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̆ɺ«į5ƴĒ3ġ�ůɇɊ̬�Öƣ'ȹñ˺ȷȃ}�ŵß�Ğςx�ǹü

Ů5ɦË]ò SMSBıGĻƉ͎ɉ6© 459.8 m2/g�ǗĚĺĆıGĻƉ͎Ź 3.4
ƌ�ƍǵ
ɉıŢ�ʨs˿5ƐˋŗıϏYqįŰϊ˕ûϒǩ(−COOH)'΁ɪ�
ù�½ĚύǩƐˋʀŨϑǩ(−OH)˴ύǩ(−NH2)ıʩɌ9ͥ�ĚύǩƐˋŗ�
]Ĝςϊ˕û−NH˴−NH2�Ķύǩıƴ̐ƛ�§−COOH8−OHıƴ̐ƛň
%ςɮ�˽Ĝ−OH ˴−NH2 ıʩɌ�X˺�ϏYqįŰ'Ǘƍ5̬�Öƣ�

SMSB-TEPA ̬�ÖƣĻƉĔėΏ' TEPA ]ɉó�ɻıύǩŮĒ΃­˴ͣȓ
ıÄŀ͕�Ē��¾Ě̉ɺ+̇ƻıÄŀƢǅ�ųGĚ SMSBÖƣıÄŀƗɻ
˴ÄŀȫȌ�SMSB-TEPA̬�Öƣ˖+̇ƻıÄŀƗɻɉǗǯļ 3ƌ�Äŀ
ȫȌɉǗŹ 2 ƌ�ùɪĞ]ǅ·�Ě TEPA Äŀ+̇ƻı͇ü�SMSB-TEPA
̬�ÖƣĻƉı TEPA]ȩ˂̰�5ı˂ɦͬǵlˆȠ�]Ņòǲƃˆı+̇
ƻį˧P͡ˆÄ@ıD�\ǖ�ͅτ§æ�ŵßƁɢ"É� SMSB-TEPA̬�
ÖƣĚ+̇ƻ\ǖ']«Ēŵß�ì˖ĚȡȎÅƻ¢Ť��IıÏȢ̃Ùø�
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Arsenic contamination in groundwater has existed for decades. In Southeast 

Asia countries, the issue of arsenic contaminations in both the drinking water and 
groundwater has attracted a lot of attention due to its toxic and carcinogenic nature. 
Nowadays, the selective removal methods for arsenic have been emphasized. Biochar 
(BC) is one of the materials that have been widely discussed sustainable remediation 
for arsenic removal, which recognized as an emerging technology. The BC can be 
enhanced through the high-quality value utilization of agricultural waste such as 
surface activation by thermal pyrolysis and surface modification. In this study, the 
BC was made by spent mushroom substrate (SMS). The SMS biochar (SMSB) is 
prepared through the physical activation of carbon dioxide. The mechanism of 
selective adsorption was investigated to enhance the selective adsorption of arsenate 
on high-quality BC. The objectives of this study are using high-value utilization of 
agricultural waste for selective adsorption of Arsenate in groundwater. The surface 
characteristics were investigating by BET, XPS, SEM and EDS method. The results 
were used to evaluate the selective adsorption of arsenate by high-value utilization 
methods. The surface properties of the material for further subsequent evaluation of 
selective adsorption of arsenate performance. The results showed that the activation 
process could increase the specific surface area of SMSB to 459.8 m2/g, which is 
about 3.4 times higher than that of carbonized SMSB (without activation). It is worth 
mentioning that the bonding of the carboxyl group (−COOH) was observed in the 
SMSB after the acidification modification, which facilitated the replacement reaction 
of the hydroxyl group (−OH) with the amine group (−NH2) in the amine modification. 
After the amine modification, the peak of the amine group (−NH and −NH2) was 
clearly observed, while the peaks of −COOH and −OH were not significant. The 
results indicate that the replacement of −OH and −NH2 is successful, resulting in a 
high-value SMSB composite material. Notably, the TEPA coating on the surface of 
SMSB-TEPA composite provides a large amount of active sites of amine groups and 
excellent affinity for adsorption, based active sites and excellent adsorption affinity, 
which can help to improve the adsorption performance of As(V). Compared with 
SMSB material, the adsorption capacity of SMSB-TEPA composite material for As(V) 
is increased nearly three-fold and the adsorption rate is increased about two-fold. The 
results are attributed to the mechanism of As(V) adsorption by TEPA. The TEPA 
could obtain a positive charge by protonation and subsequently remove the negatively 
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charged As(V) species by electrostatic attraction. Overall, the research project has 
completed the feasibility study of SMSB-TEPA composite material for As(V) 
removal. This study has practical application value and development potential for the 
treatment of arsenic-contaminated groundwater, which is in line with the novel 
technology of high-value waste and resource recycling. 

 

Keywords: Arsenic-contaminated groundwater, Spent mushroom substrate biochar, 
Selective adsorption of As(V), Amine modification, Valorization of agricultural 
wastes
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Ļ 3.1 ˳ω�ΤḬ̖ʡƻ¢Ť˪ü̖ʡ ............................................................ 6 
Ļ 5.1 ϏYqįŰ'GĻƉ͎˴<ŬƴĒ .......................................................... 33 
Ļ 5.2 ƭ5ŌqįŰ'GĻƉ͎˴<ŬƴĒ ...................................................... 37 
Ļ 5.3 ƭ5ŌqįŰĻƉĉǅǩ'¤3G .......................................................... 41 
Ļ 5.4 ύ5ŌqįŰ'GĻƉ͎˴<ŬƴĒ ...................................................... 44 
Ļ 5.5 ύ5ŌqįŰĻƉĉǅǩ'¤3G .......................................................... 47 
Ļ 5.6 ϏYqįŰ˴ύ5ŌqįŰ˖+̇ƻ'Äŀǟ�̗�ʶσǡ̓ .......... 52 
Ļ 5.7 ϏYqįŰ˴ύ5ŌqįŰ˖+̇ƻ'ɧʠÄŀ̗�ʶσǡ̓ .......... 52 
 

  

上傳時間：2022年3月15日上午 11:06



ʽʚ̍ȂįǗƍ5Ě̓͜ĒÄŀ��I&+̇ƻ'ŵß 

 

 

上傳時間：2022年3月15日上午 11:06




�Ňæ�

1 

��%� 

	I
ů�ΤqŮ&%]ēǂı
ʄʸʟ�ļ�õ͠ɮƬƏρ̳�Iʸʟ

ı]rĒ83dȑq��ɂıρǟ�͹�ǦĚ 2014�Ĕɣdı 17ʄnεɣƚ
v̖(sustainable development goals, SDGs)�ù&�v̖1Ǵ̮̚ȋIʸʟ8̫
q(clean water and sanitation)�ìM�ùQnεɣƚv̖ʄv&�{�˴IƟƟ
ų΢ǭ%]3ȡ�͹�Ǧ(2020)2Ã'LűIȽÃ&ɉU��˂\
LŸPõ�
�Τ˖ĚIʸʟı̃Ù"ɉ61ƌ�ìM˖ĚIʸʟı̃Ùɻ�Ø�,PŹ 1%
ıȫœ̉W��¡�ů�ƢɉóÔ�]òrıIʸʟ�IȡȎɦËıͣ5�ì

M˖ĚƴĈ¢Ťįø�̓͜Ē\ǖıDħ�ůʤ-̃ƀ¿�ɣƚıƆƀʄv� 

ůWȫÎǦͭ˒ıÓɫ�«ŞǕͭńʪĔɣĻı 110�œŠŞƁɢ&Ǵ̮
ǯP	ȉȋĵƬ
�	Ʌͭʨͪ
�	ÓɫḬ
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'ĉǅǩ�Ǔ�˖ĚÖƣĻƉıįȎ5̿ƴĒ3ġ�˺ȷU˖ As(V)ø�̓͜
ĒıǗƍ5ŮĒqįŰ� 

Ȗ�ʀŨ�Ǘƍ5ŮĒqįŰĚ As(V)̓͜ĒÄŀŵß 

½rǗƍ5ŮĒqįŰ˖Ěƻɺ«Ñ �Äŀʶσ�P̠yǗƍ5ŮĒq

įŰ˖Ě As(V)'̓͜Ē��ƤΒȉ̓͜Ē͇ü8\ǖƢȌ3ġ�ɺ§É�Ǘ
ƍ5ŮĒqįŰĚ As(V)̓͜ĒÄŀ'ŵß� 
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���@(, 

3.1 ���@�6K+ 

ƻ�Lű�Ǧ��Iı¢ŤǤΗ"�����ȥ�ǦƖ�ćWĕ�ɶŉ�

�œ�&Ǧɧ��ƻ�ùʇrI8��Iı¢Ť"�ů
ƎΦƆıǤΗ�ȏʀ

Ũıŵß&"Ο˔�ȍ�ɷ˂
̅ı��qŮ���Ǐƻ͉œǗĚ 0.01 
mg/L ıͭ˒�(Bhattacharya et al., 2002)�§ƻ��ɘ&ıeÇ͉œŹů 1.8 
mg/kg�vŇ��Ǐ&¨ɡƻıõʟNƀņsĚ�ɘq�Ƥ�č̙&ıù&

˧į̰�ìM�ʨ˂Ġʎͧͤı˂ɦ&΄ɍ©ÅǏ�2019 �s̿Ķ
MukherjeeȜ΋ʹǦŵßːɿ(ˑ 3.1)�˖Ě�ȍ��Ǐƻı3dɺ«'ȏĩ
Țͅ�C&śU�ȍÿûƻ¢Ťı̤Ȼ8ùĚ�̌&ı3dǷÌ�ìMśU 34
ƎLű�ÿûƻ¢ŤʻůΦƆıǠǧ�ù&Ĝ̠śU˳ωıˏŉeƑǠǧ(̥
ʰ 17)��Ǐ&Ȱ3�ǠƻÅɻ͉œǗĚ 1,820 μg/L�NƀņsĚ�ɘq�
ƤıJ ĤūĔǍΩ(Mukherjee et al., 2019)� 

 

ˑ 3.1 ��Ǐ&¨ɡƻĚ�ȍ'3d(Mukherjee et al., 2019) 
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˳ωĚ 1950 �RkɔĚˏŉeƑ�ǠɽĆUȏƳʬƷ��̮ŧɪĞŗŢ
sĚʤ�ʇIr)&Å�Ǘ͉œƻĔȭ��ů¡��ͭńʪĔƂĈıḬ̖ʡ

&�˖Ěƻ͉œı˪üø�Éɫı̖ʡ(Ļ 3.1)�ͭńʪĚ�˳ω·ʪˤɝ)�
PͰʳƻĚ˳ω��Iτ'3d˴͉œ�ͭńʪ(2021)Ĕ2Ã˳ω��Iƻ͉
œ̛ʊ̤ȻNƀ����Iƻ͉œɷ˂Ȗ
Τ��I¢Ťˤɝ̖ʡ(0.025 
mg/L)͇Ȍ�Ě 75%ı�Ǡ(ˑ 3.2)�3dĚ͊IʢÜ͎Ơ�ˏŉeƑ�Œĝe
Ƒ8ζʁeƑɧ_Ǡ��Ƥ�ȚƁȽÃ&śU��ˏŉeƑ8ζʁeƑ÷ƎǠ

ǧıˤɝ)&���Ǐıƻ͉œÅɻʻǗ�ìM�=̓ˤɝ)'ƻ͉œů̖

ʡ̰' 3−10 ƌ�§ȏʀŨ�˳ω��IƻͅĪıŵß&�ǖPƻů̖ı¢Ť
į`�{̃ƀ¦ɻι�͞Γ��ψΤ˴χ(�)ĽγΓ�˴ƆĽγɧį̰'#΅�
]ǅ�ͅĪı˂ɦȭ�̏λ� 

Ļ 3.1 ˳ω�ΤḬ̖ʡƻ¢Ť˪ü̖ʡ(ͭńʪ�2021) 
�ΤḬ̖ʡ  ƻȤ̤͉œ(mg/L) 

��I¢Ťˤɝ̖ʡ Ȗ
Τ(ʇrIIʟ) 0.025 
Ȗ�Τ(ŁʇrIIʟ) 0.25 

��I¢Ť˪ü̖ʡ Ȗ
Τ(ʇrIIʟ) 0.05 
Ȗ�Τ(ŁʇrIIʟ) 0.50 

δɞrIḬ̖ʡ  0.05 
ʇrIIʟḬ̖ʡ  0.05 
ʇrIḬ̖ʡ  0.01 

 
ˑ 3.2 ˳ω��Iƻ͉œ̛ʊ̤Ȼ(ͭńʪ�2021) 
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ƻ˖Ě�τı̏λγĚqįȝ͎(bioaccumulation)ıD��ʤIτ&ıƻ
¢ŤʟȮ˂IɅͭ8ƊįΡȝ͎Ě�τ&�ǯ�]ǅȭ�áɬνÿʗ�u̪ͮ

ĀBʬ̜ˢɧĲǻ˴ɾǻǛǳǤΗ(Bhowmick et al., 2018)�Srivastava et al. 
(2020)UĮ'ƥά	Arsenic in Drinking Water and Food
&�ǔ˖ƻ�ͭ˒&ı
Ō˗�ʈ͙8¢ŤɧǤΗɺ«Ǻǋ�C&ɉûĝŉïůLűÿûƻ¢ŤȹůΦ

Ɔ'Ǡǧ�ùƑ�]3ů÷ƎȰ3�Ȗ
Ȱ3õ¨Ě�ȍÌ�ƤɁ"��Ě�

ɘıčw&�Ȗ�Ȱ3ňŢsĚ�Τɓʨ�ɻòrȅΎ̼�ǖǈ̼8ùQ!ʚ

�òr�Ȯ˂I´ůȾ.ȭ�ıͭ˒¢Ť�ìM�ƻ¢ŤȹΦƆı 23 ƎǦƖ
&�͸Ɓ©=�
̅�ı��̔κĚƻ¢Ťıͭ˒��^`��-�œıŵß

ɪĞ&ɉû�ïŪ�Ǡÿûƻ¢ŤȹΦƆıŇ+ƎǦƖů&Ǧ�ćWĕǦ��

œ�?ǩɎĂ8ɶŉ(Shaji et al., 2021)�ù&�ɶŉļ��õ�ʨͪÍȫɣƚ�
ɻĘþ��I�PƋȱĥ0'��Iƻ¢Ťȹůςɮ(Stopelli et al., 2020)�ĥ
0�Ǡƻ¢ŤıǤΗȹ�Ě 2001 �΍sϊɝ)ȣɉU�Nƀ3dĚŷĥūǧ
�Ǡ�ˑ 3.3ů̿ĶƋ ǔ˖ĥ0�Ǡ'ˤɝ)ƻ͉œ3d'̮ŧ�ˑ&P%
�Ζª̖xˤɝ)&ıƻ͉œ̤Ȼ�ù&]ŴUɶ̸ļŷĥŀļıǠǧƻÅɻ

͉œɶǗ�ìM� 2009 �Ɔʘʨ˂̮ŧŗɣȏ�ΦƆ�Ǡƻ���I&ı͉
œ"ǗĚ 3,000 μg/L(Berg et al., 2001; Mukherjee et al., 2009)� 

 
ˑ 3.3 ĥ0��Iƻ͉œ3d(Berg et al., 2001) 
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ůΒȉĥ0��Ǐ&ƻõʟ�Postma et al. (2017)΍s�̌8��IĘþ
΃�Ǔ�ˤɝɝ)ıϊ˕�ʳûƻ���Ǐ&ı˵͎8΄ɍD��Ƌ�]ǿ

ǖ��Ǐ&ıƻsŷĥõı]ǅĒ�ŷĥıƻıÅɻɃOͼļĚ 0�͠ɮ

ʺϊ˕ĘIȡ˴ŷĥɾıϊɝ)ςx�sĚƑ���Ǐ&ı��IȣĘU�

ů�ƀʱè��Ǐ&ıI�ĥIʨs΄ɍʱèȣĘU'��I�§�΄ɍı

˂ɦ&�ĥI&ıʞʳ�͇˦ɣqƭ59ͥ�ɺ§̀Ż�̌&Åƻ'ιƭ5į

ȑq;Ƒ9ͥ�Åƻ'ιƭ5į�ɣq;Ƒ9ͥƤαęUƻį̰ìʞʳĚI&�

s%�ıˤɝ)ıƻÅɻ͉œ]ɣȏ(ˑ 3.4)�ɸΓĥČɶ˾ıˤɝ)ĔĘU'
I̕�I&ıƻÅɻ͉œɶǗ�ĥIʨ˂ʻľɸΓı΄ɍ§Śε˴�̌&ıÅ

ƻιƭ5įɺ«9ͥ§αęUÔ�ǵƻį̰�òǵƻį̰ȝ͎ĚI&�§ɝǵ

ʻǗıƻį̰͉œ(Postma et al., 2017)� 

 

ˑ 3.4 ĥ0�Ǡ��Ǐƻ͉œ΄ɍD�ˤɝ(Postma et al., 2017) 
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3.2 @.3gi&?' 

