǿ

Ęɇʁ´Ħ�¦ʚ ̅făȩŪƽ̜ĵ"´ĦǙ»�ã-�Ġn���� 

 

                (� 4-3) 

 

�! 

qe�´Ħ̎ʝ\̥̜ĵƋĘ´Ħſɚ(mg/g) 

Ce�ǨŗɿǨ"\̥̜ĵ(mg/L) 

KF4 n�ʉ·Ǔ˩�Sfă®͒´ĦƮ��.­ő n > 1ő�¯û´Ħ�n = 1

ő˹û´Ħ�n < 1Ƌő ¯û´Ħ 

1
n

e F eKq C=

m L e
e

L e

K
1 K
q Cq

C
=

+
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̶	ɠǄ�̑(pseudo-first order kinetic)ˮ�DŦŁǛƱ´Ħ̃ˍ´Ħ̎ɞĘŗ

%ͭī��ɘ�ʯ·ʞɅ!�´Ħ̃ɺv͐ȯ�´Ħ̎ĠŮ��ʞɅőXȕ̃ɚɨ

ƶ�yh´Ħ̎ĠŮ͐ȯ�´Ħ̎+ĠŮ�ő+ȕ̃ɚɨƶ�͛�͐ȯ̙æ"ȩŪ�

SƱ̗̂Έ´Ħ5̵ʝ\̥ĘʞɅ�̶	ɠ´ĦǄ�<Ʌ���� 

 

                 (� 4-4) 

 

�! 

qt�ȟ Ƌɞ tƋ�ìŗ´Ħ̜ĵ(mg/g) 

qe�ìŗ´Ħ"\̥̜ĵ(mg/g) 

k1�̶	ɠ´ĦȑǰǓ˩(1/min) 

 

̶
ɠǄ�̑(pseudo-second order kinetic)ˮ�Sɘ	Äɚ1´Ħȑǰ4´Ħ

̎´Ħ"\̥ȃ͏�C�ɚåeĖŒ4ŎûeĖŒ´ĦƣĘȑǰÊñÄΉSƮˍ1

̑§f�ͭ�ľ�´Ħȑǰŗʆ¼ĘǦs��SǟF̶
ɠǄ�̑ˮ�ɘ�ʘ·˩

̔Ę̶��̶
ɠ´ĦǄ�<Ʌ���� 

 

                 (� 4-4) 

 

�! 

qt�ȟ Ƌɞ tƋ�ìŗ´Ħ̜ĵ(mg/g) 

qe�ìŗ´Ħ"\̥̜ĵ(mg/g) 

k2�̶
ɠ´ĦȑǰǓ˩(g/mg/min) 
  

1
e (1 )k ttq q e-= -

2
e 2

e 21t
q k tq
q k t

=
+
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4.2.6. 2%�)4e1g`9
q�^]�l�_s 
_ɠŇőŎûeĖŒ˄ńˍʢſR͢�¿Ȉ̗�ʔʊ"Ķo�Ñʭ 4.6ýn�

ŎûeĖŒ˄ńʘ·"ȌʊSǆ�ĬŇșʈýŪ��ɢŞ 1�ƋĘ˄ń"Jŋ@Ȃ

̠ăǴ!�F§őʢſR͢�ʔʊ"ɘŋ@�Øh͵Ǆŏǚæŋɚ��ʢſR͢�

ʔʊő	Ŵʱ˂Ę
ɽ�ʢ1̑5̵˭�h	ʱ�7ûŎûˀʢɽýȁ���ʢɽ

Ę�ƉŮ̠Şő 20 cm × 20 cm�CSăʔʊ!ɘ	Äǋ΃ʢɽ�FˢLʢɽʱ˩�

yĝ�.­͛ʔʊ+
ʢŋ�ɢĉĿLˍǺƼXȕìñʢ̴ʀ�FǚæIʢ(1.2 V)

ˍĂʢ(0.0 V)Ʌ¹�ʢſR͢�ʔʊ"Jŋ@ǑȐͼʽȼ̒ʢĵ�pHų4ʢŋų"

΅1�CñƋñɚǟ˫ɘ�@̃.Ċ��Fɴ̵˺�ʢ˯ź�Ɂƀuͪ˟ñɚ̈́ƣ

̜ĵ4ɡ͢�̜ĵ(Fe�Mn�Ca4Mgɇ)�F͢�ˣĊ˟ñɚȗ͢�̜ĵ(Cl�NO2�

NO3�SO4
2−4 PO4

3−ɇ)�ʤȵS�ƉȪ2µƣ@ɿǨ"ǺƼ̈́ɚ� 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 4.6 ȌŧŎûeĖŒɯI˄ńˍʢſR͢�ʔʊ"̗�Îǿnɳʭ 
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4.2.7. ?=�/�,�3�
D;K�' 
_ŚÍǞȼ As(III)ĘRƼ̙æSƮő As(III)Ęƒ15̵����As(III)Ęƒ1

Ɖǰ(oxidation efficiency)S§őƒ1/´Ħʘ·!Ęɒ¢Ļˬ�As(III)Ėˁ͟1�

As(V)ĖˁĘƒ1ƉǰSFʉ��ɘ�ŧ˅� 

 

(� 4-5) 

 

�! 

Eoxi��ˠƣ͟1ő&ˠƣĘƒ1Ɖǰ(%) 

��ˠƣ"ğï̜ĵ(mol/L) 

��ˠƣʉ5̵\̥ĸ"ȷƜ̜ĵ(mol/L) 

 

\·Ȅ΋´Ħſɚ(mean deionization capacity, MDC)ĠnʢſR͢�ʔʊ̗Έ

ýƮ´Ħǔʢ͢�Ę̈́ɚ�	ưfFŧ˅ʢɽ̗Έ´Ħſɚ� 

 

                  (� 4-6) 

 

�! 

MDC�ʢ´Ħſɚ(mg/g) 

C0�ɘŋ̜ĵ(mg/L) 

Ce�Jŋ̜ĵ(mg/L) 

M�ȅʻ̃ɚ(g/mol) 

m�ʢɽ̃ɚ(g) 

φ�ŋȑ(mL/min)

As(III) As(III)
0

oxi As(III)
0

100%tC CE
C
-

= ´

C0
As(III)

Ct
As(III)

c

0 e0
M ( )d

t
C C t

MDC
m

f´ ´ -
= ò
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4.3. 5 RTgY7ij!�G� 
_ŚÍŧɀʤȵɺÝf"ŚÍȌȜˍɔū˟̐��ýn� 

(1) ˄ń�ă´Ħʯ·!�ɯIeĖŒÃƊüŎûeĖŒ�§őˍµƣ@ɿǨĘ5
̵Ĝɞ� 

(2) ͵ǄŏƔ�făǑµƣ@ɿǨŏ�˄ń4ǑãJŋ@ŏ�ʢſR͢�ʔʊ!� 

(3) ʢſR͢�ʔʊ�Nµˣĉˍɮ©Ŏûˀ"ʢŋ�ɢĉ�͛Fɘ�ʢ´Ħʯ
·� 

(4) Ĺʢ ˟��
ɽ�Ǧs�Þ̵ʢſR͢�ʔʊ	ͧñʢ̴Fɘ�ʢ´Ħʯ
·�.Ċʢŋ�ʢ̴΅1�qSfă�ɽ�"ʢ1̑.Ċ��ȧ̻r�ď"̖

§� 

(5) ̒ʢĵˍ˖Ίĵ.Ċ˟�̵fă@˫̒ʢĵˍ˖Ίĵ"ȼɚ4ʢſR͢�ʔʊ
Jŋ@"Ȑͼʽȼ� 

(6) @\�˄ėƽʁͲ�ƽʁ˳ɐʕʜɻˤǥĖ"eĖ̃źƊ��¨ƒ̻ʮ�Fː
�eĖŒÃƊ� 

(7) ʢ�6ƥ�ƥèeĖŒ�ŎûeĖŒ4ŎûˀÃƊ4ƸːͩİƋ"f� 

(8) ɖůĎ̊̽̐�făeĖŒÃƊĬȇǲƋ·0.ȯÃƊ� 

(9) ˩�ĲʢʿL˳΄ÿ̐�făːȜÃƊüͩİƋS¼ȑL˳�΄ÿ4Ĺʁ"M
Ʈ� 

(10) ?ĠŮ̠.Ċ˟�ɘ�ÃƊĠŮ̠ˍ7Ōƚû.Ċ� 

(11) ˳ .Ċ˟�ɘ�ŎûeĖŒĠŮ
ƒ1̫ñɚ.Ċ� 

(12) ʢ�Άɲͬ�ɘ�ÃƊĠŮƚû.Ċ�ØFƮɚ�ȯ Xuͪďɘ�ƚñ*Ƨ

ñɚ� 

(13) u͚ƀ˟�¯f͚ƀƃ �͚ƀƃǖĵɇʙƲɘ�ŎûeĖŒĠŮȰΈɉʶ"
ƚû.Ċ� 

(14) ź�´�uͪ˟�făɚ1.Ċ@˫!"ƣˍĢͺ͢�� 

(15) ͢ �ˣĊ˟�făɚ1.Ċ@˫!"ȗ͢�� 

(16) țoʑ͟ȮŝX˹uͪ˟�fFǛƱeĖŒˍŎûeĖŒĠŮòƮǌ"΅1� 
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4.4. ��Z.�>b 
!7 

 
  �L»3 

1 2 3 4 5 6 7 8 9 10 11 12 
¨ 
³ 

A.�ćÅ�×º              
B. Ø¨0k��¬ù¿øW� ※ 

B1. ~d0k�              
B2. Ø¨aF=�d~dÎÇ¾              
B3. �ØÕ�ºQ�<�$              

C. ;B���õ/0k��é;W� ※ 
C1. W��k��d�i              
C2. ä÷<�$$ã�B��i              

D. UCA����/PoÄċ ※ 
D1. ñ;rY¢�¦ÀÕu4              
D2. ����/PoJ�              
D3. �övW�m�k��i              
D4. �kÏÿ��i              
D5. ò_��ÕÒ;d´K              
E. �Ú­'ì�áß�Væ              

�L·tK�E�# 
�� £� ó� â� � 

5% 10% 15% 20% 30% 40% 50% 60% 70% 80% 90% 100%  

Èc{�ü 

­� 
B. Ø¨W�Õ�Øä÷$ã�(�d~d0k��;B� 
aF=�d~dÎÇ¾Ø¨�Ø¨Ëċs¥äl<�$$ã 
C. ~d0k��Ç¾�k��d�i�<�$$í�i 

­. 
D. ñ;~d0k�ÑzÕÇ�*Ā�ÃÀ�´Kª�eñ;r
Y¢�©[ðL�5�ä÷<�$Ì�*�l�ýeàĊ���

�l��/PoJ�² 
Ù-� 

1� �#N�]IA<+^�Y4 !6*�T*L0�D\.�)?&�G� 
2� ��#L0����e/2@�W�#O,Y�E`���]I�#+^F�
�>_	"56*�
�1��#�Z��2�PK
�@��3��#M
�7��4�aS��[
(gZ�� 

3� �T*1;c��]�B%U�[-※CQ�'��T*1;c�e(gJ-db+�#4N� 

 

上傳時間：2020年12月30日上午 11:51



 

25 

��.�4&7 
5.1. ?�0�������' 
_ŚÍűvƹʱʯȡ��@@˫ɘ�@̃.Ċ�.Ċɉć�Ġ 5.1 ýn�Άn

��@ƣ̜ĵő 0.9 mg/L�ɖJ�Ľƺʜɻîżɺ-³"ͻȽf@@̃ˬʃ�Ƽƣ

"X�ăʖ��@Έ!ôNµãZɿʕû͢��ã!�DŦĘȗ͢�NļȺ΋ˍǹ

˖΋��µɚȝƽĘɡ͢�őɜ΋�_ŚÍĸͼŁF���@˫§őȇǲ@˫�ɘ

�·ͫŎûeĖŒɯI˄ńˍʢſR͢�ʔʊ
ĝȇǲɅ¹̵f"S�û� 

 

Ġ 5.1 µƣ��@@̃.Ċɉć 

 

.Ċɤl .Ċɉć ȟ  

̒ʢĵ 1060 µS/cm 

pH 7.92 − 

@ʁ 25.4 oC 

ƣ(As) 0.94 mg/L 

̫(Mn) 0.05 mg/L 

Ϳ(Fe) 0.01 mg/L 

ɜ(Na) 116.67 mg/L 

ʟ(K) 41.30 mg/L 

ɛ(Ca) 42.67 mg/L 

͋(Mg) 52.99 mg/L 

˙(Cr) n.a mg/L 

͡(Cd) n.a mg/L 

ʠ(Pb) n.a mg/L 

Ⱥ΋(Cl–) 38.27 mg/L 

b̀˖΋(PO4
3‒) n.a mg/L 

ǹ˖΋(SO4
2‒) 151.61 mg/L 

ÚɃ˖΋(NO2
‒) 2.44 mg/L 

Ƀ˖΋(NO3
‒) n.a mg/L 

ŉ΋(F–) n.a mg/L 
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5.2. 2%�)4�>%�' 
5.2.1. �+8ng	:�� 

ʭ 5.1 (a)őeĖŒ4ŎûeĖŒĘȹƑ´Ħ/ȄĦ�˹ʭ�ɉćΆn��ŗʱ̴

�(P/P0)ő 0.4 � 1.0 "ɞ�ąΆĘ̪ʸǳɓɁe�Ġn!7ɉʶĘ��(Sing et al., 

1985)�yƏ̔ǉ˛ƨ1̑ë̵f1̑ͅ�ɺ(International Union of Pure and Applied 

Chemistry, IUPAC)ʱɇʁ´Ħ/ȄĦ�˹".ͯˬʃ�
ĝÃƊŖő Type IVĲ�ͺ

ă7Ɔ 2 nm� 50 nm"!7ɉʶÃƊ�ʭ 5.1 (b)őeĖŒ4ŎûeĖŒĘ7Ɔ.