�ͭ˒&�ƻ]3ů�͇ƻ8ɠ͇ƻ÷ �˧ù&sĚ��IγĚǂƭͭ �˒

ş���Iτ&ƻıį˧�Pɠ͇ƻůN�ɠ͇ƻ�]3ů+̇ƻ8�̇ƻ�

ìM�ͭ˒&�%�ıƭ5;Ƒ˗���I&ıƻį˧�]3ůƻ˿ψ

(arsenate, As(V))8ïƻ˿ψ(arsenite, As(III))�ɁqįũȎ̿åœ§æ�As(III)
ıũĒ�Ě As(V)�§÷˧ɠ͇ƻ���I&ıŌ˗ÿûƭ5;Ƒˆ­(Eh)Ā
pH ƍı̏λ§�Ĕ%��ˑ 3.5 ůƻ�Iτ& Eh-pH ı΢ņˑ�ˑ&]Ͱʳ
û As(V)ıŌ˗NƀP pH ƍ 6.9 ů3ű�ʤ pH ƍ�Ě 6.9 Ƥ�NƀņP
H2AsVO4−��ĚIτ&�§ pHƍ�Ě 6.9Ƥ�ňP HAsVO42−ıÅƭȳΓ�Ì

˗��Ěͭ˒&�^`��ʜ˩ı˿Ē8χĒȃ}�P H3AsVO408 AsVO43−ı

Ì����As(III)�Iτ&��Pïƻ˿ıÌ���Ěͭ˒&�ʤ pH ƍ�Ě
9.2ƤP H3AsIIIO3ıÌ����pHƍ�Ě 9.2ƤňP H2AsIIIO3−ıÌ˗��� 

 
ˑ 3.5 ƻı Eh-pH΢ņˑ˴˿ʳΓǱ̓ 

  

Acid−Base Equilibrium Ka 
H3AsVO4 = H2AsVO4– + H+ 10–2.2 
H2AsVO4– = HAsVO42– + H+ 10–6.9 
HAsVO42– = AsVO43– + H+ 10–11.5 
H3AsIIIO3 = H2AsIIIO3– + H+ 10–9.2 
H2AsIIIO3– = HAsO32– + H+ 10–12.2 
HAsO32– = AsO33– + H+ 10–13.7 
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3.3 @.wt'MCSL 

ȏʀŨǱrĚ��Iƻį̰\ǖıD�YÅ5̿Ȋ̻�Ǘǀƭ5ɦË�Γ

�zɌ8ǐ˟Ȯ̩ɧD�(Singh et al., 2015)�ɡ§��ȏ�ıƻ\ǖɦË&,
�ȥ�ʆǁ�¦ɻıǤΗ��Ǘ̈́´�i�Ǘǅǃ�Γ�̓͜Ē¶�5̿Μ̼

ıȈW8� ¢ŤįɧǤΗ�ÇůȏʀŨ̃ƀʳÛıǤΗ��¡�͜ r¶�i�

¶ǅǃ�ǗΓ�̓͜Ēøȷnε8ɅͭʨͪʝđıÏȢůȏʀŨ̃ƀ¿�ıv

̖�ǔ˖ȏʀŨǱrĚƻıȕǖɨȒ�Weerasundara et al. (2021)˖Ěƻıȕǖ
Dħɺ«Țͅ�Cȵ&ɉûvŇƻı̓͜Ē]΍sˈƭ5(pre-oxidation)�Äŀ
(adsorptive)�Γ�zɌ(ion exchange)�Ú͈(precipitative)83Γ(separation)ıD
�ɺ«\ǖ��ˑ 3.6Ĕx� 

 
ˑ 3.6 ȏʀŨǱrĚƻıȕǖɨȒ(Weerasundara et al., 2021) 

sĚƻ���I&ø� As(V)ǲƃˆ8 As(III)%ǲˆı÷˧Ì��ǱäĚ
ƻ˿ψ8ïƻ˿ψı\ǖŵß&�ƻ˿ψ�PΓ�Ō˗��Ěͭ˒&�]PÄ

ŀēΓ�zɌıD�¨Iτ&ȕǖ�§%ǲˆıïƻ˿ψň̃΍sȈWɚ�˂

ƭ5ȆēǆƭıD�ǯïƻ˿ƭ5ůƻ˿ψ�ɺ«\ǖ�ůɺ
×ɉ6 As(V)
8 As(III)ı\ǖƢȌ�ļ�õ˖Ěƻı̓͜Ē\ǖŵß{E˞̉W�vŇ˖Ě
ƻı̓͜Ēıį5Dħ�Ź]3ů_˧� 

1. ˆȊ̻(electrocoagulation) 

PˆȊ̻D�\ǖI&ƻıɦËNƀ3ů÷×φ�Ȗ
×φƋ�ǯȄȡȎ

Iτ&' As(III)ʨ˂ΑɌů As(V)��ĶȮ˂ˆȊ̻ɦË&Ĕȑq'̻ɪ̼\
ǖIτ&' As(V)�̻ɪ̼ıq�NƀþÛĚʁʜÖƣ�ǱrıʁʜÖƣ��
̴8 �̀�ˆȼıŠWŗʁʜĻƉɣqƭ59 �ͥɺ§q� Zn(OH)28 Cu(OH)2

'̻ɪ̼(Ali et al., 2013, Wan et al., 2011)�ɺ§\ǖI&' As(V)�^
DƉ�
CΩ&ĻĜ�\ǖƻı˂ɦ&�I&ùQΓ�į̰��΀�ɼ�Ȕ˿ψ�ɥ˿

• Conventional filtration
• Micro-filtration
• Ultra-filtration
• Nano-filtration
• Reverse Osmosis

• Coagulation/filtration
• Enhanced coagulation
• Direct filtration
• Coagulation assisted micro-filtration
• Lime softening
• Enhanced lime softening

• Oxygen (from air)
• Potassium permanganate
• Chlorination
• Ion compounds

• Activated carbon
• Granular ferric hydroxide
• Soil minerals
• Sand/modified sand
• Agricultural industrial wastes by products
• Nanoparticles and nanomaterials

• Anion exchange
• Electro dialysis

Pre-oxidation

Adsorptive

Ion Exchange

Precipitative

SeparationAs remediation
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ψ8ɚ5įɧ��ɺ«ȕǖı˂ɦ&ø�ɉóI&̀ˆœıƴĒ�]�Ƣɉ6

˖Ěé�Iτ&ı̓͜Ēȕǖ�ìMìɠςɮıΫĭ̏λUȏ(Ali et al., 2012)� 

2. Äŀ(adsorption) 

ÄŀħůȹǱͥrĚƻ\ǖD��ùø�̈́´ΊȺ��i¶8ɠ¢ĤȑU

ıͣʊ��Äŀħ&ÄŀÖƣů̏λÄŀƢĞıNƀƑ�'
�ÖƣĻƉıG

ĻƉ͎�<ƞ���ΚĈĒ�ĻƉ5̿]̮Ē�8�iɧÇůŝ͜Öƣ̃ƀ¦

ɻı�ƾ�ˑ 3.7ůWeerasundaraɧ�ǔ˖ȏʀŨǱrĚƻ̓͜Ēŵß'Äŀ
̼˖ĚI&ƻ̓͜Ē͇üɺ«'Țͅ�Äŀ͇ü�Ż�]3ů_˧� 

(1) 0ȍ̬�τ(inner-sphere complex formation)�PιȆ5įůô�ιȆƭ5
įĻƉʨ˂Ά΁ıD�˴Iτ&ı As(V)ɺ«9ͥˀû̓͜ĒÄŀıƢĞ� 

(2) `ȍ̬�τ(outer-sphere complex formation)�P̵ƭ5įůô�̵ƭ5į
΍sˆĒÄŀıD�˖Iτ& As(V)ɺ«\ǖ� 

(3) 5�įÚ͈�Pιůô�I&'ιΓ�]˴ As(V)Ì�5�įÚ͈� 

(4) qįÄŀ�ǯIτ&ıƻȮ˂qį˵͎ıD�\ǖI&ıƻį̰� 

 

 
ˑ 3.7 PÄŀDħ̓͜Ē\ǖIτ&ıƻ(Weerasundara et al., 2021) 
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3. Γ�zɌ(ion-exchange) 

½r͆Ǆ˖Ěƻɺ«̓͜Ēı\ǖD��%�Ḛ̄'͆Ǆ9ͥ�Ĕ%��

Ɂ As(V)§æ΍sȳΓ�zɌ͆Ǆ˖Ě As(V)ø�\ǖƢĞ�³˖ As(III)ɠ\
ǖƢĞ�ùƑ�ņsĚ As(III)�ǱäIτ&P%ǲˆıÌ����§ As(V)�
Iτ&ňǲƃˆ��¡PȳΓ�zɌ͆Ǆ\˖Ě As(V)�\ǖƢĞ�ɡ§�ɏ
ȩızɌ͆Ǆ]΍sΓ�85�įĻƉˆĒǯΓ�ɺ«Ǡ3�³ìɠςɮı͜

̓Ē��¡PɠɑŌ'�̇ι˖͆ǄĻƉɺ«Ɛˋ�ŵßɪĞ&ςxȍŌ'�

̇ιį̰��ĻƉ]˴ As(III)Ì�IĀŌ˗'ιƭ5į�§ As(V)ň˴�̇ι
į̰ɣqǓ­zɌı9ͥ��§˖ĚI&'ƻį̰]�Ƣɺ«̓͜Ē\ǖ

(Vatutsina et al., 2007)� 

4. ̩˂Έ(membrane filtration) 

P̩˂ΈD�˖ĚIτ&ɺ«̓͜Ē\ǖıDħ�ņsΓ�zɌ͆ǄĻƉ

Ɛˋıʝđſq§õ�Yang et al. (2019)Ě̩ĻƉėΏΕXǅŊόǩΓ�ȇτ
(bifunctional imidazole-based ionic liquids)�½r̩ĻƉıˆƃĒ˖ĚIτ&ı
As(V)ȑq͡ˆǿh��ìͥrĚl˟Ȯ(forward osmosis)àȚ&�ŵßɪĞ&
˖Ě As(V)ø� 99.5%ı\ǖƢĞ�M]ϊ˕ûĻƉʻ%ěȑqƻ͎ōıǤΗ� 
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3.4 �a[nI-jP�-8 

qįŰ(biochar)ůļ�Ǧ̂�Ɔ΃ɣƚıÖƣ'
�qįŰņůqį̍Ȃ
į�¶ƭıİ˗�ɺ«Ǘʠ̞ɰʳ9ͥĔÌ�'ȑį��ùø��<Ē8ǗG

ĻƉ͎�vŇȣ�ɻͥrĚ˦ő�(Woolf et al., 2010)��ΧɄâ(Atkinson et al., 
2010)8Äŀ̼'˺´��˦ő�ƑȎņ½rqįŰʨ˂̞ɰʳıɦËŗ�ø�
ǗqįɆĒ�%ěȣqįɺ«3ʳ�MùZǉɔľ 1,000�P��ɤƤɾ0%
ʙP�ƭ5˦ıÌ���Ěͭ˒&ɧƴĒ�Ƕ§ˀûā˦ıƢĞ(Spokas, 2010)�
�Ķ�ǖ�ʨs̞ɰʳŗ'qįŰůʑχĒ�]&Ā˿Ē�Χ'`���̓q

į̍Ȃį&��<Ŭɪ �̊�½Ěʑqįıq��̉ W�Χq˗�̕Ē��¡�

½rqįŰıʑχĒ8�<Ē÷˧ƴĒ�]�Ƣ�ˀû�ΧɄâ'vı

(Lehmann et al., 2011)�^
DƉ�ů̉WqįŰ�ͭ˒�ıͥr�ļ�õ˖Ě
qįŰıǗƍ5Dħ{�ȥ�ʘıŶƺ�El-Naggar et al. (2019)ǔ˖ȏʀŨq
įŰǱäıǗƍ5Dħɺ«Țͅ�Nƀ]3ů+�Τ(ˑ 3.8)� 

 

ˑ 3.8 Ǘƍ5qįŰ'xʒˑ(El-Naggar et al., 2019) 
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1. ̞ɰʳ(pyrolysis) 

½r̞ɰʳD�Ǘƍ5qįŰ]3ůǗʠ̞ɰʳ8¶ʠ̞ɰʳ÷Ȱ��ǔ

˖%�ı�½rD��̓͜%�ı͋ɪʠœēı%�Ḛ̄ıqįŰ�PǗʠɺ

«̞ɰʳͬǵ'qįŰ��̞ɰʳı˂ɦ&]ǿǖùQ�͇įƍ�]ͬǵGĻ

Ɖ͎ʻǗ8˦ÅɻʻǗıqįŰ�§¶ʠ̞ɰʳ]ͬǵȑȌʻǗqįŰ�M�

¶ʠıǷÌ��ʻ��͇̰ȣńƶ�õ��¡ųʻĚǗʠ̞ɰʳͬǵ'qįŰ

ĻƉ�Ô�ıĉǅǩ�]΍s3ġĻƉĉǅǩǔ˖ƴĈ̃Ùɺ«ͥr(El-
Naggar et al., 2019)� 

2. ̬�Öƣ(composite) 

ǯqįŰ˴ùQį̰ɺ«Ȋ�˺ȷU̬�Öƣ�ìͥrĚ�ΧɄâ�sĚ

�Χ�ľƤɾòr�ķÞœʙ�ƈ�΍s̬�Öƣı˺ȷ�]ǯķƣ˴qįŰ

Ȋ�ŗǯù©Ě�Χ&½rqįŰıƴĒ�ķƣ]�ƢĚ��&ɺ«΄ɍ�ų

ʻĚʈȚĲǻǯΜ̼û��&�]̠ń�ƢɄâ�Χ��Ķ�{]ʖǓÄŀ̼

˺´U̬�ÖƣrĚ�ΧͅĪ�vŇ"Ο˔]�Ƣ\ǖ�Χ&'�͇8ƆĽγ

¢Ťį(Beesley et al., 2011; Steiner et al., 2008)� 

3. ĻƉƐˋ(coating) 

ǖ�ƅ'̬�Öƣ`�]ǔ˖qįŰĻƉɺ«Ɛˋ�½r5̿D�˖Ěq

įŰĻƉɺ«Ɛˋ�ǱäıƐˋDħů½r5̿į̰Ǔ�I̞�̞ɰʳɧD�

ǯĉǅǩƐˋĚqįŰĻƉ�΍s%�ĉǅǩ˖Ě¢Ťįıƴ»Äŀ89ͥ�

]�Ƣɉ6qįŰ˖Ě¢Ťįı̓͜Ē8\ǖƢȌ�ͺô§æ�ǯqįŰ˴Ȕ

˿8�ƭ5ĴĚ 60oC�ɺ«˱�9ͥ��P 95oCɺ«˦5ĔͬǵȣƐˋ˂ŗ
'qįŰ�]�ƢÄŀI&'ʯɯ͑�ìMǯÄŀ'ʯɯ͑½rƝ˿ɺ«ȟŀ

ŗ�]�Ƣ�qìƆ̬ɺ«òr(Li et al., 2012)� 

4. Ů5(activation) 

PįȎDħē5̿Dħ˖qįŰĻƉɺ«Ů5�]�Ƣ̉WqįŰ'GĻ

Ɖ͎�ì´ůÄŀʶσ'Öƣ��Ů5ıDħ&�ǔ˖GĻƉ͎8<Ŭı%�

̃Ù�]ʖǓ%�ıŮ5D��5̿Ů5ħ&ȹǱäıů KOH Ů5ħ�΍s
χĒıΜ̼˖ĚÖƣĻƉɺ«Ń˹�ɺ§ͬǵǗGĻƉ͇ıŮĒqįŰÖƣ�

ɡ�òr˂ɦ&̃ģʒΜ̼8Ƒƣ'ǓG�Pͽ¹Μ̼Ń˹˂ɻȭ�Öƣɪ˚

ǰΘıǤΗ(Yeh et al., 2015)�§įȎŮ5ħųʻĚ5̿Ů5ħγĚʻůʠĀı
D��ǱäıįȎŮ5ħů�ƭ5˦Ů5ħ8I˷ƬŮ5ħ�ǯqįŰęʩĚ
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�ƭ5˦ēI˷ƬıǗʠͭ˒��΍sƬτˁ̞͓ɭı͇üǯƑ�ı<Ŭ΄�

(Kapteijn et al., 1984)�ɡ§��òr5̿Ů5ħı˂ɦ&Ǳ�̃ƀòr�ɻȉ
Iɺ«ȉŭ�ş�ͭ˒Ɖıòr�PįȎŮ5ħĔ˺ȷU'ŮĒqįŰ�ʻǗ

'ͭ˒7ɫĒ� 

5. ��Ǩķ(co-composting) 

PqįŰɺ«�υɄâıD�ǖ�˺ȷ�̬�ÖƣıD�`�{]òr�

�ǨķıD�ɺ«�Nƀņǯāτķƣ˴qįŰ΂ȘÇ4Ȋ�ŗĚ�υ&òķ

ƣÇ4΄ɍ���ǨķıDħ&vŇ"ŵßU˖ĚǨķ��ʄ�ȡ�(1)̉WǨ
ķı�͇į8Åɻ8˲5ɦœ�(2)ÓɫǨķ&Ȋ�įĲ'Ç4Ē�(3)�Ƣ̮ͅ
Ǩķ&ı˦əG�(4)ɉ6Ǩķ&ʑqįŮĒ�(5)ɉ6Ǩķʠœ�(6)ɜ=Ǩķ˟
UȇĔȭ�ı̹3ʗa8(7)ɜ=ʠŐƬτǿę(Khan et al., 2014; Prost et al., 
2013; Steiner et al., 2011)���ǨķıD��˺´�i˴ʾ´�iʻùQD�
¶�M]�Ƣ˖Ěʽʚ̍Ȃįɺ«��ìMø�nεɣƚıͣʊ� 
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3.5 �E(�l@wt'��C 

òrĉǅ5D�Ǘƍ5Äŀ̼ıĻƉP̉Wƻı̓͜Ē�{�ȥ�ŵßɺ

«ǋ̯�Ǳä�ϒǩ8ώǩ�ùÌ�D�ůĚ¶ʠǂƭȃ}�˖qį̍Ȃįɺ

«˦5ı˂ɦ&ĔÌ�'ĉǅǩː�� 2010 �Ƥs Gibaud ˴ Jaouen ːɿ
(Gibaud and Jaouen, 2010)Ƌ�ɉU�ώ�ʏǻ−NH2ĉǅǩ��ĻƉ̰�5ı

˂ɦ&�]͡ˆÄ@ƻ˿ψ(ˑ 3.9 a)��Ķ�Fan et al. (2012)ŵßɣȏ��ǣ
rŮĒ˦ĻƉı−NH2˖ĚI& As(V)ø�ã�ı̓͜Ē�ù9ͥůʏǻĚŮĒ
˦ĻƉı−NH2�ĻƉͬǵ
ƎȆΓ�ŗ˴I&H2AsVO4−ɺ«ʏǻ�ɺ«As(V)
ı̓͜ĒÄŀ��Ķ�Lee et al. (2017)ĚŮĒ˦π˰ĻƉ̇ǻ%�ıύĉǅǩ
(≡N�=NH8−NH2)ı˔σ&ɣȏ�ʏǻ−NH2ĉǅǩıŮĒ˦π˰˖Ě As(V)
ø�ȹ�ı\ǖƢĞ�^`�� Vithanage et al. (2017)ıCΩ&ɉU−NH2ĉǅ

ǩ˴ As(V)̓͜Ēı9͇ͥü�qįŰ�ĻƉʏǻ−NH2ĉǅǩŗ�˴ȆΓ�ɣ

q̰�59ͥÌ�−N⊕H3�]˴I&ı As(V)ĚĻƉÌ�−NH−AsO4 (ˑ 3.9 b)� 

 

 

 

ˑ 3.9 ύĉǅǩ̓͜Ē\ǖ+̇ƻ'͇ü(Gibaud and Jaouen, 2010; Tytłak et 

al., 2015; Vithanage et al., 2015; Vithanage et al., 2017; Alkurdi et al., 2019) 

  

(a) 

(b) 
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vŇ˖ĚqįŰĻƉʏǻ−NH2 ìɺ« As(V)̓͜ĒÄŀıų΢ŵßɣƚ
ɦœ�PˀûʝđσΟìĚ˔σŐ]«ĒɝʶˀûσΟʀŨ�ìM�ļ�ȥ�

ŵß&˖Ěù&'9͇ͥü,�ǋ̯ĵɾ� 

�̠Ĉύĉǅǩǅ�Ƣ˖Ě As(V)�̓͜ĒıÄŀƢĞ��ůɉ6 As(V)
ı̓͜ĒƢĞ�^�ŵßˎʶǯ�ύǩıÄŀ̼_ï�ǩ+ύ

(tetraethylenepentamine, TEPA)ʏǻ©π˰ƾĻƉɺ« As(V)ı̓͜ĒÄŀ˔σ�
ŵßɪĞςxĻƉ̇ǻ� TEPAıπ˰ƾÖƣ˖ĚAs(III)ıÄŀƢĞ˴�Ňų
΢ŵß&'ÄŀƗɻƢĞìɠςɮƜȓ�̟ Ě As(III)ıÄŀƗɻů 5.71 mg/g�
§�ŇCΩ&ùQÄŀ̼'ÄŀƗɻ.Ě 0.2© 18 mg/g'ɾ�ĻĜ TEPA˖
Ě As(III)ɠã�ıÄŀƢĞ�ɺ
×ǯʏǻ TEPAıπ˰ƾĚ As(V)'ʞȇ&
ɺ«Äŀɝ �ʁÄŀɻů 75.13 mg/g�§��ŇÄŀ̼ıŵß�Ğ&˖Ě As(V)
ıÄŀɻ.Ě 0.3 © 59 mg/g 'ɾ�Ȯ˂ TEPA ´ůÄŀ̼˖Ě As(V)ıÄŀ
ƢĞ�ςɮıɉ6��Ķ�Ě 20 mg/gıɥ˿ψ�20 mg/gȔ˿ψ˴ 10 mg/gı
As(V)ͭ˒�ɺ«ΫĭıÄŀ˔σ&˖Ě As(V)ıÄŀƗɻů 8.3 mg/g�s˔σ
ɪĞ&]ĲǻσΟUP�ύǩɪ˚ı TEPA´ů̓͜Ē As(V)ıÄŀ˔σø�
ã�ıƢĞ�ìM�˔σȹŗ½r 0.1 Mı NaOHʞȇ˖Ěʏǻ TEPAıπ˰
ƾɺ«+ ĻƉ�qɝʶıɪĞ&�ʏǻ TEPAıπ˰ƾ˖Ě As(V)�,ø�
ɻ�ıÄŀƢĞ�Ʃ͂CΩ&'ŵß�Ğ&]�ʳû��ύǩıÄŀ̼−TEPA
ųʻĚ�Ňŵß&˖Ě As(V)ı̓͜ĒÄŀ�ø�ã�ıƢĞ�ìM]Ǔ��
qDħƆ̬òr(Yu et al. 2013)� 
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3.6 ��E�1rXH�* 

ǯύǩƐˋĚǩÖĻƉø��˧ıD���ÅƯħ(impregnation)��͵�
ħ(co-condensation)�ə˙Δ(nitrogen doped)8Ǒūʏǻħ(reflux grafting)�§�
�ƅDħ&�Ȯ˂ǑūʏǻıD�ǯύǩƐˋĚÖƣĻƉ�]�Ƣ̠yÖƣı

ΚĈĒ�Ɂ�ύǩÄŀ̼ TEPA§æ�ȹĺǯ TEPAʏǻĚŰÖĻƉ'ŵßĆ
Ě Pittman et al. (1997)�ʨsǯŮĒ˦π˰ĻƉ΍s 70 wt%ıɥ˿˖ĚĻƉɺ
«˿ȡȎ˂ŗĚıͭ˒�P 0.5 wt% TEPAɺ«Ǒūʏǻ��Xǯ TEPȦǻ
ĚŮĒ˦π˰ĻƉ�§�˦ÖƣĻƉɺ«ʏǻ�ύǩÄŀ̼ı˂ɦ&�Ƌ��

ʆ΍s˿ȡȎıD��Ě˦ÖĻƉ�«ʏǻϒ˿ĉǅǩ (carboxylic acid, 
R−COOH)�Ě�ύǩÄŀ̼ıͭ˒�ɺ«ʏǻ9ͥ�ǯϒ˿ĉǅǩ�ıϑǩ
(hydroxyl group, −OH)ɺ«ʩɌ�ɺ§É��ύÄŀ̼Ě˦ÖĻƉ'ʏǻɦË
(ˑ 3.10)� 

 

 
ˑ 3.10 �ύǩÄŀ̼Ě˦ÖĻƉ'ʏǻ˂ɦ 

(Pittman et al. 1997, Abd El-Magied et al. 2018)
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��(�� :73 
4.1 9#Nb 

iƁɢNƀʭ˔ͭńʪ 110�œıŠŞv̖8ɨȒ�Ǵ̮Ʌͭʨͪ�Óɫ
Ḭ87ɫͭ˒�şiŵßƁɢ��Ò�Ěʸʟ]Śε½r8]Ʌͭ�qıɅ

ͭʨͪ��Ƥɺ«̍Ȃįʸʟ5ıÈɫʾr�Ȯ˂ǯʽʚ̍Ȃįʸʟ5�ŵɣ

]«�ʘ͏8jõnεĒıˮªIʸʟɅͭȡȎÏȢ�PŔyIȡȎì�Ƥˀ

ûʸʟ�Ʌͭıjõv̖(ˑ 4.1)� 

 

ˑ 4.1 ŵßŦ˚ūɦˑ 
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*�g
*�'.�UC
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T,
H�UCh0�'.
n V
Tg
3QUCg
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 ���8�)Of
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;��-I	&


c�d

n h0�'.UC�A�R
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*�'.UC�A�V
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3Q
n g
*�'._�%���8�+�@?

h0�6
*�g
*�'.�'
7$	&

(2]��5G"W� �4Y�P�9aW�
>D�P�eLbT9KF�9aW�
X1	&W�B�N`E/�Y�aW
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4.2���-8�-8"<�jP 

4.2.1 ���-8 

iƁɢǓ�«ŞǕʽʚąƒʙğǝÊɽɣʽʚʸÖ'ŵß�Ğ�Ǿ̎qį

Ű'ų΢ŵß�͜r̍ȂϏYʨ˂ȭȘ§�ı̍ϏY.̰(spent mushroom 
substrate, SMS)�Ƌ��ǯ̍ϏY.̰ɺ«ƺʥŗʩĚƱ̣0�ʠœǹüĚ 105oC
�˰Ś 24�Ƥ�vıůɜ=̞ɰʳ(pyrolysis)˂ɦ&I3'#΅�ǻɮ�ǯ̍
ϏY.̰ʩĚ˪İǗʠΨ0ɺ«˦5(carbonization)ɦË��ǂƭēɠƭıȃ}
��PəƬƬĢıͭ˒ǯ6ʠɦËȦů 5oC/min�6ʠ© 500oCŚε 1�Ƥ�
ǻɮ�ǯ˦5ŗı̍ϏY.̰ʩĚ˪İǗʠΨ0ɺ«Ů5(activation)ɦË(ˑ
4.2)��̕�ǂƭēɠƭıȃ}��P�ƭ5˦ƬĢıͭ˒ǯ6ʠɦËȦů
5oC/min�3»6ʠ© 600�7008 800oC�ì3»Śε 0.25�0.5�0.758 1�
Ƥ�PͬǵϏYqįŰ(spent mushroom substrate biochar, SMSB)�ȹȞ�½r̖
ʡ˂͐̾ǯ SMSB'ȘƞǹüĚ 0.062−0.125 mm'ɾ� 

 
ˑ 4.2 ̍ϏY.̰'˦5˴Ů5ɦË 

 

  

Activation (CO2, 600−800, 0.25−1h)Carbonization (N2, 500oC, 1h)

Spent mushroom substrate (SMS) Spent mushroom substrate biochar (SMSB)
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4.2.2 >	3�-8 

Pittman et al. (1997)ıŵß�ĞśUϒǩ(−COOH)&ıϑǩ(−OH)]˴ύǩ
(−NH2)ɺ«ʩɌ9ͥ��½Ěŗεύĉǅǩıʏǻ(ˑ 4.3)��¡�iŵßǯĔ
ͬǵı SMSB½rɥ˿ɺ«˿5ƐˋP̉WÖƣĻƉıϒǩ(Güzel et al., 2017; 
Jin et al., 2018; Shi et al., 2018; Li et al., 2019)�§ϒǩıʏǻù͇üɈƅ���
ȩ˂˓Ȇ9ͥ(hydride abstraction)Ì�ϓ(aldehyde, R−CHO)�ē�ȩ˂ɥ˿Ǆ
9ͥÌ�ɥ˿Ǆ(nitrate ester, RO−NO)ŗ��ȩ˂ȟ\9ͥ(elimination reaction)
Ì�ϓ�ϓȩ˂
Ȫ¬ıɥ˿Ǆ9ͥē¨sǩ͇üɺ
×ȣƭ5�ϒ˿