[�˹ʭ�ɉćΆn�eĖŒĘ7Ɔ.[� 1� 2 nm"ɞ�� IUPACĘñʌ��

7Ɔ�ă 2 nmĘ˸Ƞͺăɲ7Ōɉʶ��ŎûeĖŒĘ7Ɔ.[� 2� 5.59 nm"

ɞ��ñʌ�ͺă7Ɔ)ă 2� 50 nmĘ!7Ōɉʶ�ĠnʉMnO2É̠ăeĖŒ

ĠŮĸ"ŎûeĖŒ�ã7˚ɉʶǘɲ7͟΅ő!7őD�Łő!7ÃƊ(Li et al., 

2016)� 

Ġ 5.2̗ǲJeĖŒ4ŎûeĖŒ"7Ōƚû�ɉćΆn�ŎûeĖŒâ�?

eĖŒÂƽĘ?ĠŮ̠�!7ˍ̈́7ŌΈ̠".[?ß(Vmeso/Vtot)�âΈ�Ó�Ŏû

eĖŒĘ?ĠŮ̠ő 81.73 m2/g��7Έ̠ő 0.13 cm3/g�5"�eĖŒĘ?ĠŮ̠

ő 37.04 m2/g�7Έ̠ĭő 0.03 cm3/g�Ƽ�?ĠŮ̠ĘȪ2X�ŎûeĖŒ�� 90%

Ę?ßŁF!7ŌőD�� MnO2ĘÀ͜ɘ�ȓ�!7Ę»���ã!Ę MnO2Ȥ

â� 98%ɖƽ?ßĘ!7û�Ə̔�Ū�ć�_ŚÍ�M��Jƽ?ĠŮ̠�ƽ7

˚Έ̠4ƽ!7Ō?ßŸâĘŎûeĖŒÃƊ����SƮȪÞ�ɚĘ5̵üp%

§fĘ͏ ăÃƊĠŮüŕŮ��ƣĘƒ1͊ź͟14´Ħɇ§f�ȎÙȪ2Ŗ�

°ăĸͼ�ƒ1/´Ħʘ·�Ę̵f� 
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ʭ 5.1 eĖŒ4ŎûeĖŒ"ȹƑɇʁ´Ħ/ȄĦ�˹ʭ(a)47Ɔ.[�˹ʭ(b) 

 

Ġ 5.2 eĖŒ4ŎûeĖŒ"7Ōƚû 

Material SBET
a 

(m2 g−1) 

Smicro
b 

(m2 g−1) 

Smeso
c 

(m2 g−1) 

Vtot
d 

(cm3 g−1) 

Vmicro
e 

(cm3 g−1) 

Vmeso
f 

(cm3 g−1) 

Vmeso/Vtotal 

Biochar 37.04 23.32 13.72 0.03 0.02 0.02 0.53 

Active-
biochar 

81.73 24.07 57.66 0.13 0.01 0.12 0.90 

aBET specific surface area. bmicroporous surface area. cmesoporous surface area. dtotal 

volume of pores. evolume of micropores. fvolume of mesopores. 
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5.2.2. �<O��' 
ʭ 5.2őeĖŒ4ŎûeĖŒ"˳ū.Ċʭ?ʚ�Ø¯fɲ.˳ūď(derivative 

thermogravimetric, DTG).Ċ˩̔�SÂˆ˵�²ǳÃƊĘ̃ɚ̮ʁĵǘ 50oCL˳

� 900oCȵɞɠŇûĘ΅1�âΈ�Ó�DTG�˹�ĘÅ	Ŵ͏ŖHĠ̃ɚ̮ʁĵ

�2Ę΅1ǰ�ɉćΆn�eĖŒ�2ʁȵɞɁe
ŴɠŇĘ̃ɚɸY�ǻ	Ŵɠ

ŇŁʁĵǘ 50oC�2� 900oCȵɞ�eĖŒĘ̃ɚɸYŞő 2.65%�ãS͓�ă@

.4ȭɁû�̙ȁ.ă7Ōɉʶ!ĘɸY�ǻ
ŴɠŇŁʁĵǘ 400oC�2� 700oC

ȵɞ�eĖŒĘ̃ɚɸYŞő 64.83%�D�őµˀǌ̃ĘƑ1.ʕ�yĝ�eĖŒ

Ȟ̋ 32.52%Ę̃ɚ±ő˶ȸȁ�.!Ę
ƒ1ě1�Ė�hăʖ1�ĖĘŠéʁĵ

ƽ�ľ˜2ʁɖʞ 2000oCƋ�
ƒ1ěˍƒ"ɞĘƒ15̵�ɺɁe�U	<Ů�

ŎûeĖˀăǻ	ŴɠŇĘ̃ɚɸYŞő6.74%�ʚƽăeĖŒĘ̃ɚɸY(2.65%)�

ȎSƮŁ�ő
ĝ7ŌɉʶƚûĘƄǷýţ�Ə̔ȹƑ´Ħ/ȄĦ.ĊĘɉć�Ŏû

eĖˀͺă�7ɉʶĘÃƊ�âȜƽ?ĠŮ �̠ƽ7˚Έ̠4ƽ!7Ō?ßɇƚû�

�X�ŎûeĖŒȝȃȞ̋ 52.88%Ę̃ɚ�Ƽ�˶ȸ_Ö
ƒ1ěĘ̃ɚ(32.52%)

X�Sɘ	Äŧ˅J 20.36%Ę̃ɚő̫ýƴͳ����˒ą_ŚÍ�MǑMnO2É

̠ăeĖŒĠŮFːȜJŎûeĖŒȦ��ÃƊ� 
 

 

 

 

 

 

 

 

ʭ 5.2 eĖŒ(a)4ŎûeĖŒ(b)"˳ū.Ċ4ɲ.˳ū�˹ 
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5.2.3. +8-c��@�� 
ʭ 5.3őeĖŒ4ŎûeĖŒ"ĠŮĲʳ4*Ƨ.Ċ�ȏʞʢ�Άɲͬǝʾ�

ʧĸ�F΍ʰ
ĝÃƊĘĠ˧»ʳ�ɉćΆn�eĖŒÃƊSąΆ΍ʰåĠŮɉʶ

	ţ�C��̃�ˈǏĘ�Ĳ7Ō�.[ɍ ·0C�� 	ĘɱėĖ̃�ȎSƮ

Łhă�ˀ1ʞɅ�̒ţÃƊĘɰȘ�Fţă»��ɚ ȊĭĘ7˚ɉʶ�ãĠŮ

²ǳ ȊĭĘAėüˣėɉʶ�U	<Ů�΍ʰʉ1̑É̠ďːȜ��ĘŎûeĖ

ŒÃƊ�SǪɼ�ŘJǌÃĠŮâ�͍ǽĘʬˋ�ØF ȊĭĘ<�ĒɍǌÃĠŮ

É̠üǋ΃�Ġ΍âǾ́˓�yĝ�ȔʞƮɚȯ©Ʈͪ˟ɘ�Pñɚ.Ċ�̩ñˀ�

ƒ4̫�ˁ*Ƨɘ�ǝȩ�ɘ�5ŀJƮɚȯƀuͪʭ�ɉćͫʯeĖŒÃƊĠŮ

ȯ[ĘȀ�͍ǽő̫�C¤?ő 19.2%����ʢɽĠŮĲʳ4*Ƨ.ĊȪÞǖ�

��Ęͫ̔�˒ąȔʞ_ŚÍĘ1̑É̠ďS�MǑ MnO2Ā͜ăeĖŒǌÃĠŮ

��ãɉć�°ăĸͼƣƒ1/´Ħʘ·"ŚÍ� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 5.3 eĖŒ(a)4ŎûeĖŒ(b)"ĠŮĲʳ4*Ƨ.Ċ 
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5.2.4. +8$AF�' 
ʭ 5.4őΆneĖŒ4ŎûeĖŒĘ FTIRuͪʭ�ɉćΆn��wĎŇĘuͪ

!�ă 3460 cm−1ȇ��ǖĵŗʆΆɍĘĎƃ�ʖĎƃŁhΐǌ! O−H͌Ę£͂ƈ

Ǆ(stretching vibrations)ý9ƵĘ(Biswas et al., 2017)�ǜɍ�ă 29254 2330 cm−1ȇ

ĘáŴʚ�ĘĎƃ.­͓�ă C−H 4 C≡C ƈǄ��Jǳ�Ş 1600 cm−1ȇĘĎƃ

īʱ̵ăΔͯ4ΒͯĘ C=C4 C=Oɇͤ͌òƮǌĘ£͂ƈǄ(Yuan et al., 2016)��

�Ş 13404 1200 cm−1ȇ��áŴƃĭ.­h O−Hë C−O−C͌Ę£͂ƈǄ9Ƶ�

ȝĸ��Ş 490 cm−1ȇĘĎƃĭŁhă Si−HòƮǌĘ��(Srivastava et al., 2006)�

ŗʆ�̄ĘŁ��Ş 575 cm−1ȇJǳĘĎƃɩȉ΍ʰ�ŎûeĖŒĘ FTIRuͪʭ

!�ȎDŦ͓�ăMn−O͌Ę£͂ƈǄý9ƵĘ�ͫʯMnO2ȉ�M�Ŷʦă�e

ĖŒĠŮ�� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 5.4 eĖŒ(a)4ŎûeĖŒ(b)" FTIRʭͪ 
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5.2.5. �koW-c�' 
ʭ 5.5őeĖŒ4ŎûeĖŒĘ XPSwǅŇĘʭͪǝȩ�ɉćΆn�
ĝÃƊ

Ę XPSuͪ�Ş 2864 532 eVȇâ�áŴƃ�.­ʱ̵ă C 1së O 1sĖˁ��

X�V��ŎûeĖŒĘ XPS uͪ!�� 640 ë 650 eV Ęƃ�ã.­ʱ̵ă Mn 

2p3/24 Mn 2p1/2Ėˁ�˒ąÃƊăÁ̃"ĸ BCĠŮ»�Ę̫ƒ1Ė�yĝ�ʱ̵

ă�Ŵ*ƧĘƽʕĊ XPSuͪʭăʭ 5.6!Άn�ǘʭ 5.6!΍ʰå
ĝÃƊĘ C 

1s"Ʋʒƃ ʊƄǷ ��Łh�ŴƲʒƃýȁ��.­�ɉ�Ʈő 284.7 eVȇĘ

C−C͌ɉ�286.6 eVȇĘ C−O−C͌ɉ4 288.6 eVĘ O−C=O͌ɉ�ǜɍ�ǘʭ 5.6

SŘå O 1s"Ʋʒƃ�hWŴƲʒƃýȁ��.­�ɉ�Ʈő 530.9 eVĘ COOH�

532.0 eVĘ C=O�533.0 eVĘ C−O4 534.5Ę OH��ŎûeĖŒ" O 1sƲʒƃŗ

Ƿă BC�ź��ăMnO2ĘĀ͜ÝǗ O 1s"͌ƮÁ΅�S΍ʰåŎûeĖŒ�W

ˁòƮǌ�.­ő 529.7 eVĘMn−O�531.8 eVĘMn−OH�532.6 eVĘ C−OH4

534.9 eVĘ H2O����SFǗĚã!µ�@�ʳĘƒ1̫����ͯĲĘƒ1̫

â�Ȫƽ͢�"ɞp%§fĘƮ�(Hu and Wang, 2003)�ȝĸ�.Ċʭ 5.6!Mn 2p

"Ʋʒƃ�� 641.9 eVýJǳ"ƲʒƃŁhMn 2p3/2ýȓ���ő
ƒ1̫"Ʋʒ

ƃ��� 653.5 eVJǳĘƲʒƃĭŁh Mn 2p1/2ý9Ƶ�ŧ˅"ĸǗåáŴƲʒƃ

Ę�ǢƮɚ.͢ő 11.6 eV�Ə̔;ͳĻJ�11.6 eV"�ǢƮɚ.͢Ġn_ŚÍ"

MnO2��â�@�ʳĘMnOOHƒ1̫˿�Έ�¦?ß�͊ŁFMnO2őȝ�(Hu 

and Wang, 2003)� 
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ʭ 5.5eĖŒ4ŎûeĖŒ" XPSwͪʭǝȩ 
  

(a) 
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ʭ 5.6 eĖŒ4ŎûeĖŒ" C 1s�O 1s4Mn 2p*ƧȀǝĘƽʕĊʭͪ 
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5.3. 2%d`\�>%�' 
5.3.1. �+8ng	:�� 
ʭ 5.7 őː�ʢſR͢�ʔʊf"Ŏûˀʢɽɘ�ȹƑ´Ħ/ȄĦ.Ċ�ɉćΆ

n�Ə̔ IUPACɇʁ´Ħ/ȄĦ�˹".ͯˬʃ�Ŏûˀʢɽő Type IVĲ�ͺă7

Ɔ)ă 2� 50 nm"!7ŌɉʶÃƊ�yĝ�� P/P0ő 0.4� 1.0"ɞ�	̪ʸǳ

ɓɁe�ʱʅ IUPACý-³"Wˁ̪ʸĲʳͺă H4Ĳ̪ʸǳɓ�� H4Ĳ̪ʸǳ

ɓŁ�ŗʱ̴�ǃƽƋǽ�ŗ%ȐɉýǵeĘƛ̓Ĳ7Ōȓ��ȼǗ7ŌƚûʗŪ

ăĠ 5.3!� 

hĠ 5.3SĚ�ŎûˀʢɽÃƊĘ̈́?ĠŮ̠ő 1732 m2/g�ɲ7Ōˍ!7Ō?