(carboxylic acid, R−COOH) (Degering and Boatright, 1950; Ross et al., 1986; 
Mondanaro and Dailey, 1998; Van Woezik and Westerterp, 2000)�iŵß�˺ȷƭ
5ŌqįŰÖƣŢ΍sǑū9ͥʲʩǯ SMSBɺ«ĻƉ˿5ȡȎ�Ƌ��Ěʋ
Ď͋Ȑ&W� 25 mL͉œ3»ů 20�40�60%ıɥ˿ʩĚǑūº̻˪��ìP
ĨưıW̞D�ǯ9ͥʠœȦĈ� 80oC ��ŕʠœāĈŗĆ]ȈW 1 ¸ı
SMSBʩĚʋĎ͋Ȑ&�9ͥƤɾ3»ů 0�1�38 12�Ƥ�͠ŗ�ŕ9ͥ̾
ƈ©ŐʠĆ]½r 1 LıɷƿIǯ�̺ı˿�ȪεοĖ�ŭ©&Ē(pH 6−7)�
Ø ̝ŭÉŲȮ˂ĘƬ˂ΈD�ΈǖI3�Ø  30 3β��ŭ̓ �ȹȞ�
ʩĚ 105oC ıƱ̣&ǘͫ˅ă�À]ͬǵƭ5ŌqįŰ (oxidized SMSB, 
SMSBA)� 

 
ˑ 4.3 ϏYqįŰ'˿5Ɛˋ 
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4.2.3 �	3�-8 

ǯʨ˂˿5ȡȎ'ƭ5ŌqįŰȮ˂W̞ǑūD��ǯƭ5ŌqįŰĻƉ

ıϒǩ(−COOH)ʤ&ıϑǩ(−OH)˴ø�ύĉǅǩ(−NH2)'į̰ɺ«ʩɌ�ǯ
ύĉǅǩʏǻĚqįŰĻƉ�˺ȷUύ5ŌqįŰ(ˑ 4.4)�iŵß&Ȯ˂_ï
�ǩ+ύ(tetraethylenepentamine, TEPA)´ůύǩʏǻ'Ňμį�΍sǹüW̞
ǑūƤ%�ı TEPAƆɻ¤3͉œ�Pɳ¯%�Gô' TEPAĚƭ5ŌqįŰ
ĻƉʏǻ'ǷÌ�Ƌ��ĚʋĎ͋Ȑ&ʩ� 10�208 40 wt%ı TEPA˴ 99.5%
'ǒˬȊ�Ç4��Ķ�Ěù&W� 0.2 g'ƭ5ŌqįŰ�ìĚ 80oC�W̞
Ǒū 2�Ƥ�ʤǑūɪÕƤ�½r 100 mL 75%'ǒˬɺ«̝ŭ��ŭ 3 �
Ȯ˂ĘƬ˂ΈD��ǯʞȇ&ɗ̺' TEPA\ǖ�ǯĘƬ˂Έŗ'ύ5Ōqį
ŰĚ 105oC�ǘͫ˅ăP\ǖɗ̺'ǒˬ�À]ͬǵύ5ŌqįŰĚ%�Ɔɻ
¤3͉œ(X)ı TEPA�ìP SMSBA-TEPAXĻx'�� SMSBA-TEPA10%À
ů 10%ı TEPA� 

 
ˑ 4.4 ϏYqįŰ'ύ5Ɛˋ 
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4.3 �-8"<-	?'��) 

ů̠ń�˺´Öƣ˂ɦ&'į5ƴĒ�iŵß½r%�ıį53ġ̆̾˖

˺ȷ§�'qįŰɺ«ŵġ�Ȯ˂į5ƴĒ3ġ�]�¾ĚqįŰÖƣĚÄŀ

˔σσΟƤ'Ǻǋ�ù&�ɁįȎƴĒ3ġ§æ�iŵß½rGĻƉ͎8<ƞ

ɝĈ̠̆ĈÖƣĻƉ<ŬƴĒ�ȼɣƘǽɈˆ�ςʑΠϊ˕ TEPAʏǻĚÖƣ
�'Ō˗�̞Ɔ3ġͰʳʏǻĉǅǩŗıqįŰ͠ʠœ̉W̰ɻʗaıρ5�

X�ΌƘ�Ν̆ɺ«Ṵ̈́5qįŰ'ɑŌɪ˚3ġ��Ķ�Ɂ5̿ƴĒ3ġ§
æ�iŵß½rȶyʮΑɌŷ`̦�Ν̆ɺ«Ǘƍ5qįŰÖƣ'ĻƉĉǅǩ

3ġ�XƘ̦�ˆ�ǅΝ̆ɺ«ÖƣĻƉ5̿ı΁ɪŌ˗ɧ/ƾȜ�3ġ�P
�Ɂ�Τį53ġ̆̾ɺ«ʝƀĒ'Ɉƅ� 

1. GĻƉ͎(Brunauer-Emmett-Teller, BET) 

GĻƉ͎8<ƞņ½rəƬÄȟŀDħ3ġ�Ě3ͤ P/P0.Ě 0−1'ɾɺ«ə
ƬÄŀ8ȟŀʶσ�§˔σ&'əƬÄŀɻ˴ų˖ͤ�ˀe͔İ˗Ƥ÷Ķɾ]

Λ˺U�̦ˑ�ÀůəƬÄȟŀ�̦ˑ�¡Ƥ�ǯǦ̂ƿ5̿Āͥr5̿͹�

ʙ(International Union of Pure and Applied Chemistry, IUPAC)Ĕ2Ã'1ΤəƬ
Äȟŀˑɺ«˖ʣ�]ɺ
×ͰʳÖƣĻƉĔ3d'<Ŭ˧Τ�ǻɮ��Pɧ

ʠÄŀ& BETȎ̯̗�þù3ͤĚ 0.05−0.35ƤPȺ̌Äŀ2�ɺ«GĻƉ͎
Ɓ˫�§3ͤĚ 0.4−1.0 Ƥʙ�Hțȏɴȑq�Ì�%�ıÄȟŀ�̦�΍s
ʴ̤Ȼ]Ɣr Barrett-Joyner-Halenda (BJH)Ȏ̯ɺ
×Ɓ˫ǵûĚ%�<ƞ�
'<Ŭ3dʸǌ� 

2. XƘ̦�ˆ�ǅΝ̆(X-ray photoelectron spectroscopy, XPS) 

XPS ƑȎů�ƹĵİ˗��½rǗǅˆ�Õ̑ͦ Mg ē Al ˇÖŗȑq X
�Ƙ̦�ø�Ǘǅɻ' X�Ƙ̦ʙòŕɝ̕ŋĻƉȑqɛΓı¨sˆ��ʨ˂
ˆ�ǟǅ3ġ̾Ɓ˫ŗ]ǵûø�%�ǟǅıˆ�̓ɻ�ìͩɝU¨sˆ�ı

Õ͒ǅ(binding energy)�XPSNƀͩɝ̤Ȼs̕ŋĻƉ� 1−10 nm��¡s¡
ħ]ǵĳ̕ŋĻƉĔÅ'/ƾ˧Τ�/ƾı5̿˗�/ƾıˆ�˗�5̿΁ɪ

Ō˗ɧʸǌ��ˑΝ3ġDƉ�ż̕ŋ&ı/ƾŢP5�įıÌ����ňʴ

/ƾĔȣǜɝûıˆ�Õ͒ǅǯʙȑqǌʰ5̿­ȕ�ʨsǌʰ'5̿­ȕɻ

]PÔˬ̠ı¼Ά̕ŋĔÅ'5�įŌ˗�iŵß&òrȧτ XPSPEAK 4.1
Ƨ˖Ĕǵûıˆ�Õ͒ǅǌʰ­ʩìƁ˫ǌʰƛƍƉ͎�rPĺ¯%�/ƾ�

̕ŋ&Ĕ±'Gô� 
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3. ǽɈ�ˆ�ςʑΠ(scanning electron microscope, SEM) 

ǽɈ�ˆ�ςʑΠǱrĚϊ˕Öƣ'ʑ¥8Ą¥ĻƉɪ˚Ō˗�ù˔σƑȎů

Ěƹĵͭ˒��½rǗˆͤˆ�˛ŠW 0.5−35 kVĔȑq'ǅɻ�Ȯ˂ˆ�˥
ȮΠǯǅɻΑɌůˆ�Õ�ˆ�ÕĚ̕ŋĻƉÌ�z*´rȑq� ˆ��ź

ɍɠ̦ˆ��̘ȸˆ�P8 XƘ̦ɧǌʰ�΍sˆ�Ǻɝ̾˸ʃ%�ˆ�ıǌ
ʰ�͙�©ȳʜƘ̦˪�ɺ«�ˌ�ð͂�ûıˆ�Ǵœ%��ȑq%�łœ

�ˌ� 

4. ǅɻɍ·ǅΝ̆(energy dispersive spectrometer, EDS) 

EDS!´ƑȎůʤ�Ƙˆ�Õ̑ͦʶKȑq� ˆ��¡Ƥˆ�Ƅʿƶ�ȥ�
ˆŬ�żȨîˆŬŢ�0̌Ƅʿ�ë̄Ƒ�ŁΚĈİ˗�§ůòùˀûΚĈ�

`̌Ƅʿˆ�ʙθ�0̌Ƅʿìǯ�UõıǅɻP X�Ì�ęU�%�ı/ƾ
ʙȑq%�Ħľ(ǅɻ)ı��ĔP]PĈĒ˴ĈɻÖƣı�3� 

5. ȶyʮΑɌŷ`̦�Ν̆(Fourier-transform infrared spectroscopy, FTIR) 

FTIR ͥrÄ��Νħ(sorption spectra)˖ŕɝį̕ŋɺ«ĻƉĉǅǩ3ġ��
Ƥ{3ġƴĒ5�įıÅɻ�ùƑȎ½rŷ`̦͘Ƙȭ�3�ơǟıƑȎ�ò

3�Ä�ǅɻ§@ɣ3�ơǟēΑǟ�Sǅʀˀûθ̳(transition)'İ �̠ʨs

ơǟēǅʀ'˂œȑq�ŷ`̦�Νň]ɺ
×Ͱʳ3�ɪ˚ĀƑ�ɾı΁

ɪ�P3ġUø�͇ĉǅǩ'ŷ`̦͘Ƙ�Ν�żP^
ƎD�ʳα�ʤ̕ŋ

ÿŷ`̦͘ƘʣƘƤ�Ĕȑq˖ŷ`̦'�ˆū�ʨ˂ȶyʮΑɌ'ʾ˫§Ì

�̕ŋ'ŷ`�Ä�͢Ν�΍Pǵĳ̕ŋ'9ͥ8ù�ˆƴĒ�§ŷ`�˴į

̰´rŗȑqÄ�Ƣͥ�ùƴĒǩi�͛�Gˠ-Ʀµ(Beer-Lambert)ĈŖ� 

6. ̞Ɔ3ġ(thermogravimetric analysis, TGA) 

TGA ŢrĚɻɝŕɝ̕ŋ�ƴĈʠœȃ}�ıƆɻρ5ǷÌı̆̾�ùNƀ
ƑȎŢǯ̕ŋʩĚ
Ǝ]Ȯ˂ɦǹ�6ʠ�ƈʠēřʠıW̞Ψ&�ȩ�āĈ

ıͭ˒Ƭτ�(ô�əƬēƭƬ)�iŵßĔòr'ͭ˒ƬτůƭƬ�ʤʠœ�
6©̕ŋ&ť
Öƣ�3ı˷ɣʠœ�ɰʳʠœ�ƭ5ʠœƤ�̕ŋʙ�ů˷

ɣ�ɰʳ�ƭ5§ȭ�Ɔɻıʗa�Ǌ̕͟ŋ͠ʠœēƤɾıƆɻıρ5� 
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4.4 �1e~ 

ϏYqįŰÖƣȩ˂˦5�Ů5�˿58ύ5ɧɦË˺ȷŗ�΍sÑ �

ıÄŀʶσσΟϏYqįŰ˖ As(V)ı\ǖ]«Ē(ˑ 4.5)�ì̮ŧɃ˧΢΁�
ƾPɳ¯ As(V)ıÄŀĒǅ��͉œ�pH�9ͥƤɾ�Ⱥ͍˴ΫĭÄŀɧ��
Ƥ�ɺ«ǟ�̿˴ɧʠÄŀʶσP3ġϏYqįŰĚÄŀ˂ɦ&ıÄŀ«ů˴

ȹ�ÄŀƗɻ� 

Ƌ�Ǔ˺̲ʤ͉œıïƻ˿ψ8ƻ˿ψIʞȇ�Ě̮ͅʞȇı pHŗ�ð
ʣȇāG̮̲ͅʤıṴ̈́5qįŰ˴'ȈW�ǻɮ�Őʠ�Ȯ˂ĐɄ�Iǧ̷

͇ͯɺ«Äŀ9ͥ�ì3»�%�ıƤɾɾ˅þU9ͥŗıI̕�¡ƤÄŀɻ

ʙ͠ÄŀƤɾ'̉W§ρ5�PÙǵÄŀˀûe͔ıƤɾ�ì´ůÄŀe͔˔

σƤɾ8Äŀǟ�̗�ıð͂�9ͥŗıĨ̕ȩ˂ 0.22 µmı˂Έ̩\ǖI
̕&ıṴ̈́5qįŰ�ì½r pH Ɓ3ġÄŀ9ͥŇŗı pH ƍρ5��ʃ˂
ΈŗıI̕Pˆʓ̨�ˆ̙τƑ�ɣƘ�Ν̆ɺ«ƻÅɻı3ġ��Ķ�ɺ


×ǯI̕PǗƢǅȇų̌ġ̆ɪ�ʓ̨ͥ�ˆ̙̰Ν̆(HPLC-ICP/MS)ɺ«
ƻį˧ı3ġ� 

˔σɪĞňPͨ
ʀǟ�Dɦ�(pseudo-first order kinetics)3ġ As(V)�Ǘ
̰5qįŰ�ıÄŀǟ�8ȫȌ�ƻıÄŀ�ƢňPȕǖƗɻɳ¯Ṵ̈́5qį

ŰÄŀI̕&ƻıÅɻ�΍Pɻ5%�ʶσȃ}�9š̬�ÖƣıƢǅ��Ķ�

P Langmuir˴ Freundlich isotherm÷˧ɧʠÄŀ̗�̗ͨṴ̈́5qįŰ˖Åƻ
��I÷ĶɾıÄŀ«ů� 

 

ˑ 4.5 qįŰ̬�Öƣ̓͜ĒÄŀ As(V)'xʒˑ 

 
  

Amination

Spent 
mushroom 
substrate 
(SMS)

SMS biochar
(SMSB)

Carbonization + Activation

SMSB-TEPA

Selective adsorption

N
H

C
O

N
H

NH2N
H

N
H

AsVAsVAsVAsV
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1. ̓͜Ē3ġ 

Äŀ̰˖ As(V)'̓͜ĒÄŀƢǅ�NƀŢ½rÄŀ˔σɳ¯ÖƣÄŀv̖Γ
�˴ų�͉œıΫĭį̰Ȋ�ʞȇƤ�ù˖Ěv̖Γ�ıÄŀGô�̓͜Ēņ

̓(selectivity coefficient, !12)�Ě 1�Ļx˖ʴv̖į˧ø�̓͜Ē�̓͜Ēņ
̓ʕ�RĻ̓͜ĒɶʕǗ� 

                                           � 4-1 

!12�̓͜Ēņ̓ 
q18 q2�v̖Γ�˴ΫĭΓ�'ÄŀƗɻ(mol/g) 
C18 C2�Iʞȇ&v̖Γ�˴ΫĭΓ�'ĺĆ͉œ(mol/L) 