ĠŮ̠.­ő 906 m2/g4 826 m2/g�ã!�!7ŌQ̈́?ĠŮ̠ 47%�ɲ7ŌΈ̠

ő 0.5 cm3 g−1¤̈́Έ̠ 53%�˩̔ĠąŎûˀͺăƽ?ĠŮ̠ĘʢɽÃƊ�Cɲ7

ˍ!7Ę.[?ßŗ¥�Ȼ8ʢͤˣū΃ǳɓĘɁe��¯ă͢�Ęɨ̧ˍ͐ȯ�

?ĠŮ̠¯fǰʚƽ����Ŏûˀʢɽ�ÕǎĘ?ĠŮ̠�Ø�ȕ.Ę!7Ō�

���°ă�ʢſR͢�¿Ȉ�Ę̵f� 

 

 

 

 

 

 

 

 

ʭ 5.7 Ŏûˀʢɽ"ȹƑɇʁ´Ħ/ȄĦ�˹ʭ 

 

Ġ 5.3 ʢſR͢�ʔʊ"Ŏûˀʢɽ"7Ōƚû 

Material SBET
a 

(m2/g) 

Smicro
b 

(m2/g) 

Smeso
c 

(m2/g) 

Vtot
d 

(cm3/g) 

Vmicro
e 

(cm3/g) 

Vmeso
f 

(cm3/g) 

Vmeso/Vtotal 

AC 1732 906 826 0.93 0.50 0.43 0.47 

aBET specific surface area. bmicroporous surface area. cmesoporous surface area. dtotal 

volume of pores. evolume of micropores. fvolume of mesopores. 
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5.3.2. +8-c��@�� 
ʭ 5.8 ő_ŚÍːȜ��ĘŎûˀʢɽ"ĠŮĲʳ4*Ƨ.Ċ�űv�͛hƮ

ɚȯ©Ʈͪ˟ɚȼʢɽÃƊĠŮĘ*Ƨȁ��ɉćΆn�ˀ*ƧĘūɚ�.?ő

84.7%�ƒ*ƧĘūɚ�.?ő 15.2%�Âĝ�hʢ�Άɲͬǝʾ�ʧĸ�S΍ʰå

Ŏûˀʢɽâ�¸̗Ęɱėɉʶ�¦ɉʶ.[ŗʆŹɧ�C�Ŏûˀ͍ǽĘǋ΃�

ɘ�ŅʶJͯ¥7Ō"ƚû�U	<Ů�_ŚÍ"ʢ´ĦʢΏŁhŎûˀƦaˍˋ

ǃŉ
ǯǫ����ã!�ˋǃŉ
ǯ§ő͎ɍ̎�yĝ�ǑŲǰĂ�� 54 10 K

"ƽŲǰ�ɉćΆn�ŎûˀĘ͍ǽâ�ŗʆuʂĘĠŮ�C�ő ȊĭĘŎûˀ

͍ǽˋɢ����Ŏûˀ͍ǽĘĠŮéåˋǃŉ
ǯ͜ˎ�»�Άɍ"˼ėĖ̃�

�Ė̃ÝǗ͍ǽɞǗFȐɉ�»�Ʈǎ§őʢɽ"Aėɉʶ��X�ˋǃŉ
ǯ�

â�Ð�"1̑ˍ˳ͧñû�ʢɽ Ąéå˖�ΊüĝŁʁĵĘ˦΁�ǒʕȄʐ

(Choi, 2010)��ʉ_ŚÍĳvĬĘŚÍ�ćɁǳ�̅ɚĘˋǃŉ
ǯǩLɚýː�

"ŎûˀʢɽSŸâÕǎ"̙Ǥǖĵ�ƽ?ʢſųˍ¨ĥ¾ƚû(Hou et al.,2012)�

�¯ăʢſR͢�¿Ȉ�"̵f� 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 5.8 Ŏûˀʢɽă�ŲǰǦs"ĠŮĲʳ4*Ƨ.Ċ  
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5.3.3. `�k>%�' 
ʭ 5.9 őŎûˀʢɽĘʢ1̑ƚû.Ċɉć�Ł͛hȧ̻r�ď�ñʢŋIĂ

ʢ4ʢ1̑ĥ¾̱ͪɘ�Ŏûˀʢɽ"ʢſƚû�?ʢſų�ĥ¾4ͧñûɇʢ1

̑ƚû.Ċ�ʭ 5.9 (a)őȧ̻r�ďʘ·"ɉć�Ýf 1 MĘȺ1ɜɿǨ§őʢʕ

̃ɿǨ��ʢ Ɇő−0.4�+0.6 V"˸Ƞɞ�F 5�10�20�504 100 mV/sĘǝȩ

ȑǰɘ�Ŏûˀʢɽ"ʢſƚû.Ċ�ɉćΆn�� 5 mV/sĘǝȩȑǰ��ȧ̻r

��˹ʭǜġʱ˂CƢ»�CăȌñĘʢ Ɇ˸Ƞ+Ⱦ΍ʰåΆɍĘƒ1͊źƃ�

ĠnʖʢɽőǲɵĘʢͤˣʢſÃƊ�yĝ�ȧ̻r��˹ýǬˎĘŮ̠ʉh� 4-

1 ŧ˅ĸ�Sɘ	ÄǑ?ʢſųɚ1�ãĠnʢɽÃƊĘʢ´Ħſɚ�Âĝ�ͨː

Jʭ 5.9 (b)őŎûˀʢɽ� }ǝȩȑǰ�"?ʢſų?ʚ�Ŏûˀʢɽ� 5 mV/s

Ęǝȩȑǰ�Ę?ʢſő 67.57 F/g�hʭSĚʢɽÃƊĘ?ʢſų̮ǝȩȑǰˢL

�Ȼ8�ã!��ƽǝȩȑǰƋ�͢�Ì�ÕǎĘƋɞ͐ȯ�7Ō!»�ʢͤˣ�

ÝʢɽÃƊĘĠŮ̠Ⱦďȉ�Ɖ¯f�ȓ�ãʢſųʚ¨��¨ǝȩȑǰƋ�͢�

�ʚIÕĘƋɞɘ�7Ō!�C�ʢͤˣū΃Ý͢�Ǡ^§f(ion-exclusion effect)

̮ʢ ˢL�Ȼ8�ɘ�5ŀJʚ�"ʢſƚû(Hou et al., 2015)� 

ʭ 5.9 (c)ΆnF 0.1 A/gĘʢŋǏĵ�1 MĘȺ1ɜɿǨ!ɘ�ñʢŋIĂʢʘ

·Ęɉć�ʘ·ȵɞ�ʢ̴h−0.4 VȒʹˢL�+0.6 V�ɘ�ȐͼIʢ/Ăʢȧ̻�

ɉćΆn�ñʢŋIĂʢĘʭ»ŗʆǜġɇʍ�Ò»�Άn͢�ăʢɽ7˚!Ęɨ

̧ûÐ��Cʉʞ��ȧ̻ĸ'ˊĺŗ}Ęƚû�ĠnŎûˀʢɽâ�Ð�SƷû

4ͧñû(Dutta et al., 2016)� 

ʭ 5.9 (d)őF 1 MĘȺ1ɜɿǨ�0.001 Hz� 100 kHzĘ̱ǰ˸Ƞɘ�ʢ1̑

ĥ¾̱ͪ.Ċ�ɉćΆn�ŎûˀʢɽĘɿǨʢĥ(Rs)ő 1.73 Ω�ʢȆ͟Ǻʢĥ(Rct)

ő 37.73 Ω�ɉćĠąŎûˀʢɽâ�Ð�Ęʢ1̑ûƮ�ˇ��Ū�ȧ̻r�ď�

ñʢŋIĂʢ4ʢ1̑ĥ¾̱ͪĘɉćSĚ�_ŚÍÝfĘŎûˀʢɽâ�Ð�Ę

͢�̳�Ʈ��͢�ɨ̧Ʈ��SƷûˍͧñû�ŗʆ̅�§őʢſR͢�¿Ȉ"

ʢɽ� 
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ʭ 5.9 Ŏûˀʢɽă 1 MĘȺ1ɜɿǨ"ʢ1̑ƚû.Ċ 

[ǝȩȑǰő 5−100mV/sɞ"ȧ̻r�ʭ(a)4ˍ?ʢſ"ͭīʭ(b)�ʢŋǏĵő

0.1 A/g"ñʢŋIĂʢʭ(c)�ǝȩ̱ǰő 10−3−105 Hzɞ"ʢ1̑ĥ¾̱ͪʭ(d)] 
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5.4. 2%�)4���_s 
ʭ 5.10őeĖŒ4ŎûeĖŒʱƣ"´ĦǄ�̑Ę̶��˹ɉć�_ŚÍűv

FÀ��´Ħʘ··ͫŎûeĖŒʱă As(III)4 As(V)"´ĦûƮ�}Ƌ�eĖŒ

ʱă As(III)4 As(V)"´ĦûƮqɺ	}ɘ�?ʚ�_ŚÍűv¯f̶	ɠˍ̶


ɠǄ�̑ˮ��ɒ¢
ĝÃƊʱƣĘ´Ħȑǰ(Simonin, 2016)�ɉćΆn�ŗʱăe

ĖŒ�Ó�ŎûeĖŒâ�ÂƽĘƣ´Ħſɚ4Â¼Ęƣ´Ħȑǰ�âΈ�Ó�Ŏ

ûeĖŒʱ As(III)Ę´Ħſɚő 1.36 mg/g�ʱ As(V)Ę´Ħſɚő 2.12 mg/g�Cʱ

As(III)4 As(V)Ę´Ħ\̥ƋɞɩŞ 60.͹�5"�eĖŒʱ As(III)Ę´Ħſɚő

0.18 mg/g�ʱ As(V)Ę´Ħſɚő 0.44 mg/g��ʱ As(III)4 As(V)Ę´Ħ\̥Ƌɞ

ŁŎûeĖŒĘáŲ(Ş 120 .͹)�ŗʚ"��ŎûeĖˀ�ĠŮĀ͜ MnO2"í

�͍ǽ�ɘ�ÁɌeĖŒĘ7Ōɉʶ4´Ħ̦ë�� 

�
ĝǄ�̑ˮ�Ę̶�ɉć�Άn´ĦʞɅ̨ȧ̶
ɠǄ�̑ˮ��Ġnã

Â̅�ȩŪʘ·˩̔ɉć�Sɘ	Äǆ�ʭ 5.10 (a)4(b)!"Ǆ�̶̑��˹�âΈ

�Ó�Ġ 5.4 ΆneĖŒ4ŎûeĖŒRƼƣ"´ĦǄ�̑ǆ˩�̶
ɠǄ�̑ˮ

�̶�ʘ·˩̔Ęŗͭī˩Ş�ă 99.2%�ŗʚă̶	ɠǄ�̑ˮ�Ę 80.0%�˒

ą̶
ɠǄ�̑ˮ�˵ʯSÂ�Ę̶�ʯ·˩̔�hʘ·�ćSɘ	Ä·ͫ�eĖ

Œ4ŎûeĖŒ´ĦƣĘ̙æ�DŦŁh1̑§fýǚæ� 

ʭ 5.11őeĖŒ4ŎûeĖŒʱƣ"Weber-Morris+͍ǽ͐ȯˮ��_ŚÍǟ

fWeber4Morris (Weber and Morris, 1963)ă 1963�ýȪJĘ+͍ǽ̃ɚɨ̧͐ȯ

ˮ��<Ʌ�Ġn���͛ Fǭ�ǛƱ
ĝÃƊ�´ĦʞɅĘ̙æ4ȑǰÊñÄΉ� 

 

                 (� 5-1) 

 

�! 

qt�ȟ Ƌɞ tƋ�ìŗ´Ħ̜ĵ(mg/g) 

ki�+͍ǽ͐ȯȑǰǓ˩(mg/g/min0.5) 

ci�Ǔ˩ɤ(mg/g) 

t�5̵Ƌɞ(min) 

 

 

 

1
2

i ictq k t= +
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hʭ 5.10 (a)4(b)Άn̗Έ´ĦʞɅȵɞShǡǰǅ.�áŴɠŇ�ǻ	ɠŇĘ

˹ûȕ.â�ƽǡǰ�Ġn�ƋĘ´Ħȑǰŗʆ¼ȑ�DŦȩŪ As(III)4 As(V)ǘ

ɿǨ!´Ħ�eĖŒ4ŎûeĖŒĠŮ"Xȕ͐ȯ(Dou et al., 2013)�yĝ�ʭ!Ę

ǻ
ɠŇĘ˹ûȕ.â�¨ǡǰ�ĠnȑǰŬæÄΉő+͍ǽ͐ȯĘĥ�ýţ�â

Έ�Ó�ʖɠŇDŦŁƣǘ!7͐ȯ�ɲ7!(Cheung et al., 2007)�Ġ 5.5őeĖŒ

4ŎûeĖŒRƼƣ" Weber-Morris ͐ȯˮ�ǆ˩�SFŘJ
ɠŇĘ´Ħȑǰ�

± ki,14 ki,2�ŎûeĖŒȾ̂� As(III)ü As(V)Ę´Ħȑǰ�·ΆɍƽăeĖŒ�

ź�SƮŁMnO2ʱƣĘ̦ë�ʚƽ�ɘ�ÁɌeĖŒĠŮĘ͐ȯȑǰ�U	<Ů�

ŎûeĖŒĘƽ!7?ß"7Ōɉʶ�SĪɘ͢��ƉĘɨ̧ă!74ɲ7Ō!� 

�X�_ŚÍɘ	ÄǑʘ·˩̔F Langmuir4 Freundlichɇʁ´Ħˮ�ɘ�̶

��¯fʖħ˹û<Ʌ�SÂſĄȩŪƣăeĖŒ4ŎûeĖŒĘ´ĦǄ�̑�ʭ

5.12őeĖŒ4ŎûeĖŒʱƣ"ɇʁ´Ħˮ�̶�Ęɉć�ɉćΆn�_ŚÍ"

´Ħʘ·Ŗ̨ȧ Langmuir4 Freundlichɇʁ´Ħˮ��
ĝˮ�̶��"ŗͭī˩

Ŗ�ă 90%F��ã!�h Langmuir Ęŗͭī˩�ă 98%F��˒ąƣăŎûe

ĖŒĠŮSƮɁeȟˣ´Ħǳɓ�Ġ 5.6 őɇʁ´Ħˮ�̶�ʘ·˩̔"ǆ˩�Ά

nŎûeĖŒʱAs(III)Ę´Ħſɚő 40.8 mg/g�ãʱAs(V)Ę´Ħſɚő 48.2 mg/g�

ã!�ŎûeĖŒʱ }ƣĖˁ(± As(III)ˍ As(V))Ę´ĦſɚŖ˔ƽăeĖŒÃ

Ɗ�ˇ�F�SĚ�ŎûeĖŒâȜʚƽĘ?ĠŮ̠�ʚ�Ę7ŌΈ̠4Ȫ2Ę!

7ɉʶ�ɘ�ȪƽeĖŒʱƣĘ̳�Ʈ��FţăʚƽĘ´Ħſɚ��X�Ŏûe

ĖŒĘ´Ħſɚqɺ̮ɍƣĘğï̜ĵˢL�Ȫ2� 
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ʭ 5.10 eĖŒ4ŎûeĖŒʱ As(III) (a)ˍ As(V) (b)"´ĦǄ�̑.Ċ 

[ƣĘğï̜ĵ = 10 mg/L�´Ħ̎ɚ = 2 g/L�ƈ̽Ƌɞ = 2−120.͹�ƈ̽ȑĵ 

= 150 rpm�pH = 7.0 ± 0.1�ʁĵ = 25 ± 1 °C] 
  

上傳時間：2020年12月30日上午 11:51



 

41 

 

Ġ 5.4 eĖŒ4ŎûeĖŒʱƣ"´ĦǄ�̑ǆ˩ 

Material Species 

qe, exp 

(mg/g) 

Pseudo-first-ofrder Pseudo-second-order 

qe, cal 

(mg/g) 

k1 

(h–1) 

R2 qe, cal 

(mg/g) 

k2 

(g/mg/h) 

R2 

Biochar As(III) 0.28 0.18 0.02 0.907 0.25 0.41 0.995 

As(V) 0.46 0.32 0.02 0.961 0.44 0.59 0.992 

Active-
biochar 

As(III) 1.47 0.75 0.04 0.863 1.36 0.75 0.998 

As(V) 2.12 0.95 0.06 0.798 2.02 0.63 0.999 

 

 
 
  

上傳時間：2020年12月30日上午 11:51
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ʭ 5.11 eĖŒ4ŎûeĖŒʱ As(III) (a)ˍ As(V) (b)"Weber-Morris͐ȯˮ� 

[ƣĘğï̜ĵ = 10 mg/L�´Ħ̎ɚ = 2 g/L�ƈ̽Ƌɞ = 2−120.͹�ƈ̽ȑĵ 

= 150 rpm�pH = 7.0 ± 0.1�ʁĵ = 25 ± 1 °C] 
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Ġ 5.5 eĖŒ4ŎûeĖŒʱƣ"Weber-Morris͐ȯˮ�ǆ˩ 

Sample Species ki,1 R2 ki,2 R2 

Biochar As(III) 0.07 0.99 0.01 0.92 

As(V) 0.14 0.99 0.01 0.98 

Active-biochar As(III) 0.44 0.92 0.04 0.97 

As(V) 0.62 0.94 0.07 0.94 

 

  

上傳時間：2020年12月30日上午 11:51
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ʭ 5.12 eĖŒ4ŎûeĖŒʱ As(III) (a)ˍ As(V) (b)"ɇʁ´Ħˮ� 

[ƣĘğï̜ĵ = 1−400 mg/L�´Ħ̎ɚ = 2 g/L�ƈ̽Ƌɞ = 2−120.͹�ƈ̽

ȑĵ = 180 rpm�pH = 5.0 ± 0.1�ʁĵ = 25 ± 1 °C] 
  

上傳時間：2020年12月30日上午 11:51
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Ġ 5.6 eĖŒ4ŎûeĖŒʱƣ"ɇʁ´Ħˮ�ǆ˩ 

Samples Species Langmuir Freundlich 

Qm 

(mg/g) 

KL 

(L/g) 

R2 KF 

(mg/g) 

n 

(L/g) 

R2 

Biochar As(III) 13.37 6.28 0.984 1.56 3.07 0.915 

As(V) 16.03 5.31 0.995 2.71 3.79 0.955 

Active-biochar As(III) 40.76 5.33 0.998 1.40 2.02 0.982 

As(V) 48.15 3.82 0.981 2.64 2.36 0.977 

 

  

上傳時間：2020年12月30日上午 11:51
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5.5. 2%�)4e1g`9
q�^]�l�_s 
5.5.1. 2%�)4e1�S6_s 
ʭ 5.13 őeĖŒ4ŎûeĖŒ˄ńăȍŜʘ·!ʱ }ǚæ΅�"ȍŜ�˹�

FȐͼŋ<�ɒ¢eĖŒ4ŎûeĖŒʱƣRƼ"ƉƮ�lĘő·ͫ˄ńȟ*� 

}̖§ǦsʱƣĘ´ĦˍRƼ�Ɖ�_ŚÍĘ̖§΅�NļƣĘğïɘŋ̜ĵ(1�

24 5mg/L)4ɘŋȑĵ(5�104 15mL/min)�F˵ñ�̖§΅�ʱŎûeĖŒƒ1

/´Ħ As(III)ûƮĘ˦΁��X�_ŚÍɘ	ÄǑʘ·˩̔F Thomasˮ�̶��ɘ

�ɚ1ŎûeĖŒʱ As(III)ƒ1/´Ħ"ûƮ�ØhĠ 5.74Ġ 5.8̗ǲ´ĦȑǰǓ

˩(KTh)4ȝ�ƣ´Ħſɚ(Q0)�ã!�Q0ĠnÅªĘŎûeĖŒ\̥Ƌȝ�Ęƣ´

Ħſɚ�ɉćΆn�Thomasˮ�Ę̶��˹�ŗʆÐ�Ęŗͭī˩�R2Ŗ�ă 90%

F��˒ą Thomasˮ�Sɘ�ÄȩŪʘ·ɉć� 

_ŚÍűv?ʚeĖŒˍŎûeĖŒ˄ńăȍŜʘ·!"ȍŜ�˹��ʭ 5.13 

(a)ýn�eĖŒ˄ńă 0.5�Ƌĸ�±Ȃ̠ɘŋ@ɚő 150 mLƋʝȍŜ͏�Q0ő

0.04 mg/g �5΍ŎûeĖŒ˄ńă 27�Ƌĸ�ʝȍŜ͏�SȇǲȂ̠ 810 mL"

ɘŋ@ɚ�Q0 Sʝ 2.88 mg/g�ΆnŗʚăeĖˀ˄ń�ŎûeĖŒĠŮýĀ͜"

MnO2 ȪÞ�ɚĘ!7ɉʶ4Â�ĘŎû͏ ����ŎûeĖˀ˄ńĠǳJŗʆ

̲ǷĘƣ´ĦƉƮ��ɉćˍ 5.4 ʈŎûeĖŒ"À�ʘ·ŗǼ��M·ͫ˄ńȟ

*ʱƣĘ´ĦˍRƼ�ƉÐ��yĝ�ʭ 5.13 (b)Άn }ƣĘğïɘŋ̜ĵ"ȍŜ

ʘ·�Ƹːğïɘŋ̜ĵ.­ő 1�24 5 mg/LĘ As(III)ɿǨ�ŋȑő 5 mL/min�

˄ńɯIŎûeĖŒÃƊĘƽĵő 10 cm��hĠ 5.8"ɚ1˩̔Άn�ƣĘğïɘ

ŋ̜ĵˍȍŜ͏²bŗͭ�âΈ�Ó�̮ɍƣĘğïɘŋ̜ĵˢL�ŎûeĖŒ˄

ńĘȍŜ͏͂ɂ�±Ȃ̠ɘŋ@ɚȻ8�Fğïɘŋ̜ĵő 1 mg/LĘ As(III)ɿǨő

ß�� 27�ƋĸʝȍŜ͏�Q0Sʝ 2.88 mg/g�KThő 0.003 L/mg/min�ğïɘŋ̜

ĵő 2 mg/LƋ�� 12�ƋSʝȍŜ͏�Q0ő 3.13 mg/g�KThő 0.0025 L/mg/min�

�ğïɘŋ̜ĵő 5 mg/LƋ�� 4�Ƌ±ʝȍŜ͏�Q0ő 3.49 mg/g�KThő 0.0016 

L/mg/min�ɉćΆn�̮ɍƣĘğïɘŋ̜ĵĘȪ2�ŎûeĖŒ˄ńĘȍŜƋɞ

͂ɂ�ŎûeĖŒɶ¼ʝåʥë�ŚÍɉć"͈ɬˍWang et al. (2015)͈ɬŗǼ�

ʖɉćSƮŁhă͢��ɨ̧ʞɅ!̜ĵǣĵĘƄǷʚ�ýţ�ÝŎûeĖŒĠŮ

S.ƸÂ� As(III)͢��´Ħ͏ !�U	<Ů�_ŚÍɘ� }ɘŋȑĵĘȍŜ

ʘ·�ŋȑ.­̗́ő 5�104 15 mL/min�ğïɘŋ̜ĵő 1 mg/LĘ As(III)ɿǨ�

˄ńɯIŎûeĖŒÃƊĘƽĵő 10 cm�hʭ 5.13 (c)SFŘJ�ƿƜƋɞʱƣĘ

´ĦƉƮ�ūŦĘ˦΁�âΈ�Ó�ŋȑɶ¼ƣĘ´Ħſɚŭ¨�}Ƌ�´Ħȑǰ

Ǔ˩ĭɺɶƽ�ĠnȍŜ�˹ɶ¼ʝåȍŜ͏�ɘ�ɶ¼ʝåŎûeĖŒĘ´Ħʥ

ë�Fŋȑő 5 mL/minőß�Q0Sʝ 2.88 mg/g�KThő 0.003 L/mg/min�5"�ŋ

上傳時間：2020年12月30日上午 11:51
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ȑő 15 mL/minƋ�Q0ĭő 2.62 mg/g�KThő 0.006 L/mg/min��X�̮ɍŋȑǘ

5 mL/minˢLå 104 15 mL/min�ȍŜ͏ǘ 27�Ƌŭ¨� 6�Ƌ�ʱ̵�ȇǲĘ

Ȃ̠ɘŋ@ɚǘ 1.08 LȻ8 0.53 L�ΆnŎûeĖŒˍ As(III)"ɞĘǜͶƋɞ Õ

ýţ�����˨åÐ�ĘƣĘ´Ħſɚ�´ĦȑǰǓ˩4ʚģĘǜͶƋɞ�_Ś

Í̩̕ŋȑő 5 mL/min4ğïɘŋ̜ĵő 1 mg/LĘ As(III)ɿǨ§őȝ̅Ǧs�F

ɘ�ĸͼˍ CDI̗�ŚÍ"ǛƱ� 

_ŚÍɘ	ÄǛƱŎûeĖŒ˄ńʱƣƒ1/´ĦĘƉƮ�Fŋȑő 5 mL/min

4ğïɘŋ̜ĵő 1 mg/LĘ As(III)ɿǨɘ�ȍŜʯ·�ɉćShʭ 5.14ýn�.