 

2. ÄŀƗɻ 

ÄŀƗɻ(adsorption capacity, qe)rĚɻ5ØȺ­Äŀ̰ĚÑ �ıÄŀ˔σ˂
ɦ&ĔÄŀ'͸ƻÅɻ� 

                                        � 4-2 

qe�Ěe͔͉œ(Ce)�'Ɓ˫U'ÄŀƗɻ(mol/g) 
C08 Ce�ĺĆʞȇ˴Äŀe͔ŗ'͸ƻ͉œ(mol/L) 
V�Ñ �Äŀ˔σ'ʞȇτ͎(L) 
m�Ñ �Äŀ˔σĔÒ�ıṴ̈́5qįŰ'̰ɻ(g) 

 

3. \ǖƢȌ 

\ǖƢȌ(removal efficiency, R)]ɳ¯ƻį˧ȣǗƍ5qįŰÖƣȕǖ'Ƣǅ� 

                                      � 4-3 

R�ƻ'\ǖƢȌ(%) 

1 1
12

2 2

q C
q C

a =

0 e
e
( )C C Vq

m
- ×

=

0 e

0

100%C CR
C
-

= ´
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4. ͨ
ʀǟ�Äŀ 

ͨ
ʀǟ�̿Dɦ�(pseudo-first order kinetic equation)NƀŢǺǋÄŀ̰˴Ä
ŀ̼ɾıų*΢ņ��ɺ«˔σ˂ɦ&�Äŀ̰ʙ�΄ɍ©Äŀ̼ĻƉ�¡˂

ɦ˨ů`Ȱ̰ɻʈǏ��sÄŀ̼ĻƉ΄ɍ©ņŀǊ0ĻƉ�˨ 0Ȱ̰ɻʈǏ�

΍¡ǋ̯ͅτÄŀ9ͥˀe͔ı˂ɦ� 

                                        � 4-4 

qt�Ⱥ­Ƥɾ tƤ�āųÄŀ͉œ(mg/g) 
qe�āųÄŀe͔͉œ(mg/g) 
t�ÄŀƤɾ(min) 
k1�ͨ
ʀÄŀȫȌǱ̓(1/min) 

 

5. ɧʠÄŀ̗� 

ɧʠÄŀ̗�(adsorption isotherm)'vıůɈƅ�āĈʠœıÄŀ9ͥ��ʞ
ȇıÄŀe͔͉œ˴Äŀ̰ɾ'΢ņ�]ǯāų&͉œ˴ĺĆȇų&͉œΛ˺

�ɧʠÄŀ�̦(isotherm)�ù&�Freundlich8 Langmuirů÷˧ʻǱrĚɈƅ
āȇųɾÄŀȏɴıɧʠÄŀ̗���¡iŵßƁɢ&�òr Freundlich ˴
Langmuir÷˧Äŀ̗��PɈƅI&ƻ˴Ṵ̈́5qįŰ÷ĶɾıÄŀǷÌ� 

LangmuirɧʠÄŀ̗�ůȺ̌ÄŀȎ̯�ø�ˊĀÄŀɻ'ʝđ��¡ùͥr
ʻ̎Ĭ�ǱrĚɈƅÄŀ̰Ç4ÄŀĚĻƉ�ùÄŀ̗�'ǙȦ���_΃�

(1)Äŀ̼ĻƉø�3dÇ4'Äŀ­ʩ�MØ
Äŀ­ʩʉǅÄŀȺ
Äŀ̰
3��(2)ØƎÄŀ­ʩ˴Äŀ̰ɾ'͕Ā�Ųųɧ�(3)Äŀ̰3�%ʙ̏λù
Q­ʩÄŀ̰3�'Äŀ�{%ʙȟŀ�(4)ȹ�ÄŀƗɻŢśȺ3�̌'Äŀ�
LangmuirNƀǺǋƬτ3�ÄŀĚāτĻƉƤıȏɴ�¡̗��vŇıÄŀ˔
σ&ʻ̎r�ůȺ̌Äŀ'ǙȦ� 

                                          � 4-5 

1
d ( )
d
t

e t
q k q q
t
= × -

m L e
e

L e

K
1+K
q Cq

C
=
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qe�Äŀ̼ˀe͔͉œƤıÄŀƗɻ(mg/g) 
qm�Ⱥ̌ȹ�ÄŀƗɻ(mg/g) 
Ce�Äŀe͔ŗ'͸ƻ͉œ(mg/L) 
KL�LangmuirɧʠÄŀǱ̓ 

Freundlich ɧʠÄŀ̗�ů
˧ʨσ��ð͂˔σɪĞǾ˫§ǵ�¡̗�'ǩ
iǙȦůÄŀ̼ĻƉ%�Äŀ­ʩø�%�ıÄŀ͕Ā��˖Ě%�ıÄŀ̰

{�%�ı3Ǔ´r�ǱrĚĻƉ%Ç4'Äŀ̼�
Ĉ͉œ̤Ȼ˖Ⱥ
Äŀ

̰àȚıɧʠÄŀ�³ʻ%̲rĚɈƅǗ͉œ'ÄŀǷÌ� 

                                          � 4-6 

qe�Äŀ̼ˀe͔͉œƤıÄŀƗɻ(mg/g) 
Ce�Äŀe͔ŗ'͸ƻ͉œ(mg/L) 
KF8 n�ʨσǱ̓�]rĚ¼ΆÄŀǅ��3»ů n>1ů�½ĒÄŀ(favorable 
adsorption)�n=1ů̦ĒÄŀ(linear adsorption)�n<1Ƥů%½ĒÄŀ(unfavorable 
adsorption) 
 

  

qe = KF ⋅Ce
1/n
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4.5 9#OPiUk%�G  

iŵßƁɢˈɔʙòr'ŵßȦȷ˴ɵƆ̆̾��Ĕx� 

1. ˆ�:Ƽ�ƼþqįŰÖƣ8Ǔ˺ΜŋƤ'r� 

2. ˆ˥W̞οĖ̾�rĚ˺ȷÖƣēΜŋƤ]ÍȫW̞�οĖ8řʠ'Xǅ� 

3. ˪İǗʠΨ�̞ ɰʳʽʚ̍Ȃį'qį̰Ƒƣ�Ěǂƭͭ˒˺�qįŰÖƣ� 

4. ˆ�ςʑΠ�ÖƣĻƉŌ˗3ġ�ìPǅɻɍ·ǅΝ̆ɺ«ƴĈ/ƾĈĒ� 

5. GĻƉ͎3ġ̆�ɺ«Öƣ'ĻƉ͎˴<́ƴĒ3ġ� 

6. ̞3ġ̆�3ġÖƣ'̰ɻʗaρ58̞ΚĈĒ� 

7. ȶyʮΑɌŷ`̦�Ν̆�ǺǋÖƣĻƉĉǅǩ'ρ5� 

8. XƘ̦�ˆ�ǅΝ̆�ǺǋÖƣĻƉ'5̿Ȝ��5̿İ˗8΁ɪŌ˗� 

9. ĕǢ�Ν�3ġÖƣĻƉ˦ɪ˚'Ɯȓ� 

10. ĐɄ�̷͇ͯ�ĚÄŀʶσ&ǚůÖƣ˴Åƻʞȇı9ͥĵɾ�̷͇ͯ]
½rIǧǹüͭ˒ʠœǹü� 

11. ʓ̨ͥ�ˆ̙Ƒ�ɣƘ�Ν̆�ɻ5I̕&'͸ƻΓ�͉œ� 

上傳時間：2022年3月15日上午 11:06



ʽʚ̍ȂįǗƍ5Ě̓͜ĒÄŀ��I&+̇ƻ'ŵß�

30 

4.6 ��V4�?c 

�> 

%�Ƶd 

110� 111� ƃ 
Ʀ 3 4 5 6 7 8 9 10 11 12 1 2 

1. ;ɨǽȲ              
ŋĥ2_æĒ®İ*Ǿƃ 

2.1 _æȧĩİǽƴǻøźū              
2.2 ďØ_æĒǾƃ*Ƅ¾ŧiƗǕ              
2.3 ďØ_æĒæ2ĹØ1à              

ŋĥ2_æĒ®İæ2ĹØ*1à 
3.1 ŋĥ2ďØ_æĒ<âĕà              
3.2 ŋĥ2ďØ_æĒ*Ƅ¾ŧiƗǕ              
3.3 ŋĥ2ďØ_æĒæ2ĹØ1à              

©�� As(V)ȼȰØ�òǕɴɴɢ 
4.1 ļ�òǪɴ*žǋǻĀf              
4.2 ļ*�òĬƮ1à              
4.3 ļ*Ŏ�Ȗ�ǻƟǅ�ò1à              
4.4 ȳÈɴɢǻǸuØƧ�              
5. œȂƔHȦ;ȒȊ4ªȝ              
%�ƭÿ�ĝ�1@	Ÿȷȓ
 5% 10% 15% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

ǡÐĉĳɐ 
Ɣ) 

n ŋĥ2_æĒ®İ*Ǿƃ�ȜfřǛǁȌŦæÚǾƃ¡�*ďØ
_æĒÄ�¶{ç@îĢȷ47ĎØ� 

n ŋĥ2_æĒ®İæ2ĹØ*1à�Ȝfřǫ� As(V)Ä�ȼȰØ
*ÑłŕƻşÜďØ_æĒ*îĢ� 

Ɣ[ n ©�� As(V)ȼȰØ�òǕɴɴɢ�Ƨ�ŋĥ2ďØ_æĒǫÜA
)ļ*OŊ�į�Ŏ�Ȯ4Ɵǅ�ò1à� 

ȀÝ� 
1� %�ƵdȤƥŘĴØȧ4ȃĜ��ĞÐ�ǡÐƭÿDŴȡîeÅņº=Ɣ� 
2� �%�ƭÿ�1@�ɮ÷đŇuǶ��ǁÚȃ�Ÿȷ�1@Ȥƥ%�ØȧƋD�vĽȰ��
ĝĞÐ�	1
%�6ȓ�	2
Ǌƨ*1Ň�	3
%�Ʈ*@ğ�	4
ɂǜ�dȕ*Äɵȓ}� 

3� �ǡÐĉĳɐ��Ȥyŧ¥Ǩ�ȕÝ※ųǏ�»y�ǡÐĉĳɐ�ɮÄɵƦÝɤɏØ%�ĜƵ� 
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��4�:,= 

5.1 ���-8�-	?'�) 

5.1.1 
/:vi�;�� 

ůɳ¯ϏYqįŰ(spent mushroom substrate biochar, SMSB)ŗεɺ«˿5
Ɛˋ'ȹ̲5ȃ}�iŵßPGĻƉ͎3ġ̆ɝĈ SMSB Ě%�Ů5ʠœ(X)
˴Ƥɾ(Y)ıGĻƉ͎˴<ƞ3d�ìP SMSB-X-YĻx'� 

SMSB ĚŮ5Ň'əƬɧʠÄŀ/ȟŀ�̦ˑ(ˑ 5.1(a))˖ʣǦ̂ƿ5̿Ā
ͥr5̿͹�ʙ(International Union of Pure and Applied Chemistry, IUPAC)2Ã
γĚ Type IVŌıɧʠ̦8 H4Ōı͝˝�̦�ʴŌıɧʠ̦]ϊ˕û͝˝<
(hysteresis loop)ıÌ��˽Ĝ�<ŬɣqıHț̻˱´r��Ǘų˖ͤ�(P/P0)
�Ƭτ3�ų*Ȫɪ�ɺ§ſqƵͷÌı<ŬĔŻ�ş̃�¶ P/P0�$]É�

ȟŀ(Sing, 1985)�^`�]ϊ˕û SMSB ı<ƞ3d�Ȱ3Ě<ƞů 3.1−4.3 
nm'ɾ(ˑ 5.1(b))�˽ĜÖƣǖ�ʑ<`��ø�&<(2−50 nm)ıɪ˚ƴ̐�
§ SMSBĚŮ5ŗ'əƬɧʠÄŀ/ȟŀ�̦ˑ(ˑ 5.2(a))˖ʣ IUPAC2Ã��
̕{γĚ Type IV Ōıɧʠ̦8 H4 Ōı͝˝�̦�<ƞ3d�˴Ů5Ňı
SMSBų²��̱ıŢ�͠ɮŮ5ʠœ˴Ƥɾı̉W�SMSB˖ĚəƬÄŀɻ
{͠'ɉ6�ɡ§�SMSB-800-60ıəƬÄŀɻĜς¶Ě SMSB-800-30�Ǿɝ
<Ŭɪ˚]ǅɣqǰʳ�Ŏ<ıȏɴ� 

ůɺ
×ɻ5 SMSBı<ŬƴĒ�iŵß½r t-plotıD�Ɓ˫ÖƣıG
ĻƉ͎˴<τ͎(Ļ 5.1)�ɪĞςx�SMSBı͸GĻƉ͎(SBET)�ʑ<Ŭ(Smicro)
˴&<Ŭ(Smeso)ıGĻƉ͎�͸<τ͎(Vtot)8ʑ<Ŭτ͎(Vmicro)Ų͠ɮŮ5ʠ
œ˴Ƥɾı̉W§ɉ6�øτ§æ�SMSB-800-30ı͸GĻƉ͎ů 459.8 m2/g�
ʑ<Ŭ˴&<ŬıGĻƉ͎3»ů 351.8 m2/g˴ 108 m2/g�ù&�ʑ<Ŭ[͸
GĻƉ͎ı 76.5%�ʑ<Ŭτ͎ů 0.185 cm3/g±͸<τ͎ı 67.3%�͸GĻƉ
͎ǗĚjʨŮ5ı SMSBŹ 3.4ƌ�͸<τ͎ǗĚŹ 3.1ƌ�ƍǵģʒıŢ�
SMSB-800-60ı͸<τ͎(0.239 cm3/g)¶Ě SMSB-800-30 (0.275 cm3/g)�˽Ĝ
�ʻľƤɾıŮ5ʀŨ��ƭ5˦ʕ̞͓ɭı΄<´rò SMSBı<Ŭɪ˚ʍ
ȴ�ɺ§ȭ�͸<τ͎˴GĻƉ͎�ƈ��¡�iŵßǯP SMSB-800-30´ů
Ů5ıȹ̲5ȃ}ɺ«ŗεı˿5Ɛˋ� 
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ˑ 5.1 ϏYqįŰĚ˦5ŗ' 

(a)əƬɧʠÄŀ/ȟŀ�̦ˑ8(b)8<ƞ3d�̦ˑ 

 

 

 
ˑ 5.2 ϏYqįŰĚ%�Ů5ʠœ˴Ƥɾ�' 

(a, c)əƬɧʠÄŀ/ȟŀ�̦ˑ8(b, d)<ƞ3d�̦ˑ 

(a) (b) 

(a) (b) 