­Άn�Ȑͼŋ 60 �ƋĘʞ͕ȵɞ�ƣĖˁ(± As(III)�As(V)4ȉ´ĦĘƣ)4̫

̮Ƌɞ"̜ĵ΅1�ăğïĘ 10 �ƋɞSΆɍ��Jŋ@!ȼǗ Mn(II)ĘµɚŞ

ő 2699 µg/L�ΆnMnO2˵ʯ�ˍ As(III)Ɂeƒ1͊ź5̵�Sǆ�� 3-1�� 3-

3ýn�MnO24ã!ɞǵĖ MnOOHŖSɘ	ÄǑ As(III)͟1� As(V)�� MnO2

ȝȃɺFMn(II)͢�Ę»�͸J�@ɿǨ!�UX��Ȑͼŋ 10�Ƌĸ�S΍ʰå

Mn(II)Ę̜ĵŭ¨�ʚ�SƮĘź��
�	ő´Ħ�ŎûeĖŒÃƊĠŮ��


őˍ As(V)»�̬�ĖÉ̛(Cuong et al., 2021)�U	<Ů��Ȑͼŋ 0� 27�ƋĘ

ʞ͕ȵɞ�ŎûeĖŒ˄ń"Jŋ@Ŗ`ąΆȼǗ As(III)4 As(V)Ę̜ĵ�ȿ��

�Ȑͼŋ 27�Ƌ"ĸ�ƣĘ´Ħɚɺ̮ȇǲȂ̠ɘŋ@ɚĘˢL�ŭ¨�Ø�ŋͼ

ŋ 60�Ƌ"ĸʝ\̥��X�Jŋ@ As(V)Ę̜ĵ� 27�Ƌ"ĸɝïȉȼǗ�C

̜ĵͧñˢL� 60�Ƌ�5"Jŋ@ As(III)Ę̜ĵĭŖ Άɍ��ŋͼŋ 60�Ƌ

"ĸɩő̈́ƣ̜ĵĘ 1%�ʖɉćĠą±ÝŎûeĖŒĘ´Ħʝʥë�MnO2ʱAs(III)

ǖƒ1ƚû�'SĺͼÝ As(III)Ɂeƒ15̵�ĪÝňûƽCǺǄûƽĘ As(III)͟

1�ňû¨CǺǄû¨Ę As(V)� 

  

上傳時間：2020年12月30日上午 11:51
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ʭ 5.13 eĖŒ4ŎûeĖŒ˄ń"ăȍŜʘ·!"ȍŜ�˹(a)ˍŎûeĖŒ˄ń

ă }Ęƣɘŋ̜ĵ(b)4ȑǰ(c)"ȍŜ�˹ 

 

 

 

 

 

 

 

 

 

 

 

ʭ 5.14 ŎûeĖŒ˄ń"ȍŜʘ·!ƣĖˁ4̫̮Ƌɞ"̜ĵ΅1ʭ 

 

 
  

0 10 20 30 40 50 60
0

500

1000

1500

2000

2500

3000

 

 

C
on

ce
nt

ra
tio

n 
(µ

g 
L-

1 )

Time (h)

 As(III)
 As(V)
 As adsorbed
 Mn released

上傳時間：2020年12月30日上午 11:51



 

49 

 

Ġ 5.7 eĖŒ4ŎûeĖŒ˄ń"ȍŜʘ·! Thomasˮ�Ę̶�ǆ˩ 

Parameter BC Active-biochar 

KTh (L/mg/min) 0.1132 0.0025 

Q0 (mg/g) 0.04 2.88 

Breakthrough point (h) 0.5 27 

R2 0.974 0.938 

 

Ġ 5.8 ŎûeĖŒ˄ńă }Ęƣɘŋ̜ĵ4ȑǰ"ȍŜʘ·! Thomasˮ�Ę 

̶�ǆ˩ 

Parameter Concentration (mg/L) Flow rate (mL/min) 

1 2 5 5 10 15 

KTh (L/mg/min) 0.0030 0.0025 0.0016 0.0030 0.0044 0.0057 

Q0 (mg/g) 2.88 3.13 3.49 2.88 2.75 2.62 

Breakthrough point (h) 27 12 4 27 16 6 

R2 0.938 0.932 0.943 0.938 0.966 0.900 

 
  

上傳時間：2020年12月30日上午 11:51
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5.5.2. S6_s/�?=�/�,m#IB 
ă_șʈ�_ŚÍőǭ�ǛƱƣƒ1/´Ħ�ő"̙æ�ŎûeĖŒ˄ńăȍ

Ŝʘ·ĸ�.­ǑŎûeĖŒF FE-SEM&EDSɘ�ĠŮɉʶ.Ċ4*Ƨ.[ǝȩ�

F XPS ɘ�ÃƊĠŮ1̑Ę͌ɉĲʳ.Ċ�ʭ 5.15 (a)ΆnŎûeĖŒĘ
ˊ�t

˦ʧ(elemental mapping).Ċɉć�ŎûeĖŒĠŮƼ�źvĀ͜Ę̫"X��Są

ΆĘ΍ʰåƣ·0Ę.[ăÃƊĠŮ�yĝ�ʭ 5.15 (b)ɘ	Ä͛h EDSƮɚȯƀ

uͪĘPñɚ1̑ȁt.ĊɉćΆn�.­ȼǗˀ�ƒ�̫4ƣĘūɚ?ß�ã!

ˀ*Ƨ¤ 51.6%�ƒ*Ƨ¤ 34.0%�̫*Ƨ¤ 13.3�ƣ*Ƨ¤ 1.2%�ŗ?ăȍŜʘ

·ĬĘŎûeĖŒ��ʭ 5.3 ýn�ˀ*Ƨ¤ 50.1%�ƒ*Ƨ¤ 30.7%�̫*Ƨ¤

19.2�ƣ*Ƨĭ`ȼǗ�ăȍŜʘ·ĸ�̫*Ƨ¤?�ŭ�˒ąMnO2ˍ As(III)Ɂe

ƒ1͊ź5̵�MnO2ȝȃɺȉ͊ź� Mn(II)͢�͸J�@Έ!�� As(III)ĭɺȉ

ƒ1� As(V)ɘ�´ĦăŎûeĖŒĠŮ����̫*Ƨ.[Ę¤?ŭ¨�ƣ*Ƨ

.[Ę¤?Ȫ2� 

U�<Ů�ʭ 5.15 (c)4ʭ 5.15 (d)ΆnŎûeĖŒăȍŜʘ·Ĭĸ"Mn 2p3/2

4 As 3d*Ƨ"ƽʕĊ XPSuͪʭ�hMn 2p3/2Ęuʢ�Ʈͪʭ.ƃɉćΆnWŴ

̫ƒ1ĖĘĎƃ�.­ʱ̵� }Ęɉ�Ʈȇ�± 638.5 eVʱ̵őMn(II)�639.7 eV

ʱ̵ő Mn(III)�640.8 eVʱ̵ő Mn(IV)4 643.5 eVʱ̵ő̫Ę˾łƃ(satellite)�

ăȍŜʯ·ĸ�Mn(IV)ĘŮ̠�.?ǘ 39.17ŭ¨� 28.51%��Mn(III)ĘŮ̠�.

?ǘ 39.86ˢLå 52.74%�ʖɉćɘ	Ä·ͫ� 3-1�� 3-3Ęƒ1͊ź5̵�±

MnIVO2͊źőMn(III)�SƮŁhăˍ As(III)ǆˍĘƒ1͊ź5̵ýţ�ɘ�Mn(IV)

ĘɚȻ8�yĝ�h As 3dĘuʢ�Ʈͪʭ.ƃɉćΆn�ăȍŜʯ·Ĭ�Ø`΍

ʰå�ƣĘɉ�ƮĎŇ˸Ƞ+�Ďƃ�5"�ăȍŜʯ·ĸ�y�·ͫƣ´Ħ�Ŏ

ûeĖŒĠŮ�Cʱ̵ă 43.1 eVȇ"Ďƃő As(III)��ʱ̵ă 43.8 eVȇ"Ďƃő

As(V)�ŗʚă As(III)ĘĎƃŮ̠(22.47%)�As(V)ĘĎƃŮ̠(77.53%)Â��˒ą

As(III)͟1ő As(V)ĸɘ�ȉ´Ħ�ŎûeĖŒĠŮ��ˇ�ýŪ�As(III)Ę͟1�

As(V)"ƒ15̵ŁȏʞˍMnO2ɁeĘƒ1͊ź5̵�� As(V)Ę´ĦŁȏʞˍ͊

źĘMn(II)ɁeÉ̛§fýţ�U	<Ů�As(III)4 As(V)
ĝĘǺƼĭSƮŁȏʞ

ˍŎûeĖŒĠŮɁeĘ̬�5̵�FǚæŎûeĖŒ˄ńĘJŋ@İ̃(Cuong et 

al., 2021; Manning et al., 2002; Tournassat et al., 2002)� 
  

上傳時間：2020年12月30日上午 11:51
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ʭ 5.15 eĖŒ4ŎûeĖŒăȍŜʘ·ĸ"ĠŮĲʳ4*Ƨ.Ċ 
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5.5.3. `9
q�^]�`�,_s 
ʭ 5.16ő_ŚÍɘ	Ä�ɢ�ŎûeĖŒ˄ń"ȍŜʘ·ĸ"Ăŋ@�ğïĘ

ƣɘŋ̜ĵő 0.12 mg/L�¯fʢſR͢�¿Ȉɘ�Ȑͼ�Ęʢ´Ħʘ·�DŦőǺ

Ƽ@Έ!ʉŎûeĖŒƒ1Ę As(V)�ã!�ȍŜʘ·ĸĘĂŋ@ŁF As(V)őDŦ

Ėˁ�Sǆ�ʭ 5.144ʭ 5.15 (d)Ęɉćýn�� As(V)ă@Έ!DŦFǔ�ũʢȆ

" H2AsO4
−4 HAsO4

2−őD����Sʤȵǔ�ʢûĘ As(V)ˍʢɽɞâ�ʚǖĘʢ

´ĦƉƮ��ƠăʢſR͢�ʔʊ"ʢ´Ħƒ1ʘ·Ęɘ��UX�ʢſR͢�§

őŎûeĖŒ˄ńĘĸȇǲʔʊ�_ŚÍʩʘ�ʢ´ĦʞɅ!̗̖́§ʢ̴(0.4�

0.84 1.2 V)�FǚæJŋ@İ̃¨ă 0.05 mg/LĘͻȽf@@̃ˬʃ4ɦf@@ʀ

@̃ˬʃ�Sǆ�Ġ 1.1ýnˌΌ�ͯ@̃Ęƣ�Ń˄æˬʃų� 

ɉćΆn̮ɍ̖§ʢ̴ĘȪ2�ƣĘʢ´Ħſɚq̮"Ȫ2��̒ʢĵĘ΅1

q̮ɍʢ̴ĘȪ2�ˢ��hʭ 5.16 (a)ýn��ʢſR͢�ĘIʢ(0.4 V)ɠŇ�̒

ʢĵSǘ 118.8 µs/cm ŭ�ȝ¨ųő 40.9 µs/cm�̈́ƣ̜ĵ�Ş 30 .͹ĸǘ 0.12 

mg/Lŭ� 0.05 mg/L�Jŋ@İ̃�ʝͻȽf@@̃ˬʃ4ɦf@@ʀ@̃ˬʃ�

�ʭ 5.16 (b)ɉćΆn�Ǒ̖§ʢ̴Ȫ2� 0.8 Vɘ�ʢſR͢�ʔʊ"ʢ´Ħʘ·�

�IʢɠŇ̒ʢĵSȝ¨ŭ� 12.24 µs/cm��̈́ƣ̜ĵ�Ş 10 .͹ĸŭ� 0.05 

mg/L��Ş 70.͹ĸÂŭ¨� 0.01 mg/L�ȝ¨ĘJŋ@İ̃�Ǽ�ƣ�Ń˄æˬ

ʃ"ɦf@@̃ˬʃ�ŤĺͼȪ2̖§ʢ̴� 1.2 V��ʭ 5.16 (c)ýn�̒ʢĵȝ

¨Sŭ� 6.1 µs/cm�̈́ƣ̜ĵ¨ă 0.01 mg/L "ɦf@@̃ˬʃɩ˜IʢŞ 30 .

͹�hɉćΆn�ʚƽĘXȕʢ̴Ǧs(� 1.2 V)SÁɌŎûˀʢɽĘʢͤˣʢſ�

ɘ�Ȫ2̈́ƣRƼ"ƉƮ(Huang et al., 2014)��X�yhʭ 5.16 (d)ΆnƮʀƓƬ4

ʢɽyeǰĘɉć�S΍ʰå�̖§ʢ̴ˢL�Ġn¯fÂ�ĘƮɚRȇǲÅ̏@�

ƮʀƓƬ)ă 0.0037� 0.0066 kWh/m3"ɞ��ʢſR͢�ʔʊăĂʢ(0 V)yeɠ

Ň�ŎûŒʢɽĘyeƉǰŖ�ă 60%�ˇ�ýŪ�ʆ̖§ʢ̴ő 1.2 VƋ�Ġǳ

Jʚő̲ǷĘ̈́ƣʢ´Ħſɚ�����ĸͼĘʯȡ��@ƣ�Ńʘ·!�ĭ̩F

1.2 V§őȝ̅Ę̖§ʢ̴� 
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ʭ 5.16 ʢſR͢�ʔʊă }̖§ʢ̴�ƣ̜ĵ4̒ʢĵ̮Ƌɞ"΅1ʭ� 

 0.4 V (a)�0.8 V (b)�1.2 V(c)F4ƮʀƓƬˍyeƉǰ(d) 
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5.5.4. l�_s�?pUgNDm#IB 
ˇ�ĬŪșʈ�_ʈǑǛƱƣ�ŎûeĖŒ˄ńˍʢſR͢�ʔʊ!ĘǺƼ

̙æ��ʭ 5.17ýn�ʆµƣ@Έɘŋ�ŎûeĖŒ˄ńĸ��ȕ.Ę As(III)ɺ�

ʞ͕ĘʞɅ!ȉŎûeĖŒ×ȑĘƒ1ő As(V)�U	ȕtĘ As(III)4ȉƒ1Ę

As(V)ĭɺɘ	Ä´Ħ�ŎûeĖŒĘĠŮ� 

 

 

 

 

 

 

 

 

 

 

ʭ 5.17 ŎûeĖŒ˄ńˍʢſR͢�ʔʊ"̗�ʘ·!ƣƒ1/´Ħ"̙ænɳʭ 

 

_ŚÍ·ͫMnO2ˍAs(III)Ęƒ1͊ź5̵ĘɁe�͟ 1ĸĘAs(V)4ȕ.ĘAs(III)