(c) (d) 
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Ļ 5.1 ϏYqįŰ'GĻƉ͎˴<ŬƴĒ 
Material SBETa Smicrob Smesoc Vtotd Vmicroe Vmesof Vmicro/Vtot Yield 

 m2 g−1 m2 g−1 m2 g−1 cm3 g−1 cm3 g−1 cm3 g−1  % 

SMSB 134.4 98.5 35.9 0.089 0.052 0.037 58.4 22.7 

SMSB-600-30 176.6 141.9 34.7 0.116 0.081 0.035 69.8 21.3 

SMSB-600-60 186.3 156.7 29.6 0.115 0.083 0.032 72.2 18.5 

SMSB-700-30 252.8 217.2 35.6 0.146 0.114 0.032 78.1 17.6 

SMSB-700-60 278.0 234.1 43.9 0.158 0.123 0.035 77.8 12.0 

SMSB-800-15 402.6 311.3 91.2 0.237 0.164 0.073 69.2 11.2 

SMSB-800-30 459.8 351.8 108.0 0.275 0.185 0.090 67.3 10.8 

SMSB-800-45 377.7 264.3 113.5 0.242 0.139 0.103 57.4 10.1 

SMSB-800-60 363.8 242.6 121.2 0.239 0.128 0.111 53.6 9.8 

aBET specific surface area. bmicroporous surface area. cmesoporous surface area. 
dtotal volume of pores. evolume of micropores. fvolume of mesopores. 
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5.1.2 /:3g
�A�) 

iŵßǯǻεŇƅȵʧ(5.1.1 GĻƉ͎˴<ƞ3d)ıɪ �̯ǯȹ̲5ıϏ

YqįŰ(À SMSB-800-30)ɺ«ĻƉŌ˗8/ƾ3ġ(ˑ 5.3)�ɪĞςx�ʨs
500oCı˦58 800oCıŮ5ɦËŗ�]�ĻƉϊ˕ûø�Ôșʹ˴Ô�<ı
ɪ˚�sĚ�6ʠ˂ɦ&I3ıa\��͇̰ıɋɣ8Öƣɪ˚ıƺɰ/ʍȴ�
P8�ƭ5˦˹ú�˦ıĻƉ�ŲůqįŰı<́ɽĆÌ�ı΢΁×φ(Xian et 
al., 2018; Liu et al., 2021)�ͅτ§æ�ϏYqįŰςxU3ɍ�ĻƉ�ıĠİ
āτɪ˚�ĻƉıƴ̐ŢȤň%
ı<́�ìǲ�ȉɐ]äı̦İĸ̦�^


DƉ�sǅɻɍ·ǅΝ̆]ZĈɻÖƣĻƉı/ƾ3·Gô�ǖ˦(58.1%)8ƭ
(22.9%)Nƀ/ƾ`��qįŰĻƉ�]ȉʛΞ»͇͠ɍ·ıɪ˚ʥK�Ȯ˂ǅ
ɻɍ·ǅΝ̆šƘqįŰÅ�ΐȿıɼ(8.5%)�ͱ(4.6%)�΀(2.2%)�˄(2%)8
Ĵ(1.6%)ɧΪį̰/ƾ� 

 
ˑ 5.3 ϏYqįŰ(SMSB-800-30)'ĻƉŌ˗8/ƾ3ġ 
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5.2 >	3�-8�-	?'�) 

5.2.1 
/:vi�;�� 

ůɳ¯ƭ5ŌqįŰ(oxidized SMSB, SMSBA)Öƣŗεɺ«ύ5Ɛˋ'
ȹ̲5ȃ}�iŵßPGĻƉ͎3ġ̆ɝĈ SMSBA Ě%�ɥ˿͉œ(X)˴˿
5Ƥɾ(Y)ıGĻƉ͎˴<ƞ3d�ìP SMSBA-X-YĻx'� 

SMSBA ÖƣıəƬɧʠÄŀ/ȟŀ�̦ˑ(ˑ 5.4(a)�(c)8(e))ɪĞ]ϊ˕
U�SMSBA �ʨ˿5ƐˋŇŗıɧʠ̦˴͝˝�̦Ō˗ų²�<ƞ3d(ˑ
5.4(b)�(d)8(f))�˴˿5ŇıÖƣƴ̐ų²�ƍǵģʒıŢ�ʨs t-plot ıɻ
5ÖƣıGĻƉ͎˴<τ͎(Ļ 5.2)�ɪĞςx SMSBAı SBET�Smicro�Smeso�

Vtot8 VmicroŲųʻĚ SMSB�Ĕɉ6�øτ§æ�SMSBA-60-1ı͸GĻƉ͎
ů 587.2 m2/g�ʑ<Ŭ˴&<ŬıGĻƉ͎3»ů 389.4 m2/g˴ 197.8 m2/g�ù
&�ʑ<Ŭ[͸GĻƉ͎ı 66.3%�ʑ<Ŭτ͎ů 0.206 cm3/g ±͸<τ͎ı
58.4%�͸GĻƉ͎ǗĚjʨ˿5ı SMSB Ź 1.3 ƌ�͸<τ͎ňǗĚŹ 1.3
ƌ�ʴɪĞĻĜ˿5Ɛˋ�¾ĚÓɫÖƣ<Ŭɪ˚�ŅɺÖƣ͸<τ͎˴GĻ

Ɖ͎ıɉ6��̱ıŢ�͠ɮɥ˿͉œıɉ6�SMSBA ıGĻƉ͎˴<ƞ3
dìɠςɮƜȓ(ų˖Ɯȓ¤3G< 1%)�^
DƉ�˿5Ƥɾı̉Wʙ̏λ
SMSBAıGĻƉ͎��˿5Ƥɾů 1�Ƥ(À SMSBA-60-1) (ˑ 5.4(e)8(f))�
ϊ˕ûȹǗıGĻƉ͎(587.2 m2 g)˴<τ͎(0.353 cm3/g)�§˿5Ƥɾ̉W©
3�Ƥ(À SMSBA-60-3)�ϊ˕ûGĻƉ͎(493.7 m2/g)˴<τ͎(0.288 cm3/g)ƈ
¶�˿5Ƥɾ̉W© 12�Ƥ�GĻƉ͎(38.7 m2/g)˴<τ͎(0.023 cm3/g)Ĝς
ƈ¶�ų²ıɪĞ��̕ɣq�ɥ˿͉œů 40%ıÖƣ(À SMSBA-40) (ˑ 5.4(c)
8(d))�˽Ĝ˿5Ƥɾʕľ�ɥ˿΄ɍ©qįŰı<Ŭɪ˚0�òŃ˹ıƢĞʕ
Ĝς�PŻĚɣqŎ<ıɪĞ��¡�iŵßǯέε΍s XPS3ġ SMSBAÖ
ƣ(YŜ SMSBA-20-1�SMSBA-40-18 SMSBA-60-1)ıĻƉ5̿ƴĒ�vıů
̠Ĉ˿5Ɛˋŗ−COOHʏǻıȹ̲5ȃ}� 
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ˑ 5.4 ƭ5ŌqįŰĚ%�ɥ˿͉œ˴˿5Ƥɾ�' 

(a, c, e)əƬɧʠÄŀ/ȟŀ�̦ˑ8(b, d, f)<ƞ3d�̦ˑ 

  

(a) (b) 

(c) (d) 

(e) (f) 
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Ļ 5.2 ƭ5ŌqįŰ'GĻƉ͎˴<ŬƴĒ 
Material SBETa Smicrob Smesoc Vtotd Vmicroe Vmesof Vmicro/Vtotal 

 m2 g−1 m2 g−1 m2 g−1 cm3 g−1 cm3 g−1 cm3 g−1  

SMSB-800-30 459.8 351.8 108.0 0.275 0.185 0.090 67.3 

SMSBA-20-1 584.0 383.3 200.7 0.353 0.203 0.150 57.5 

SMSBA-40-1 584.0 388.8 195.2 0.349 0.206 0.143 59.0 

SMSBA-40-3 515.2 352.6 162.7 0.303 0.187 0.116 61.7 

SMSBA-40-12 165.9 120.6 45.3 0.094 0.064 0.030 68.1 

SMSBA-60-1 587.2 389.4 197.8 0.353 0.206 0.147 58.4 

SMSBA-60-3 493.7 340.7 153.2 0.288 0.180 0.108 62.5 

SMSBA-60-12 38.7 26.0 12.7 0.023 0.014 0.009 60.9 

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 	syT3g�) 

ůɳ¯ SMSBAÖƣʨ˿5ƐˋŗıĻƉƴĒ�½Ěŗεıύ5Ɛˋ�i
ŵßP XƘ̦�ˆ�ǅΝ̆(XPS)ɝĈ SMSBAÖƣĚ%�˿5͉œ˴˿5Ƥ
ɾĻƉı5̿/ƾ˧ΤξĈ�ìǯǗʳġˑΝP XPSPEAK ȧτɺ
×3ƛ�
ͨ��ɺ«ÖƣĻƉı5̿΁ɪŌ˗ĈĒ˴Ĉɻ3ġ� 

SMSBAÖƣı XPS�ΝˑǽɈ(ˑ 5.4)ɪĞςx�SMSBAÖƣ�ʨ˿5
ƐˋŇ�À SMSBÖƣ�ĻƉÅ�˦�ƭ�ĴP8ψΤ�ɼ�΀�˄�ͱɧ/
ƾıƴ̐ƛ��ʨ˿5Ɛˋŗ�ÖƣĻƉňP˦�ƭůNƀ/ƾ�P8�ɥ˿

Ǆ9ͥÌ�ɥ˿Ǆ(nitrate ester, RO−NO)ıə/ƾıƴ̐ƛ�ǯ SMSBAÖƣɺ
« C 1s�O 1s8 N 1s/ƾıțǽ�]ɺ
×ĈĒ/ƾı5̿İ˗�§ C 1s�
O 1s8 N 1s�ˆ�ǅΝˑ(ˑ 5.68ˑ 5.7)3ƛɪĞςx�­Ě 277© 298 eV
ȡıɪ�ǅ]˖ͥĚ˦ı C 1sƄǧ�ìsͨ�ɪĞςx�ÖƣĻƉı˦��%
�ı5̿΁ɪŌ˗�YŜ C−Si (283.4 eV)�C−C (284.6 eV)�C−O (286.3 eV)�
C=O (287.6 eV)�−COOH (289.0 eV)8̫ţƛ(ˑ&P π-π* transitionĻx) (Yang 
et al., 2009; Sui and Liu, 2013; Ahmed et al., 2015; Peng et al., 2018; Ciochoń et al., 
2018; Zhang et al., 2019; Shih et al., 2019; Li and Li, 2019; Nagano et al., 2020; Li 
et al., 2022)�^
DƉ�­Ě 524© 540 eVȡıɪ�ǅ]˖ͥĚƭı O 1sƄ
ǧ�§ÖƣĻƉıƭ{��%�ı5̿΁ɪŌ˗�YŜ−OH (529.8 eV)�O=C 
(531.1 eV)�O=C−O (532.3 eV)�O−C (533.3 eV)8−COOH (534.2 eV) (Yang et 
al., 2009; Zhang et al., 2019; Shih et al., 2019; Li and Li, 2019; Li et al., 2022)�§
­Ě 392© 410 eVȡıɪ�ǅ]˖ͥĚəı N 1sƄǧ�§ÖƣĻƉıə{�
�%�ı5̿΁ɪŌ˗�YŜ pyridinic N (398.4 eV)�pyrrolic N/amide/amine 
(400.1 eV)�quaternary N (401.2 eV)�oxidic N (402.4 eV)8−NO2 (405.0 eV) (Jansen 
and van Bekkum, 1995; Li et al., 2009; Schultz et al., 2014; Karthikayini et al., 2016; 
Tao et al., 2016; Chiang et al., 2017; Rabchinskii et al., 2020)�˭�Ĕƅ�΍sǗ
3͚Ȍı C 1s�O 1s8 N 1s�Ν]Pɺ
×ǯù3ʳ�̓Ǝͨ�ƛ�PΟ˔
SMSBAÖƣĻƉ�ı˦�ƭ8ə/ƾ��%�ı5̿΁ɪŌ˗� 

�̱ıŢ�iŵßɺ
×ǯ̓Ǝͨ�ƛıĦƛƉ͎͎3�ZĈɻ�5̿΁

ɪŌ˗ıGô(Ļ 5.3)�ɪĞςx�˴ SMSBÖƣųG�˿5Ɛˋŗı SMSBA
Öƣ�C 1s8 O 1sƄǧ&ı C=O�O=C−O8−COOHĉǅǩːGổW�Ļ
xϒǩ(carboxyl)��ĚÖƣĻƉıÅɻ̉W�Ȩ˽Ĝ]̉WqįŰĻƉʏǻ
TEPA ıŮĒ΃­��¾Ěŗεύ5ƐˋʀŨύĉǅǩ˴ϒǩ�Ķĉǅǩıʩ
Ɍ9ͥ�  
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ˑ 5.5 ƭ5ŌqįŰĚ%�˿5Ƥɾ' XPS�ΝˑǽɈ 

 

 

ˑ 5.6 ƭ5ŌqįŰĚ%�˿5Ƥɾ C 1s�O 1s8 N 1s/ƾ'ǗʳġˑΝ 
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ˑ 5.7 ƭ5ŌqįŰĚ%�˿5͉œ' XPS�ΝˑǽɈ 

 

 
ˑ 5.8 ƭ5ŌqįŰĚ%�˿5͉œ C 1s�O 1s8 N 1s/ƾ'ǗʳġˑΝ 
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Ļ 5.3 ƭ5ŌqįŰĻƉĉǅǩ'¤3G 
Band C 1s (%) 
 C−Si C−C C−O C=O −COOH 
 283.4 eV 284.6 eV 286.3 eV 287.6 eV 289.0 eV 
SMSB-800-30  29 26 10 7 12 
SMSBA-20-1 21 44 15 9 11 
SMSBA-40-1 15 37 16 13 19 
SMSBA-60-1 18 40 19 11 12 
SMSBA-60-3 14 39 17 13 16 
SMSBA-60-12 18 37 16 11 17 
Band O 1s (%)     
 −OH O=C O=C−O O−C −COOH 
 529.8 eV 531.5 eV 532.4 eV 533.2 eV 534.5 eV 
SMSB-800-30  45 38 19 - 2 
SMSBA-20-1 6 34 30 16 15 
SMSBA-40-1 7 30 31 16 17 
SMSBA-60-1 5 36 30 18 11 
SMSBA-60-3 4 32 30 18 15 
SMSBA-60-12 4 41 30 16 9 
Band N 1s (%)     

 pyridinic N pyrrolic N/ 
amide/amine 

quaternary N oxidic N −NO2 

  / /     
 398.4 eV 400.1 eV 401.3 eV 402.4 eV 405.0 eV 
SMSB-800-30  72 13 10 4 - 
SMSBA-20-1 24 41 13 10 12 
SMSBA-40-1 24 38 18 6 14 
SMSBA-60-1 31 30 9 14 15 
SMSBA-60-3 25 32 11 13 19 
SMSBA-60-12 24 33 14 7 22 
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5.2.3 /:3g
�A�) 

iŵßǯǻεŇƅȵʧ(5.2.2 5̿΁ɪŌ˗3ġ)ıɪ �̯ǯȹ̲5ıƭ5

ŌqįŰ(À SMSBA-40-1)ɺ«ĻƉŌ˗8/ƾ3ġ(ˑ 5.9)�ɪĞςx�P 40%
ıɥ˿ɺ«˿5Ɛˋŗ�]�ĻƉϊ˕ûƑi�<Ēı<İɪ˚(ˑ 5.3)ρǵ�
�ͤǭ�˯͵ı̌İɪ˚�˽Ĝ�˿Ēıͭ˒�ıɥ˿ŚεıŃ˹�òǵÖƣ

ıɪ˚ʍȴ�̂ 
DƉ�sǅɻɍ·ǅΝ̆]ZĈɻÖƣĻƉı/ƾ3·Gô�

�Ȱ3,P˦(77.6%)8ƭ(16.6%)/ƾůN�¡`��qįŰĻƉ�"ʨÝ�
ĜςıψΤ������̱ıŢ�ƭ5ŌqįŰıə/ƾųʻĚϏYqįŰı

�Ĝςıɉ6�Ȩ]ǅŢs˿5Ɛˋ˂ɦÌ�ıɥ˿Ǆ(RO−NO)ĔǍΩ��¡
ŵßɪĞ&�]ɺ
×ϊ˕û�˿5Ɛˋŗıƭ5ŌqįŰÖƣ�ùĻƉψΤ

�3ȣ�Ƣ\ǖ�Mʨ˂ 1 �Ƥı˿5Ɛˋ�SMSBA ìɠɣqıŎ<ǷÌ�
SMSBA ıGĻƉ͎˴<ƞ3d]Pɺ
×ΟĜȨ
΃(5.2.1 GĻƉ͎˴<ƞ
3d)� 

 
ˑ 5.9 ƭ5ŌqįŰ(SMSBA-40-1)'ĻƉŌ˗8/ƾ3ġ 
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5.3 �	3�-8�-	?'�) 

5.3.1 
/:vi�;�� 

ůɳ¯ύ5ŌqįŰ(modified SMSBA by TEPA, SMSBA-TEPA)Öƣŗε
ɺ«Äŀʶσ'ȹ̲5ȃ}�iŵßPGĻƉ͎3ġ̆ɝĈ SMSBA-TEPA Ě
%�Ɔɻ¤3͉œ(X)ı TEPAʏǻɻ�ìP SMSBA-TEPAXĻx'� 

SMSBA-TEPAÖƣıəƬɧʠÄŀ/ȟŀ�̦ˑ(ˑ 5.10(a))ɪĞ]ϊ˕U�
SMSBA-TEPA �ʨύ5ƐˋŇŗıɧʠ̦˴͝˝�̦Ō˗ų²�<ƞ3d(ˑ
5.10(b))�˴˿5ŇıÖƣƴ̐ų²�ƍǵģʒıŢ�ʨs t-plotıɻ5Öƣı
GĻƉ͎˴<τ͎(Ļ 5.4)�ɪĞςx SMSBA-TEPAı SBET�Smicro�Smeso�Vtot

8 VmicroŲųʻĚ SMSBA�Ĕƈ¶�øτ§æ�SMSBA-TEPA10ı͸GĻƉ
͎ů 438.6 m2/g�ʑ<Ŭ˴&<ŬıGĻƉ͎3»ů 271.5 m2/g˴ 167.1 m2/g�
ù&�ʑ<Ŭ[͸GĻƉ͎ı 61.9%�ʑ<Ŭτ͎ů 0.144 cm3/g±͸<τ͎ı
52.9%�͸GĻƉ͎¶Ěʨ˿5Ɛˋı SMSBA Ź 1.3 ƌ�͸<τ͎{¶ĚŹ
1.3 ƌ�ʴɪĞĻĜύ5Ɛˋʙ̏λÖƣ<Ŭɪ˚�òǵÖƣ͸<τ͎˴GĻ
Ɖ͎ı�ƈ� 

^
DƉ�TEPAȈWɻı̉Wʙ̏λ SMSBA-TEPAÖƣıGĻƉ͎��
TEPA ȈWɻů 10 wt% (À SMSBA-TEPA10)�ϊ˕ûų˖ʻǗıGĻƉ͎
(438.6 m2/g)˴<τ͎(0.272 cm3/g)�§ TEPAȈWɻ̉W© 20 wt% (À SMSBA-
TEPA20)�ϊ˕ûGĻƉ͎(373.0 m2/g)˴<τ͎(0.237 cm3/g)ƈ¶�TEPAȈW
ɻ̉W© 40 wt% (À SMSBA-TEPA40)�GĻƉ͎(313.4 m2/g)˴<τ͎(0.202 
cm3/g)Ĝςƈ¶�¡ŵßɪĞ˴ùQų΢ƃʼ TEPAıŵß�Ğͼʊ
Ż(Ye et 
al., 2012; Wang et al., 2015; Jiao et al., 2016; Zhang et al., 2021)�Ȩ]·�Ě TEPA
ƃʼǪʌqįŰÖƣı<́�M͠ɮ TEPAƃʼɻı̉W�GĻƉ͎˴<τ͎
ςɮıɜ=��¡�iŵßǯέε΍s XPS 3ġ SMSBA-TEPA Öƣ(YŜ
SMSBA-TEPA10�SMSBA-TEPA208 SMSBA-TEPA40)ıĻƉ5̿ƴĒ�vı
ů̠Ĉύ5Ɛˋŗ TEPAʏǻıȹ̲5ȃ}� 
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ˑ 5.10 ύ5ŌqįŰĚ%�͉œ�' 

(a)əƬɧʠÄŀ/ȟŀ�̦ˑ8(b)<ƞ3d�̦ˑ 

 

Ļ 5.4 ύ5ŌqįŰ'GĻƉ͎˴<ŬƴĒ 
Material SBETa Smicrob Smesoc Vtotd Vmicroe Vmesof Vmicro/Vtotal 

 m2 g−1 m2 g−1 m2 g−1 cm3 g−1 cm3 g−1 cm3 g−1  

SMSBA-40-1 584.0 388.8 195.2 0.349 0.206 0.143 59.0 

SMSBA-TEPA10% 438.6 271.5 167.1 0.272 0.144 0.128 52.9 

SMSBA-TEPA20% 373.0 221.6 151.4 0.237 0.117 0.120 49.4 

SMSBA-TEPA40% 313.4 182.4 131.0 0.202 0.096 0.106 47.5 

aBET specific surface area. bmicroporous surface area. cmesoporous surface area. 
dtotal volume of pores. evolume of micropores. fvolume of mesopores. 

  

(a) (b) 
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5.3.2 	syT3g�) 

ůɳ¯ SMSBA-TEPA Öƣʨύ5ƐˋŗıĻƉƴĒ�½Ěŗεı+̇ƻ
Äŀʶσ�iŵßP X Ƙ̦�ˆ�ǅΝ̆(XPS)ɝĈ SMSBA-TEPA ÖƣĚ%
�Ɔɻ¤3͉œı TEPAʏǻɻ�ùĻƉı5̿/ƾ˧ΤξĈ�ìǯǗʳġˑ
ΝP XPSPEAKȧτɺ
×3ƛ�ͨ��ɺ«ÖƣĻƉı5̿΁ɪŌ˗ĈĒ˴
Ĉɻ3ġ� 

SMSBA-TEPA Öƣı XPS �ΝˑǽɈ(ˑ 5.11)ɪĞςx�SMSBA-TEPA
Öƣ˴�ʨύ5ƐˋŇ' SMSBAÖƣ�ĻƉÅ�˦�ƭ8əɧ/ƾıƴ̐ƛ
%ø;ςɮıƜȓ�ǯ SMSBA-TEPAÖƣɺ« C 1s�O 1s8 N 1s/ƾıț
ǽ�]ɺ
×ĈĒ/ƾı5̿İ˗�§ C 1s�O 1s 8 N 1s �ˆ�ǅΝˑ(ˑ
5.12)3ƛıD�]ǡ¦ 5.2.2 ʧ�/ƾı5̿΁ɪŌ˗˖ͥıɪ�ǅ�Ě˦ı
C 1sƄǧ�̕]Pͨ�U C−Si (283.4 eV)�C−C (284.6 eV)�C−O (286.3 eV)�
C=O (287.6 eV)�−COOH (289.0 eV)8̫ţƛ(ˑ&P π-π* transitionĻx)ɧ%
�ı5̿΁ɪŌ˗�^
DƉ�Ěƭı O 1sƄǧ{]ͨ�U−OH (529.8 eV)�
O=C (531.1 eV)�O=C−O (532.3 eV)�O−C (533.3 eV)8−COOH (534.2 eV)ɧ%
�ı5̿΁ɪŌ �̠§əı N 1sƄǧ{]ͨ�U pyridinic N (398.4 eV)�pyrrolic 
N/amide/amine (400.1 eV)�quaternary N (401.2 eV)�oxidic N (402.4 eV)8−NO2 
(405.0 eV)ɧ%�ı5̿΁ɪŌ˗�˭�Ĕƅ�΍sǗ3͚Ȍı C 1s�O 1s8
N 1s�Ν]Pɺ
×ǯù3ʳ�̓Ǝͨ�ƛ�˽Ĝ SMSBA ˴ SMSBA-TEPA
ÖƣĻƉ�ı˦�ƭ8ə/ƾ��%�ı5̿΁ɪŌ˗ų���Ķ�ɺ
×ϊ

˕�5̿΁ɪŌ˗ıÅɻ�ɪĞςx� C 1s8 O 1sƄǧ&ı−COOH 8−OH
ĉǅǩːƉ͎ƈ¶��Ƥ�N 1s Ƅǧ&­Ěɪ�ǅů 400.1 eV ȡı pyrrolic 
N/amide/amineĉǅǩːıƉ͎̉W�Ο˔−OHȣύĉǅː�XʩɌ� 

iŵß{ɺ
×ǯ̓Ǝͨ�ƛıĦƛƉ͎͎3�ZĈɻ�5̿΁ɪŌ˗ı

Gô(Ļ 5.5)�ɪĞςx�˴ SMSB-800-30 ÖƣųG�ύ5Ɛˋŗı SMSBA-
TEPA40%Öƣ�ύĉǅǩːıGôs 13%Ĝς̉W© 64%�§ύĉǅǩːG
ôı�6�˽ Ĝiŵßʏǻ TEPAĚqįŰÖƣĻƉıÅɻ̉W�M͠ɮ TEPA
ıȈWɻʕǗ�SMSBA-TEPAÖƣĻƉȣʏǻı TEPAıɻňʕ��˽ Ĝ TEPA
"�XȮ˂iŵßı��D�ǯùʏǻ�qįŰÖƣĻƉ�� 
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ˑ 5.11 ύ5ŌqįŰĚ%�ύ5͉œ' XPS�ΝˑǽɈ 

 

 
ˑ 5.12 ύ5ŌqįŰĚ%�ύ5͉œ C 1s�O 1s8 N 1s/ƾ'ǗʳġˑΝ 
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Ļ 5.5 ύ5ŌqįŰĻƉĉǅǩ'¤3G 
Band C 1s (%) 
 C−Si C−C C−O C=O −COOH 
 283.4 eV 284.6 eV 286.3 eV 287.6 eV 289.0 eV 
SMSBA-40-1 15 37 16 13 19 
SMSBA-TEPA10% 7 31 24 22 16 
SMSBA-TEPA20% 8 30 24 23 15 
SMSBA-TEPA40% 12 31 22 2 15 
Band O 1s (%)     
 −OH O=C O=C−O O−C −COOH 
 529.8 eV 531.5 eV 532.4 eV 533.2 eV 534.5 eV 
SMSBA-40-1 7 30 31 16 17 
SMSBA-TEPA10% 7 31 31 15 16 
SMSBA-TEPA20% 5 36 31 15 13 
SMSBA-TEPA40% 6 30 33 15 15 
Band N 1s (%)     

 pyridinic N pyrrolic N/ 
amide/amine 

quaternary N oxidic N −NO2 

  / /     
 398.4 eV 400.1 eV 401.3 eV 402.4 eV 405.0 eV 
SMSBA-40-1 24 38 18 6 14 
SMSBA-TEPA10% 13 55 14 6 12 
SMSBA-TEPA20% 16 63 9 9 3 
SMSBA-TEPA40% 18 64 11 5 2 
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5.3.3 /:3g
�A�) 

iŵßǯǻεŇƅȵʧ(5.3.2 5̿΁ɪŌ˗3ġ)ıɪ �̯3»ǯ SMSBA-
TEPA10% (ˑ 5.13)�SMSBA-TEPA20% (ˑ 5.14)8 SMSBA-TEPA40% (ˑ 5.15)
ıύ5ŌqįŰɺ«ĻƉŌ˗8/ƾ3ġ�ɪĞςx��ύ5Ɛˋŗ�ϊ˕û

ȥ�ĜςșʹıΏ˶̌(coating layers)�M TEPAıʏǻì%ʙ˖ SMSBA-TEPA
ÖƣiéıĻƉŌ˗ȭ�~®Ĝςıʗƕ�]Pɣȏ� SMSBAÖƣ�Ó̰Ň
(ˑ 5.9)˴Ó̰ŗı`ϊÇɠ;�Ɯȓ�Âȏ%Ȥňı̌İɪ˚�ɡ§�͠ɮ
TEPA ƃʼɻ̉W�]PÔǴƲıϊ˕û�ÖƣĻƉƽʺı΄ƚD��ø�ș
ʹMǎ|ıȰ3�Ο˔ TEPAʏǻ�ϏYqįŰǩÖ�ı3·˴3ɍÔ�� 

^
DƉ�sǅɻɍ·ǅΝ̆]ZĈɻÖƣĻƉı/ƾ3·Gô�Pύ5

ŌqįŰ(SMSBA-TEPA40%)ůô��Ȱ3,P˦(79.2%)8ƭ(13.9%)/ƾůN�
ƍǵģʒıŢ�ύ5ŌqįŰıə (6.2%)/ƾGôŲǗĚƭ5ŌqįŰ
(SMSBA-40-1)Öƣ�˽ Ĝύ5Ɛˋòύĉǅǩːʏǻ�qįŰÖƣĻƉıÅɻ

̉W�¡ŵßɪĞ˴ XPS3ġıɪĞ
Ż(5.3.2 5̿΁ɪŌ˗3ġ)� 

 
ˑ 5.13 ύ5ŌqįŰ(SMSBA-TEPA10%)'ĻƉŌ˗8/ƾ3ġ 
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ˑ 5.14 ύ5ŌqįŰ(SMSBA-TEPA20%)'ĻƉŌ˗8/ƾ3ġ 

 

 
ˑ 5.15 ύ5ŌqįŰ(SMSBA-TEPA40%)'ĻƉŌ˗8/ƾ3ġ 

  

上傳時間：2022年3月15日上午 11:06



ʽʚ̍ȂįǗƍ5Ě̓͜ĒÄŀ��I&+̇ƻ'ŵß�

50 

5.4 �-8�!���1`~ 

5.4.1 TEPAXHW�o} 

iŵßůɺ
×̠Ĉ TEPAʏǻɻ˖ϏYqįŰÄŀ+̇ƻı̏λ�3»
Ǔ˺ 0�5�10�20�40 8 60%ı TEPA ɺ«ύ5ŌqįŰı���ìPÑ 
�ÄŀʶσσΟÄŀÖ˖+̇ƻıÄŀĒǅ(ˑ 5.16)�ɪĞςx�+̇ƻıÄ
ŀƗɻʙ͠ɮύǩėΏɻ̉W§̉W�� TEPAıʏǻ�¾ĚɉóÖƣĻƉÔ
�ıŮĒÄŀ΃­�ɺ§ɉ6+̇ƻıÄŀƗɻ�ȹǗı]ˀ 0.52 mg/g (SMSB-
TEPA40)�ƍǵģʒıŢ�TEPAȈWɻ̉W© 60% (À SMSB-TEPA60)ŗ�ύ
5ŌqįŰ˖+̇ƻıÄŀƗɻȒůƈ¶© 0.45 mg/g�\ǖƢȌƈ¶Ź 1.3ƌ�
N�ů TEPA ıĲΡ�3�ɪ˚ʻƗěĿ́Öƣ<Ŭıȩʿ(Jang and Park, 
2011)�ş˂ɻıύĉǅ͇ːòGĻƉ͎˴<́Ȍƈ¶�ɺ§̏λύ5ŌqįŰ
Äŀ+̇ƻıƢǅ�¡ȏɴ]Ps 5.3.1 ʧύ5ŌqįŰ'GĻƉ͎˴<ƞ3
d&Ļ 5.4˽Ĝ�͠ɮ TEPA ƃʼɻı̉W�Ô�ıύĉǅǩŮĒ­΃ȣ@�
©qįŰÖƣ<́0�ȭ�GĻƉ͎˴<τ͎Ĝς�ƈ��¡�iŵß�ĞĻ

x SMSB-TEPA40ø�ųʻĚùQȈWɻı SMSB-TEPA̬�Öƣ§æ�ȹ�
ıÄŀƗɻ�şP 40%ı TEPAȈWɻ´ůȹ̲ıύĉǅːʏǻǡ̓�ìɺ«
ŗεıÑ �Äŀʶσ� 