ȉÃƊ´Ħ�ͫʯ As(III, V)Ę´Ħ̙æSƮˍŎûeĖŒĠŮĘ̫−ΐǌ(Mn−OH)

͌ɉ"̬�5̵�ͭ�b� Manning (2002)ɇ�ýȪåĘ�Ə̔�<5̵� 5-1�

As(V)S͛hMnO2ĠŮ�â�Mn−OH5̵ŎûĘΐǌ�ɘ�ȏʞ̬�̙æǑAs(V)

´Ħ(Manning et al., 2002)�yĝ�As(V)ĘRƼSƮˍMn(II)ĘÉ̛5̵�ͭ�5̵

�Sǆ�� 5-2 (Tournassat et al., 2002)� 

 

2Mn − OH(s) + H3AsO4 (aq) ↔ (MnO)2 As(OOH)(s) + 2H2O     (� 5-1) 

Mn2+
(aq) + H2AsO4

−
(aq) + H2O ↔ MnHAsO4⋅H2O(s) + H+     (� 5-2) 

 

�X�q·ͫeĖŒĠŮ��ΐǌ(−OH)4Αǌ(−COOH)ɇòƮǌʬSɘ	Äˍ

As(III)4 As(V)Ɂe̬�5̵(Vithanage et al., 2017)�ɘ�RƼ@ɿǨ!ĘƣĖˁ�

5̵���z� 5-3�� 5-6� 
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Ci − OH(s) + H3AsO3(aq) ↔ CiHAsO3
2−

(s) + H2O       (� 5-3) 

Ci − OH(s) + H2AsO4
−

(aq) ↔ CiHAsO4
2−

(s) + H2O       (� 5-4) 

CiOOH(s) + H3AsO3(aq) ↔ CiHAsO3
2−

(s) + H2O       (� 5-5) 

CiOOH(s) + H2AsO4
−

(aq) ↔ CiHAsO4
2−

(s) + H2O       (� 5-6) 

 

ˇ�ýŪ�MnO2 4ã!ɞǵĖ MnOOH*ŖSĪɘ As(III)Ęƒ15̵�SǑ

As(III)͟1� As(V)�yȔʞ˿�ÃƊĠŮ�òƮǌ(± Mn−OH)"5̵ŎûýɁe

Ę̬�5̵�� BCâȜ͞ȣĘòƮǌ(±−OH4−COOHɇ)�ƽĘ7˚ɉʶ4?Ġ

Ů̠�ˢɘʱ As(III)4 As(V)Ę´Ħ§f��ƉˢL̈́ƣĘRƼƉƮ� 

�ʆŎûeĖŒ˄ń"Jŋ@ɘŋ�ʢſR͢�ʔʊĸ�Sɘ	Ä.͢ɿǨ

!ȷ̋Ę As(III)4 As(V)��ƣĘǺƼ̙æ��Sȏʞ�ŎûˀʢɽĠŮĿLXȕ

ʢ̴�@!Ęǔʢ͢�ɺF̰ʢ´9<�´Ħ�ʢɽÃƊĘ7˚ɉʶ!�ɘ�̳�

�ʢɽĠŮĘʢͤˣ!�ã!�As(V)F H2AsO4
−4 HAsO4

2−ɇǔũʢĖ̃őDŦĲ

�r��ʚĄȉRƼ�� As(III)ĘRƼSȏʞɡɽĘƒ15 �̵Ǒ As(III)͟Ȯő As(V)�

As(V)yFʢ´Ħ̙æRƼ(Fan et al., 2016)�ă��@̗ē<ď!�_ŚÍɁƁ"̗

�¿ȈS§ő�ŮȇǲȌȜ�Øǟāè�ȇǲď(pump and treat, P&T)ɘ�ǳ�̗ē�

�ʭ 5.18ýn�µƣ��@Έʉāè$ȌȜāJĸ�SȏʞŎûeĖŒȟ*Ǒ�ȕ

.Ę As(III)ƒ1ő As(V)ĸ´Ħ�ɘ�ÝJŋ@@̃Ęƣµɚ¨ăˌΌȊ˸"ͻȽ

f@@̃ˬʃ(0.05 mg/L)4ɦf@@ʀ@̃ˬʃ(0.05 mg/L)�yĝ�ʢſR͢�ʔ

ʊSǺƼ@Έ!ã̋Ę͢��Jŋ@@̃Ŕ�Sʝåɦf@@̃ˬʃ(0.01 mg/L)� 

 

 

 

 

 

 

 

 

 

ʭ 5.18 FŎûeĖŒȟ*ˍʢſR͢�ʔʊȇǲµƣ��@"nɳʭ 
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5.6. l�2%�)4g`9
q�^]&���?�0H# 
_ŚÍȝȃő·̗ͫ�Îǿȇǲʯȡ��@ƣ�Ń"ƉƮ�ľǟɢˌΌ��

@ƣ˱ɬǅ˸Ƞ"ʯȡ@˫���@"@̃.ĊɉćSǆ�Ġ 5.9 ýn�ã!��

�@̈́ƣ̜ĵő 0.94 mg/L�Nµ 66.3%Ę As(III)4 33.7%Ę As(V)�̈́ƣĘ̜ĵ�

ɖJͻȽf@@̃ˬʃ(0.05 mg/L)4ɦf@@ʀ@̃ˬʃ(0.05 mg/L)�ʱ�ͯɦf

@�w4̻ʮ��Ű̯�¦ųǗ	ȪĘŁ�_ŚÍýɁƁĘŎûeĖŒ˄ń4ʢſ

R͢�ʔʊ"̗�Îǿ���M·ͫƣƒ1/´ĦĘȇǲƉƮ�S�ƉĘʱ As(III)ɘ

�͟Ȯ4ˢɘ As(III, V)Ę´ĦƉſɚ� 

ʭ 5.18 őŎûeĖŒ˄ńȇǲʯȡ��@ƣɘ�ĘȍŜʘ·�ɉćΆnʉʞ

ŎûeĖŒ˄ńȇǲĸ�h Thomas ˮ�̶�Ę��@ƣȝ�´Ħɚ Q0Sʝ 0.96 

mg/g�´ĦȑǰǓ˩ KThő 0.007 L/mg/min�ŎûeĖŒ˄ńĘJŋ@ƣ̜ĵǚæ

� 0.12 mg/L�Ƽƣ"X�ʖ��@'NµǸ�Ęȗ/ɡ͢��ɡ͢�Nļ Na�Mg�

K�Ca4 Fe�ã!�NaĘµɚȝƽ(117.4 mg/L)��ȗ͢�Nļ4 SO4
2−�Cl−4 NO2

−�

ã!�SO4
2−Ęµɚȝƽ(150.9 mg/L)�ǜͼ�ĭF���@@˫ɘ�ĸ˃ʢſR͢�

ʔʊĘ·ͫʘ·�ɒ¢ʢſR͢�ʔʊ�ʯȡ��@!ǺƼƣ"ƉƮ�ʭ 5.19őʢ

ſR͢�ʔʊȇǲ˄ńJŋ@"ƣ̜ĵ4̒ʢĵ̮Ƌɞ"΅1ʭ�_ŚÍȏʞȐͼ

�ʢſR͢�ʔʊ�F }ʱ˩(1�24 3ʱ)Ęʢɽɘ�ʯȡ��@ƣ�Ńǚæ�

ØCĿF 1.2 VăIʢɠŇɘ�ʢ´ĦɅ¹�ĿF 0 VăĂʢɠŇɘ�yeɅ¹�

ɉćΆn�ăIʢɠŇ΍ʰå̈́ƣ̜ĵΆɍĘŭ¨�Ťʢɽǋ΃ʱ˩ˢL�̈́ƣ̜

ĵŭ¨ĘȥĵÂ��ƚ­Łh 3ʱʢɽǋ΃��ĘʢſR͢�ʔʊ��Iʢ 1�Ƌ

ĸ�Jŋ@Ę̈́ƣ\·̜ĵŞő 0.008 mg/L�Ǽ�ˌΌɦf@@̃ˬʃĘʃĭ(0.01 

mg/L)�U	<Ů��Iʢ4ĂʢɠŇʽȼåĘ@̃ǆ˩΅1(±̒ʢĵ�pH�ɿƒ�

ƒ1͊źʢ 4�͢�̜ĵ)�Sǆ�Ġ 5.9 ýn�âΈ�Ó��IʢɅ¹ĸ�1 ʱ

ĘʢſR͢�ʔʊ"Jŋ@Ę̒ʢĵųő 535 µS/cm�2ʱĘʢſR͢�ʔʊő 396 

µS/cm�3ʱĘʢſR͢�ʔʊő 156 µS/cm�ųǗ	ȪĘŁ�̍˄ŎûeĖŒ˄ń

ĘJŋ@̫̜ĵ(1.21 mg/L)ŗʚăźï��@̫̜ĵ(0.08 mg/L)�ýˢL�¦F 3ʱ

ʢɽǋ΃��ĘʢſR͢�ʔʊɘ�IʢɅ¹ĸ�̫Ę̜ĵSŭ� 0.047 mg/L�S

¨ăʜɻͻȽf@@̃ˬʃ 0.2 mg/L4ɦf@@̃ˬʃ 0.05 mg/L�yĝ�MgĘ̜

ĵǘ 48.62 mg/Lŭ� 2.2 mg/L�CaĘ̜ĵǘ 31.9 mg/Lŭ� 2.5 mg/L�˒ąʢſR

͢�SΆɍŭ¨��@!Ʉĵ��ãZ� SO4
2−4 NO2

−ɇȗ͢�Ę̜ĵ�SO4
2−Ę̜

ĵǘ 144.3 mg/Lŭ� 17.1 mg/L�NO2
−Ę̜ĵĭǘ 18.25 mg/Lŭ�¨ăǂȼɽŬ�

ľĠn`̷J�ˇ�ýŪ�_ŚÍ̗�"ŎûeĖˀ˄ńˍʢſR͢�ʔʊ��M

ͫʯʱʯȡ��@ƣ�Ńǚæ"˱��SÝJŋ@@̃Ǽ�ͻȽf@@̃ˬʃ4ɦ

f@@ʀ@̃ˬʃ�qS}Ƌȇǲƣ"XĘɿʕû͢��ƮǎˆʃǚæåǼ�ɦf

@@̃ˬʃ�Ȫ2Jŋ@İ̃�  
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ʭ 5.19 ŎûeĖŒ˄ńȇǲʯȡ��@"ȍŜ�˹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʭ 5.20ʢſR͢�ʔʊă }Ęʢɽǋ΃ʱ˩�ȇǲʯȡ��@ 

"ƣ̜ĵ4̒ʢĵ̮Ƌɞ"΅1ʭ 
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� 5.9��	�������� ��������
�����������


Item Units Feed 
groundwater 

After the  
active-biochar filtration 

1 pair 2 pairs 3 pairs 
Charging Discharging Charging Discharging Charging Discharging 

EC μS/cm 1134 1095 535 1524 396 1590 156 1628 
pH - 8.96 8.29 7.23 7.42 6.68 6.99 6.32 6.52 
DO mg/L 0.50 - 1.70 1.29 2.44 0.66 6.14 0.23 
ORP mV -212 -203 -197 -187 -178 -170 -154 -146 
As* mg/L 0.94 0.12 0.038 0.18 0.023 0.20 0.008 0.22 
Mn mg/L 0.08 1.21 0.27 1.12 0.10 0.85 0.047 0.74 
Na mg/L 129.56 117.35 54.16 191.36 49.36 236.95 35.79 328.18 
K mg/L 38.81 38.94 15.69 64.07 9.67 66.44 2.16 66.92 
Ca mg/L 44.42 31.94 8.98 31.19 3.93 26.21 2.45 22.08 
Mg mg/L 54.79 48.62 18.06 69.26 4.04 68.72 2.19 45.14 
Fe mg/L 0.02 0.01 0.00 0.02 0.00 0.01 0.00 0.01 
Cr mg/L n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Cd mg/L n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Pb mg/L n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
F− mg/L 0.50 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Cl− mg/L 38.76 40.24 12.01 67.85 6.68 57.97 5.87 60.98 
NO2− mg/L 18.25 5.92 2.20 9.63 n.d. 7.38 n.d. 5.29 
SO42− mg/L 144.28 150.90 54.12 245.34 29.12 220.11 17.05 224.85 
PO43- mg/L n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
NO3− mg/L n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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5.7. 	�����
�� 
=ñĜĈ�mĶ�³q�w?®�>�İ��mT=ÂÊ���=¹Ā�Ċ

ā�®�>�°¦@ MnO2/BC ňMlÃèT�|��®�>�°�¿ÃÝ?¯ņ
þ�Ű�ĦĕľÞ�Ĥę��ùšĝŠlÃ�6Ñí�ÛT=6�ã�7:�Ś�

ĤęŪ÷�{ĻÇ���ŝĐ�=³qĊā�ēŘ®�>�°(MnO2/BC)�ĵò'
�¦,ÐŚķĩpŗ�Ù MnO2�ũ�>�°lÃ��Z�Őpŗ��Ĺ��Ő�

w?3¤ÐŚķĩ!ŌķŚ�	��ŮŎć?²¶¯J 57 �/1 kg�Zĵòn�a
�®�>�°�bĹ¸ 1 g�>�°�1.05 g�ÐŚķĩ! 2.45 g�ŌķŚ�6â
ĵ/¶ 1.5 g�®�>�°ňMlÃ�ĝûĲ¢-�Ĺ�ć 0.06��ÐŚķĩ1�
0.14��ŌķŚ�NW�·ĵòn�&�®�>�°�|�Ő�w?T=G¹¶¯
133�/1 kg� 

,ĮöO
)ÌX§�êà¯y�eêàÌŖ ¯ 0.94 mg/L�O
))ŀ�

Æő=³qT��vőăĚf�Įŷ�na�®�>�°ó��Ì�f�Àĉ¶¯

43.02 mg/g�NW�ĝûĲ6Û/êàna�ÌĹ¸w?¶ 0.023 kg�®�>�°�
�Ő�w?�T=G¹¶¯ 3.49��7�'»�·,êà)ĉ_¯T=�Yĉ�ê
ànŏgÌO
)Ÿ[æMĦĕűÿ)ęŁě�č?))ęŁě�|�Ĺ¶ 0.023 
kg�®�>�°�NW�êànŏ)�ĹT=6ė^¯ 2.75�� 
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���� 
³qĬċœMĨ5³qT��í¹®�>�°đ.ı¨ĴĪÀ5Ŭ�ĠĞ�œ

M�Ģŷ�āÁO
)ÌX§Ü}rç�këÅ$¯®�>�°Ù As(III)Ĉ\ūû
Ĵf��HŨ@ĪÀ5Ŭ�ĠĞŉÜ/¬)�ŋ�ĈZæMĦĕűÿ?))ŋŁě

!č?))ę)ŋŁě��R ¹ĀAŁ¯hTœM�³q�ė�ŷů�u~dĮ

öO
)ÌX§êà�ĳĈ�³q¹ĀT�{ò�ŧ��āÁ�!ş?Ń�� 

���®�>�°¯Ð(�»ŗ�Ð#­Ÿŗ!Ð�#­(y¾{�ňMSlÃ�

Vd�PlÃ��»�±»úx�ĉ�"ş�D�_?�ť]�Éb¦

As(III)�È�/f�_?�®�>�°�»�−COOHĴ−OH	��ÍÖ�,
!ĝ MnO2�ũ¢iT� Mn−OHŤĄ�6�ĈňMSlÃį As(III)�ūû
ÂÍ�ĈZú ŢÌ�f��Í�®�İĪĖ{òÐ(�»ŗ�sQ�Ē/�
#�;(y�Vd�Ŭ��ĎřĴŦü�{ŸZt�ĪĖlÃ�(�»ŗc

?ßĥÐ�*ĪŭĽºŵáĆ�ĿŴĥ��VÊ�ĪÀ5Ŭ�kë��ş?� 

�	�@î´ĢŷT�ŶB�®�>�°ı¨� 27�Ä¢ħî´ť�>�°ı¨ď
�4�Ä¢î �́®�>�°�ó�Ìf�ĉ(2.88 mg/g)¦>�°(0.04 mg/g)
� 72½�T2ŷů®�>�°ı¨įÌ�f�Ĵ5ÏTÂŝä�H��ħf
�ī�¢�MnO2į As(III)ÚÈ�É���6£Ųw As(III)ā>È�"ş�
�w«�Ð*åÓ�Ð� As(III)ū�T«�`*åÓ�`� As(V)� 

���@ĪÀ5Ŭ�ĠĞ�Īf�È�ĢŷT�ŶB�ŜąŒ_ĪŞ�ú �Ì�

Īf�ÀĉEŜ�ú �.ĪČª�/¬)�ŋ�æMÌX§ı}Łě�č

?))ŋŁě� 

�9�œMĢŷ�ÌūûĴåÏŔ}T�ŷů MnO2Ĵ As(III)�È�ţ¿"ş�Z
ū�¢� As(V)6ïĨĴţ¿�Mn(II)ā>pŕ_?5Ï�H��@MnO2�

»�{VMn−OH"ş®��źÖ�ĈZ,śMŔ}Ù As(V)f�� 

���óéœM®�>�İı¨ĴĪÀ5Ŭ�ĠĞ�T2ůĮįĮöO
)ÌX§

Ü}�Ń��6VÂ�į As(III)Ĉ\ūû!ļĈ As(III, V)�f�ÂÀĉ�E
6VÂ�êàÌ,:�Ęġ�Ŭ��w/¬))ŋæMűÿ?))ŋŁě!

č?))ę)ŋŁě�ú /¬)�ŋ�=³qT�6�ĈO
)ÌX§Ü

}êàkë�ĳĈ� 
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w´� 
»#båôö�ĸ�ļÞÐŒĭ�� ŎŎw´��x� 
ĳŠÍĴõ=�1rŢĭ�� ŎŎw´��Ŝ�0ªgÓ��Şð\º�ĕ)

ĭ�ĳŠÍĴ�lĂR¤}3�¦Ī�Ĭğµ-

Ř��î�Ĭŀ@}Ěš�ŌÔśŐ�ĿWÍ

Ĵ�nľ0®û�ĦšæĢ�D¤}3�¦ĉ)
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�Ī�Ħš��ĿWÍĴ,^Ă£ĐÛ�J�Ĭ

ł��¤}3�¦�ĉ)ă�£è pHþ�P
�ğµ-Ř�ĖĔ���(Ă£ł��£è��

�ğňþW¥ĳĿWÍĴ� 
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��$�� �#�� � ��"�� � ����� �����Ă�   NO�R-MP-1 

���� ĦD�v8� Ċÿ¬1ĵ�øõyF
*´N�Áo�à]éÞ 

q«Ē�ïc ¥ÝÔSEĴ 
q«� 
+�
�ģÌ£aµ�Ċ^ÌÞ­µ�[

i�m¾ðµ�d,Ó=5¾²¥Ý� 
+�
��I�£aK®Ċ(w)�*N�^
ÌÞ­Į®i� 
+�
Ċ¥Ý½Răë�ģÌ£aµ�Ċ

(w)�*N�^ÌÞ­µ�i�m¾ðµ�
d,Ó=5¥Ý� 

İİq«��r� 

5¾²ą6k�Ĺ$F
*N�Ġ�$Ħ~

á¡ĸ�V�Â¹lL¶ĺ� 
İİq«�čB� 

:¥Ý;ğ±��K{Į®På�2Â��

5¾²xĀT�K{ĊĮ®ą�*N�Ħ~

lL¶ĺ�UĚ!�K{�L�y6k�½

RK{�/,úÉĎz� 

İİq«��Ļ�5¥Ý�ľ¿úÉĎz£a

K{� 

5¾²¥Ý±ĕēlł�x£ī�£a(|

(�à)2R�£aK{y6kĄÖ�Ąď2
µĪ9v�6lłĎz (Ě!�Ī9vL�
½RK{�/,zĚĎz) (Ī9�(J�Ļ
Ďz�� P&T�ęÊ"�2µ�) (	MN�
eo�)� 

¸ąq«��Ļ�5ăë��I�¥Ý�£a

K{\K��hĤ£aK{�2?ç�`Oè

ĄÖ�Ī9v�B°Ù.lł�Ą��Ļ�0

�8�ćýĳÔ��,$Ċÿ¬1ĵ�^Ì�

bÈęÊ"Î¥� 

5¾²¥Ý±�ą¡ĸ'ĺċìĊĦÄs\

Ħ�+�
ą»�45£aĐ¼�Þ­Å}

�ù� 

İİq«��r� 

5¾²¥Ý�½RÚ§DÄ�¥Ý±�ą½

R�ĀÚK{��Ďz� 
İİq«��r� 

5¾²¥Ý�ôæĞ@DÄ� İİq«�čB� 
5¾²¥Ý�ļtľv¥Ý� 5¾²¥Ýļytľv£a� 

�I�£a¥ÝĦD>�¥ÝK{�Î¥�v

8� î-Ĉ�Ċÿ¬1ĵ�øõ�çRĄŁ

�ęÊ�ûŁ�\KĦD�£a�ñuŁķ� 
q«	 
5¥Ý±�¬�ú@£a(|�Î¥Ċ½Rİİq«��r� 
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(J�fÙ.DÄ�£aăë
«ĊÏßł

üóÍā�Ī2hĀrÚà½RÍā�£a

í<�ĬÀĀÚ�K{� 
�ÚĒ�ïc�Ĭ¥Ý+�
Ģ�EĪ�f

y5¥Ý±��,÷-¡ĸü¯�j¥Ý±

_/\ä� 

İİq«��rĊ�Ļ� 

5£aK{ĀÚ¿LWyÙ#F
*´N�

Áo^Ì�ÇDĭ�ö^Ì¾²÷W<Ę� 
İİq«��r� 

q«� 
·Č/ęīF
*ġºĖ�·Č`Ń6lłĎ
z(ŀĖ/�Ĳ�H)� 

¸ąF
**ġºĖ��Ú¿·Čħ��y

0.1Q 1 mg/Lê� As(III)w As(V)�òÃçR
ûŁ��ľī?,ĄÖZ´F
**ė�ç�

`åT�Ĳ�ą´ËÄK®�ĔĿ� 
�vćČÒà]Ďzlł� İİq«��r� 
Y�ûŁ/ç�ÁoºĖĝÕ�ºĖ¦¤/ĩ>
v�6lłĎz� 

G5¥ÝûŁ��ç�ħ�Ċ�Ð�åT´³

"/Y�®µ�¦¤�ĥVºĖ� 
ç�ħ�ºOĉńF
**ġĠ�ã{�ī·

Čħ��y 0.1Q 1 mg/Lê�Z´òÃ� 
ç�Ð��hĈ�łĨ�īÎr�ÐĝÕ�y

2Q 8 mL/minê� 
+�
�pB+�
$£a8� ��zĚ� �ª7+¤£a
�� �(J�ğºO;ğ

¥Ý±(ª7Ĝ)�'Æ 24¨� 
q«3 
¥Ý±Ğē\Ħ��R(|$�ĆDÄ2R� İİq«��r� 
^Ì(|ĪÛĄÖĪ9(Cıç� İİq«��Ļ���I�£a¥Ý\K�ī

hK{åT^Ì(|Ī9yĄÖ�2Rv�6

k¢2Ñ`Û��ęÖûŁ�(Cıç� 
ôæĞ@DÄ� İİq«�čB� 
q«� 
�Ø5
�ĒïcúĄEâ�Üç�`ïc� İİq«��r� 
q«� 
¥Ý±ğ÷Ğ¨ě� �÷Ğ¨ě�úc;ğ¥Ý±(ª7Ĝ)�'� 

gæğ, 11©)Ğ@� 
gæ�Ğ@(J�ĠĦ�úc�'� 
(�)
gæ��V)ĖĊ)&þ��ĽSî
ē¡%�ğª7� 

�ª7�ğúc¥Ý±�'� 

(�)Ķíæ9-×X±An�ĻĞ@, 12,000
��§� 

5ăëôåT�ĠĦ×X±An�Ğ@æ9� 

(�)R�ĈÄæ9įđĽS6îē� �÷-yĽS�ğúc�'� 
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��$� �#�� � ��"�� � ����� ����¤œ¹   NO�R-MP-1 

���� ƀG»�7�½şŏÍ/ƚ�ňŅ�J�&ÚYµó��ĥoıĤ 

�Ìŧ·ĺy Æģē^IƗ 
�Ì� 
°Ƣ)¡Õ#Q%Ō�P�©�PáÚ

ŮĕŊƧÆģR��ÉeƉĹ�{CƑ²

Ƥ0BŞį�pĉ0BÁÙ�Ĉ� 

ƒƒ�Ì�°Ƣ�²Ƥî|ž�Ì°Ƣ��eî

3ŔĳŎ/ë]�ÆģR�Š¡�{ŉąš��

ĝ5Ėj�� 
3Ŕĳ@©�¿uR��R-ƝŗŏÍ/ƚ�p

ĉş�Ö�ƈ(MnO2)/ųĞ7�½(biochar, BC)ŵ
GQrÐ�Ƌ8�ó�J�&ÚYµ�ů	��

P¯ÆģÁÙ�ĈK�ĨG@©¿uR��nR

ƀG­¿u�Ŀ�ƧƝ�>§įJ�&ÚYµó

�Ĉüpĉ�Şį� 
3VŊƧ¼ĨG©�Ppĉ�ò 2VŊƧ
�eU�0Ƌ8�Ĉ(CDI�R3Ōâ�
0ź8�Ō¼Àpþļ&Ĉü�7�½�

R3ţtd�0ź8�ýJ��ŴĔ&Ĉ

ü)�ĨG�²Uġ°Ƣź8ŘĬ? 

3ÆģĨG»�7�½ŝ¶ē�şŏÍ/ƚ�ň

Ņ�ċÆŘ As(III)�ďÖ�/k£-Ü�»�7�
½ŝ¶�àŘ As(III)0į]UÏ�ƙěşk£�
²ƤßG�ŏÍ/ƚ�pĉ�àŘĒż�Yµƚ

�(N As(V)�Mn2+�Na+� Cl−Ħ)0į]&Źŷ
ó�á0Ƌ8�lÚJ�&Yµ�Ĉü�>0)

ŞŁó�&ƨ��lÚƂ¯�Ƌ8�ķ8&ú�

şŨ(X)&ĈüĦ�3ŔĳĻ�ĝ5Ėj��Ôž
3Æģ�¿uR��°Ƣ4�ůK�ź8ŘĬ� 

»�7�½ňŅşŏÍ/ƚ�ňŅOň

ĶoŘŷ´hĻŪƥáÚÏÜ 
ƒƒ�Ì�°Ƣ�ÃOňĶoŘŷ0ÜĻŪƥá

ÚÏÜ�N@OňŏÍ/ƚ�ňŅOň�0Ř�

As(III)�Ö��ƋU�¨Ç�3ÆģŘÚ�āá
ħÿ�(Å@)»�7�½ŝ¶c¼dR3�©

Ĉüpĉ�čŎ MnO2 ƉĀ�Ö�ƓË»�î

As(III)ƙěR As(V)�B��ŏÍ/ƚ�ňŅªc
¼²Ŝ*º&¬Ź�ó�pĉ�Ɩ)ăGōļƣ

Ġ8&&ŹŭŁ� 
�Ì� 
ĝ�ĖjŘÆģë]ý��¿uºĥ�#

���ƨš�� 
ƒƒ�Ì���� 

3Æģ�²Ƥë]�cĵ;��Í��

ĝ�Ėj p.49 �š�� 
ƒƒ�Ì���� 
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Æģë]į¯şŐ�į¯�Â¾ă��n

RrÐŅďş×����į¯��ŕ��

š�� 

ƒƒ�Ì���� 

3ĖjÒ�{4š�Æģë]�mƟ

Ɣ�3Æģ�ë]į¯{ġŇ²� 
ƒƒ�Ì���� 

ĝ�ĖjƦ<3Æģ�¿u�ÍşÆģ

;ŭ¾ă� 
ƒƒ�Ì���� 

ĝ�Ėj��Ě*�ÝŸş°Ƣ�ƨ�'

U�ű��±ë]ĵ;� 
ƒƒ�Ì���� 

H¼Æģ�Êë]�3ĝ�Ėj�4ÜƦ

<*ƀƨ�¿uR�´hăGËŐĝR

��(Å´“ŗã”Ƌ8�Ď��±Kĝ5
Ėj�U�ƨ�š� 

3Æģ�ĝ�Ĵ¸�ë]R�ăGŐĝ��cį

¯�²Ƥî|ž¿uR��Đćî»�7�½ŝ

¶şŏÍ/ƚ�ňŅƀG�ë]ŗƧ®ĊŮ�J

�&&Ŭ�ƧƝ�c�{|ę�Ì�°Ƣ��ĝ

5Ėj�Í�š��ĥŗãƋ8
�0]�� 
H¼Æģ�Êë]�3ĝ�Ėj�4ÜƦ

<�ƨ�Žĉþ*�b�UĊŒ� 
3Ŕĳ�íÓë]ĝĲƅľäşqŲ�Ĥ¡pĉ

R��{�íÓĨÓ².P�ƆłÆģ¾ƞĊ

��nRqŲ SCI�ĝ+\! 1 ?�Žĉþ*î
a£Ź�ŋÐ�ąĵš�Ħ�ÞƏ¦ņď·�


ĸ\ SRFS vĄ�ýĴ¸�UĊŒî¿uR�Ĥ
¡\èŢ�Fĝ+(Journal of Hazardous Materials; 
IF: 9.038)�Ŧ,èŢŽĉŪƥ	�[è�¿ÝĻ
ªŐÆqŲ\�ĩ6èƏŖ�ĥŽĻĂ�
��

(2020)PĻřEí¢Žĉ¿ÝĻį]Ÿ"Ĥ¡� 
3ÆģU¿u7äş�¿u7(A�^)ä
ş¿Ĥ0ìw�&YµŤé�¾ƞ��� 

¿uŔĳK3Æģ�ë]Ŏĥ0ìŻ4��Ơ�

J�&Yµƀ��¿u���DÑÄ7èŢG

c�şĮ«��è=�$�ŽĤÎJ�&Yµƀ

��Gc�c�ƕĜíÓ�¿upĉÜİ� 
H¼Æģ�Êë]�¿Ĥ�R�´hÜƎ

ðíf�´Upĉƙā�0Ü�;©�ġ

�ī`� 

�P¯ÆģTKĨGŎ/¿uR��nRƀG­

¿u�Ŀ�ƧƝ�ĤÎJ�&ÚYµó�vĄ�

�gŗĕJ�&ÚYµĈü�Şį�±�P¯¿

uÆģnR�ƌ|R�ī`íf:Ŷ�pĉƙā

�0]�şů	� 
3Æģş�&YµŤé(ÚYµ� P&T)
�ĤÎUƞ�ŃăG³ħĤÎ� 

ƒƒ�Ì���� 

ĝ5Ėj�°Ƣš�: 3¿uR��ŗ
ãƋ8�ş0Üſc#Q(�N : ź8
P&T…Ħ)� 

ƒƒ�Ì�°Ƣ�²ƤîĻ|ž�Ì°Ƣ�î¿

uR��ŗãƋ8�şſc#Q�Û�ĝ5Ėj

�š�� 
�Ì� 
¿uĥoš�ùĽ�į¯ăGĝ�ƧSŭ

Ł�WÆģUËđ��ÈðőƊ� 
ƒƒ�Ì���� 

�Ì1 
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ĝ�Ėjį¯ăGŐĝį¯� ƒƒ�Ì���� 
nR-Ü»�7�Ś�GR��ZL 

�ŚŏľŠď� 
ƒƒ�Ì���� 

ĝ5ĖjÑÜŘk£û�ºČ�Ƃ¯�Ę

tĐ}ſcø?� 
3ÆģKĝ�ĖjĴ¸�ńnRĐźſcø?�

ôÝ� s�¿uR�R-ƧƝ»�7�½ŝ¶

ē�ŘÚ�k£ş/áÏÜxM�²Ƥ�cĻį

]Ú��ś���į[ôÝ As(III)ƙěR As(V)
�Ö�Ïû�Đć�ĝ5ĖjĴ¸ƀG»�7�

½ŝ¶şŏÍ/ƚ�ňŅ�į]ŗƧ®ĊŮ�J

�&&Ŭ�ƧƝ�c 
ĝ5Ñ°ƢÜŘR3ÏØį]š��)f

²Ƥõũ� 
|ę�Ì�°Ƣ�Ėj�ÍîŘ�¾ƞ�R3Ï

Øį]��şī`� 
ĝ�Ėj4î:ŶÆģÒŧ·ĺyIƗ

Řł¡Û�Ėj� 
ƒƒ�Ì�ĚƇ�ŧ·ĺyIƗŘł¡ĻB��

Û�ĝ5Ėj�� 
�Ì� 
į¯�ăGĝ�į¯� ƒƒ�Ì���� 
3¿uö87�½�0DÑĈüŨ÷�{

Bf8�=ĺxM�ĢŐÆÏ�Ļ%2ç

»�Śâ*L!? 

ƒƒ�Ì�°Ƣ�å8�»�ŚŌġ�UÏ�Ĉ

üJ�&�ÚYµ�æƛ�(H¼»�½3zŘ

Ú�/áƁ�(Å¼k£�Ř� As(III)�/áÏ
û�â�3Æģ�ıĤ�»�7�½´9

MnO2/BC ŵGrÐĆR��� MnO2 0§į

As(III)Ö�R As(V)��Ƌ�Bf8ŵGrÐ��
Üê�UÏk£ As(V)�ñ[Ě�Ř�ƐÚ�/
áÏÜ�Őĝ�Ï�ĻƦĪƉ�å8�»�Ś� 

i
� sR3ÏØ¼_? ƒƒ�Ìơĭ�ĺy�3Æģ�~8�»�7�

½(ųĞ)´ōļŨ÷�ŋŀ��ęƏńƍrÐ�ƈ
�ŋŀƘė��ťÕ¥��ƉĹ�²ƤƌÔž¿

uR��Kĝ5Ėj�,ïR3ÏØ���şĿ

`�ôÝƋ8Kŗĕ�0Ü�� 
k£Ú�7�½�²ƤN_UÏĈü? 3¿u�¿uŴƜ(Å¼ıĤƀG»�7�½ş

ŏÍ/ƚ�ňŅ�J�&ÚYµó��ĥo�į

]ŗƧ�ƧƝ�°=ſcäūşôÝ4��Ƌ8

0]��Ř�k£Ú�7�½�°Ƣ0c¼7Ź

ƄÐ�0ğ!ƨƅşƄƃþ7ŰÜ�B)Ũ÷�

#QĈü� 

 
 

���	��                     (����
) 
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��$� �#�� � ��"�� � ����� ����¬śÀ   NO�C1 

���� ƐQÂ�C£ÄŬŘ×8ƪ�ōŉ�T�,æ`»Ā��ĩtĴĨ 

�Õŵ½Ľ� ÎħęfSƦ 
�Õ� 
?áĂDC£ÄyƆ�ŭĖðq«×ĳ¤{

Ɔ�9MÞŎ�Ŷă£�T�, As¤`»ô
ƫ�Òü§��µƳ9Ġ2�09êƛDĐ� 

ƢƢ�Õ¤§��?ÎħÈ�[�ĴĨ¤	ã

"ƙ(MnO2)/ſĢC£Ä(biochar, BC)ƂQ{
Ýď[�Â�C£Ä(active-biochar)ę��Ŭ
Ř×8ƪ�vđĲeƐQ�È�[�[5Ʈş 
9�2Á,,ƆČQƴĤD,,ƆźŅŬĹ

D,,ń,ƆźŅ(0.05 mg/L)�:�'Ñ�I
9ŪŅ¤Ā�2Á,±Ɔŕ�ĹD,,Ɔź

Ņ(0.01 mg/L)�?È�[�Ů�9�Ǝ2Á,
,ƆŰ~�/Ā��ƚ",�æ`»ôƫ� 

?áĬQÂ�C£Ä� CDIƛD�T�,Ɛ
¡�ÿ·¦ēŉ[?ŗð�Ú�ƇQşěƛ

D�ƛ]�0ĩt¤ďQµƳ� 

?Îħ�DÂ�C£ťĲe[?Üä�¨|

!���/şěT�,æ`»¤Ɛ¡Ã��Ļ

ŰęƖ�DÂ�C£Ä�9ĐĆræT�,Ƹ

dČQŔŀƴĤ,ńźŅ�ĹD,,ńź

Ņ�}Ƌ,¤�ŰĐĆ[?łhÃ 2.75 ��
:�'Ñ�Ř×8ƪ�vđº/ŕ�ĹD,,

ƆźŅÃFź��]œð¤ƛDųÒ(;ƺc
�,,ųÊÃ 10�)�9lDŘq«'Z!ƪ
,�¤`»ƪ�(X As(V)�Mn2+�Na+$ Cl−

Ī)�ŪŅƄĀ2Á,�±Ɔ�?ŜĶ@�9
îŠ�ÕĽ��È��0ƇQşěƛD¤ĩt

ďQ� 
Ĝp ×sƐ1ş�ƍđ[�ČQĒħF

ź�9þ@��ĈŀÑ[�(XĈƍQj)¤
ĒŚ� 

?ÎħFźU�şƷ³ĒŻ¤ƯƤ5êĴĨ

�şƷ³�²Żě¤vđƷƮ(TRL 3d TRL 
4)��úƍđ[�Ĩdõ ÈëĿƅ&$õ=
SCIġ3ƅ&�s[�Y´Îħ[�ƟÜ�Ĭ
áźŅ�Š�ĈŀÑ[�¤ĒŚ�@�9�Ǝ

�Y´È�[��Ğw9/ĝQ¤ŀÅęf�

úvđUşůƞŞ�ŐƷ(TRL 5)�Ĳeşě
¤ƷƮGƀ�/Ġ#ĈŀÑųÒÃFź� 

µƳŌ1şñƛD¤9e���9êƈŖ¤

ôƫ$Ŏ�'á� 
ƢƢ�Õ¤µƳ�?Y´Îħ[5ƮşÂ�C

£ÄŨ¼ę�ŬŘ×8ƪ�ōŉŠşěT�

,æ`»Ā��ż��R_�?ŜĶú/�Y
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´Îħ�÷e[��Š@��,`»¤şěş

ñƛD�$$µŉÇƯvđ¤9e�Ĳeį

h��óa�ÕµƳ�îŠşñƛD�ýŞ�

9êƈŖ¤ôƫĲezĲ�|¤ƩĄ�ƷƮ� 
�Õ	 
��Ġí¤ġAĜp¨ž�Ï�?ÎħŠ÷

eć �Áĩ$È�'�¤Ů��ƸŏŤ� 
ƢƢ�Õ¤§�� 

Îħ·Ƶ÷e�jĸF$ ×�� p. 60 �
Ů�� 

ƢƢ�Õ¤§�� 

Îħ÷eĲ´Ŭř�Ĳ´½à©ÇČ��ĥ

@÷eĸF� 
ƢƢ�Õ¤§�� 

� p. 24 �Ů��ĬáźŅŬÔÎħ�ËČ
Q� 

ƢƢ�Õ¤§�� 

È�[�¤Ů�ŬÔÎħF¤ÇČ�ƐƸÈ

�[�ČQÔÎħ¤řġ� 
ƢƢ�Õ¤§�� 

âƎÈ� ×�Ġ2�ëƅŬµƳQĆ9

e�(5.5.4 ň¤Ů�Ł�óaĽŋ) (ŝ 5.17
¤Ů�ºo9êƨ"[�şñ9e¤ƥ"G

Ľŝ�)� 

?ŜĶ·Ƶúŝ 5.17 ¤Ů�Ĳ�|ƭŭ[�
şñ9e¤ƥ"GĽŝ��é�UġAĜp�

ž? &�� 
 

 
È�[�ŬŗĩĆƛ]ÇƯÈ�
ÕóŬ

(mĆ�È�C)�X_�êŮ�Š�,űö
¤
�ø�ýu� 

?Îħ�÷eġĵóŬÈĨ
ÕŦ� 1
�Ę
� 2
�õHūƺ�ƍTƆÉƍ��ŒűöÈ
�ŜĶ 1 Ó�/$Ŭı°õÖ�*�ƍ
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