 

 
ˑ 5.16 ϏYqįŰĚ%� TEPAȈWɻ˖+̇ƻÄŀƢǅ'̏λ 
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5.4.2 �1D�si�1R\q 

iŵßǻε½rύ5ŌqįŰ(SMSB-TEPA)ıȹ̲ TEPA ʏǻɻ(40%)ɺ
«+̇ƻıÄŀǟ�ʶσ�ì�Ƥ˴jʨʏǻıϏYqį˦(SMSB)Gʻ�ɪĞ
ςx�͠ɮǻίƤɾı̉W�ϏYqįŰ˴ύ5ŌqįŰÄŀ+̇ƻıƗɻ�

Ň 30 min 0Ųêȫ̉WìȬ˞ˀûÄŀe͔(ˑ 5.17 (a))�^sÄŀǟ�̗�
ͨ�ıǡ̓]ǵĳ(Ļ 5.6)�ͨ�ʀǟ�̗�ȑqȹñıͨ�ɪĞ(R2 > 0.99)�
ĻxÄŀȫȌǹü×φŢȩ˂Äŀ̼ĀÄŀ̰'ɾı5̿Äŀ(Qi et al., 2015; 
Lee et al., 2017; Wei et al., 2021)�Ʃ͂ͨ�ʀǟ�̗�ıƁ˫�SMSB-TEPA˖
+̇ƻıÄŀƗɻů 0.55 mg/g�ǗĚ SMSB-800-30 ıŹ 1.5 ƌ�§Ʃ͂\ǖ
ƢȌıƁ �˫SMSB-TEPAı\ǖƢȌǗĚ SMSB-800-30ı\ǖƢȌŹ 1.4ƌ�
ųʻ'��SMSB-TEPA �ĻƉėΏ TEPA 'ĉǅǩ�ɺ§ɉ6ϏYqįŰ˖
+̇ƻıÄŀƗɻ˴ÄŀȫȌ� 

iŵßɺ
×ǯÄŀʶσ̓͂P Langmuir 8 Freundlich ɧʠÄŀ̗�ɺ
«ͨ�(ˑ 5.17 (b))�ɪĞςx��ʻǗı+̇ƻĺĆ͉œ��Äŀ̼ıÄŀƗ
ɻ̉W�]ǅŢsĚʻǗ͉œıʞ̰�ĔȑqıǗ͉œȁœ�òùÄŀ΃­]

ȣ�Ƣ½r�Ě¡Ƿĩ��Ļx�Ô�Γ�]ȣ΄ɍûÄŀ̼&�ìɺ
×�

ù<ŬĻƉȣÄŀēāĈ5�ɡ§��ʻ¶ı+̇ƻĺĆ͉œ��Äŀ̼ıÄ

ŀƗɻ9§ɜ=�Ȩ]ǅsĚÄŀ­΃ı½rȌ%ǗĔ̀Ż��Ķ�sɧʠÄ

ŀ̗�ͨ�ʶσ̓͂'ǡ̓ɪĞĻĜ(Ļ 5.7)�iŵß'ÄŀʶσŲ͛Ʌ
Langmuir8 FreundlichɧʠÄŀ̗�˴Äŀ˂ɦͨ�ã�(R2 > 0.91)�SMSB-
TEPA˖+̇ƻıˊĀÄŀƗɻů 38.2 mg/g�ųʻĚ SMSBňǗU�ļ 3ƌ� 

˭��ƅ�SMSB-800-308 SMSB-TEPA̬�ÖƣıÄŀƢǅ�Ų͠ɮĺ
Ćı+̇ƻ͉œı̉W§ɉ6�>ù� SMSB-TEPA̬�Öƣʤ&�˖Ěƻı
ÄŀƗɻŲςɮ�Ě SMSB-800-30Öƣ�s¡]˽Ĝ�SMSB-TEPA̬�Öƣ
ųʻĚ SMSB-800-30Öƣ�ø�Ôͣȓıƻ\ǖƢǅ�]ǅů·�Ě TEPAı
ƐˋÓɫ� SMSBÖƣıÄŀƴĒ�YŜɉó�Ô�ıύĉǅǩıŮĒÄŀ΃
­8ʻñıÄŀ͕�Ē� 
  

上傳時間：2022年3月15日上午 11:06



ʽʚ̍ȂįǗƍ5Ě̓͜ĒÄŀ��I&+̇ƻ'ŵß�

52 

 
ˑ 5.17ϏYqįŰ˴ύ5ŌqįŰ˖+̇ƻ'(a)Äŀǟ�8(b)ɧʠÄŀ̗� 

[ƻıĺĆ͉œ = 1−500 mg/L�Äŀ̼ɻ = 2 g/L�ơͯƤɾ = 1−120 min� 
ơͯȫœ = 150 rpm�pH = 7.0 ± 0.1�ʠœ = 25 ± 1 °C] 

 

Ļ 5.6 ϏYqįŰ˴ύ5ŌqįŰ˖+̇ƻ'Äŀǟ�̗�ʶσǡ̓ 
Samples 

qe, exp 
(mg/g) 

Pseudo first-order Pseudo second-order 
qe, cal 

(mg/g) 
k1  

(h–1) 
R2 qe, cal  

(mg/g) 
k2  

(g/mg/h) 
R2 

SMSB-800-30 0.39 0.55 0.02 0.622 0.37 2.22 0.990 
SMSB-TEPA 0.56 0.87 0.04 0.635 0.55 4.48 0.995 

 

Ļ 5.7 ϏYqįŰ˴ύ5ŌqįŰ˖+̇ƻ'ɧʠÄŀ̗�ʶσǡ̓ 
Samples Langmuir Freundlich 

Qmax (mg/g) KL (L/g) R2 KF (mg/g) n (L/g) R2 
SMSB-800-30 13.8 21.22 0.999 0.50 2.17 0.992 
SMSB-TEPA 38.2 16.17 0.999 0.36 1.61 0.988 

(a) (b) 
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��4= 

�iŵß&�Ƌ�Ȯ˂Ǒūʏǻħ�Xǯ_ï�ǩ+ύ(TEPA)ėΏĚϏY
qįŰ(SMS biochar, SMSB)ÖƣĻƉ��˺ȷUʘ͏ıύ5ŌqįŰ(modified 
SMSB by TEPA, SMSB-TEPA)̬�Öƣ�ìͥrĚ��Iƻ¢Ť'ͅĪ�͠ŗ
ɇɊ̬�ÖƣıĻƉɪ˚�<ƞ3d�ĉǅǩ8΁ɪŌ˗ɧį5ǡ̓�Pɳ͜

Uͣȓı SMSB-TEPA ̬�Öƣ˺ȷȃ}��Ƥ�ůσΟiƁɢ'ŵß˚ʔ�
ɺ«̬�Öƣ'Ñ �ƻÄŀʶσ�Ȯ˂ TEPA ��Ǝύĉǅǩːı̰�5�
òĻƉͬǵˆȠ�ɺ§P͡ˆÄ@D�\ǖ+̇ƻ�ì΍sŗεıŵß�Ğɺ


×Βȉ SMSB-TEPA̬�Öƣ�̓͜ĒÄŀ+̇ƻ˂ɦ&'͇ü�iŵßƁ
ɢ'ɪ̯��� 

1. ̍ȂϏYʨs 500oC˦5 1�Ƥ8 800oCŮ5 303β(SMSB-800-30)ŗ�
�X˺ȷUǗGĻƉ͎(459.8 m2/g)ıϏYqįŰ�ì´ůϏYqįŰĚ˦
58Ů5ɦËıȹ̲ȃ}� 

2. ϏYqįŰʨs 40%ı TEPAȈWɻύ5Ɛˋ 2�Ƥ(SMSB-TEPA40)ŗ�
�Xʏǻ�ύĉǅǩːıύ5ŌqįŰ�ύĉǅǩːıGôĜςs 13%ɉ
6© 64%��Ƥ�−COOH 8−OHĉǅǩːıGôƈ¶�˽Ĝ−OH]ǅȣ
−NH2�XʩɌ� 

3. s%� TEPA ȈWɻıÑ �ÄŀʶσɪĞςx�40%ı TEPA ȈWɻς
xUȹǗı+̇ƻÄŀƗɻ(0.52 mg/g)�ì´ůύ5ŌqįŰĚύ5Ɛˋ
ıȹ̲ʏǻɻ� 

4. ųGĚjʨύ5Ɛˋı SMSB-800-30Öƣ�SMSB-TEPA40̬�Öƣ˖+
̇ƻıˊĀÄŀƗɻ(Qmax)ɉ6ǯļ 3 ƌ�ÄŀȫȌňɉ6Ź 2 ƌ�Nƀ
·�Ě TEPAɉóÔ�ıύǩÄŀ΃­8ʻñıÄŀ͕�Ē�À�̰�5
ı˂ɦ&]ͬǵlˆȠ�ɺ§�ƢP͡ˆÄ@ıD�\ǖ+̇ƻ� 

5. iŵßŗεǯŚεɺ«+̇ƻı̓͜ĒÄŀʶσ��Ƥ΍s3ġÄŀʶσ
ŗıĻƉį5ƴĒ�ɺ
×σΟ+̇ƻ̓͜ĒÄŀı͇ü��Ğˈɔ]ý

¾��Iƻ¢ŤǹüȡȎÏȢ'ˬɺ�
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ĝƚtǵ ǛǁȌŦæŋĥ2ÜȼȰØ�òx�A+Ȇļ*ĕ³�

ÍĪȉĉƼ· ĝƚƇ�wɕ 
ÍĪ� 
ǫ�ƙēçx�AĔǫĆ�ȴÿ�yźū

ǝƞ*5ɁǑǋ45Ɂıư|�� 
ɊɊÍĪĀɫ�YĝƚCĜřŋĥ2ďØ

_æĒƭ�+ȆļȼȰØ�ò*ƗǕ�Ŭ

ƲċÜœȂ�*¨Ż�¸�&�JɢÝY

�ȼÐŋȧ2*®İǫÜ+ȆļÄ�ȼȰ

Ø�ƙÓŀ�ƉȖɂAȔ4ǪȂAȔ*Ɨ

Ǖ�Yĕ³ǧƱɂɔbY�ÿ*ĝƚŉǫ

�ȴÿAɵ�45Ɂıưƭ�ƗǕ�£Ȫ

ĕ³�ßPǫřÂǪƉɁ`�¬ƭ�¯ç

ƛĭ� 
¿`_æĒçÞōƬƔ|���òǯ�D

ă|�n_Ùźū� 
ɊɊÍĪĀɫ�Yĕ³dȕyÜǾƃǫ+

ȆļÄȼȰØ*ŋĥ2_æĒ�CĜŉǫ

+Ȇļƭ�ȼȰØ�ò�ɔbŋĥ2ƞ¤

¿_æĒîĢǫ+ȆļÄ�ȼȰØ��Ƌ

¿`ƬƔ�¸�(qǛǁȌŦæÚǾ�*

_æĒ�ǀvĩİơǮ(q�h�(q*

�òįß�Q�<Ģ�yźūw�çƁ1

��ŬƲċ*œȂƛĭɍƹ)�_æĒï

�đœȂŚ`Üx�AȲä� ɧƌµ4

ÌĒ*Ä�ƍɅǊɃĹØ*®İ�Bï�

yǛÍǀçŠȍąƠ)�Ţ`_æĒwɑ

çƍɅǊɃȖ��ɔb_æĒçþ~Ǝ3

 ɧë��»BqıÄ�ÌĒç�`� 
�ƪúȮêŐǻPĀfRƪu�ɤ÷� ɊɊÍĪìÐ�dø&ǻƪúȮêǜ�u

�mɡ�£ȪZÂɔbə<ŘǁèɡĀf

œȂĕ³ǧƱ� 
ÍĪ� 
ųuȐ°CɛȞɜ� ɊɊÍĪìÐ� 
ÍĪ� 
YĝƚɭÜ P&Tçx�A�ćźū<��
Ĕɤç%ƞ�đĀɫȀÝ� 

ŉǫÍĪ*Āɫ�Yĕ³ǧƱř½ȯY�

ÿ*ĕ³�ß�ƭ�¯Ƨ�ǪƉ*Ɂ`Ø�

qıƎGĔɤĀɫ� 
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�òăç®İnźū	źǋ
ç<�Āɫ

ȀÝ� 
ɊɊÍĪĀɫ�Yĕ³řŇuï�œȂƛ

ĭɍƹǻǛÍǀ*Šȍ.Ĭř_æĒwɑ

�ƙçƍɅǊɃȖ���`_æĒçþ~

Ǝ3 xë²ÿqıǜÇĒþ~çįß� 
 

ļç�ò�TRLĀɫğƿƧ�� ɊɊÍĪĀɫ�D�ò<�OŊx�A)

çĕ³&ƭ�z���yƷŵ�òǪɴ)�

x�A)çÅEæȧ�|�Ɇȁɶ(PO43−)�
Űȁɶ(SO42−)4Ɯȁɶ(NO3−)Ɵyƭ��
òçǝƞ)ǀǻļƭ�ɩåç5Ɂ�ǫļ

çȼȰØ�ò*ĕ³hÜï�ȸņ�ǫǈ

ŬƲċœȂ�*ƛĭŬã�ļçȼȰØ�

ò TRLĘǎy 3~4*ư� 
ÍĪS 
Yĕ³Cɛ�ǝO&�ĕ³z���ǡƔ

Ü 2�ă'ƎGȖƉü�vđıįhĆ�
Ʈğɐ�Ɣğ��ƮƔƞ� 

ɊɊÍĪĀɫ�Yĕ³ǧƱř½ȯY�ÿ

*ĕ³�ßƧ�ZÂÜǪƉɁ`ǻZÂc

ȤȖȎüĝƚ*P�Ø�ǫÜ+Ȇļ*ȼ

ȰØ�òǕɴ�YǧƱƎGD�ƠŮ�D

ȖɂǪƉAȔƭ�ŋĥ2_æĒÜ+Ȇļ

*ɩåƗǕ�DƧ�ÜǪƉ*P�Ø�£

ȪyɴɢŕɒĩūǻǪƉP�Øă�D�

ǂ×ƀ¯Ɏs$üȖŷǕɴ� 
ÍĪ+ 
dȕÝȜ�ųuCɛ� ɊɊÍĪìÐ� 
ÍĪ/ 
ĀɫĿ�ÄȨ`ȗ�*Ɖ�ŧiÂžĝǪ

ɴ� 
ɊɊÍĪĀɫ�Yĕ³ĝƚżǤ,�ÿ*

żƚCĜ÷ɔbřǛǁȌŦæŋĥ2ăƭ

�+Ȇļ*ȼȰØ�òƗǕ��ŋĥ2<

âŬƲċ&ǊŜÇŽzœȂĕ³ǧƱɴ

ɢ�ƙyźūȞƈ4ǪȂɁ`�»ƘĔɤ

ĕ³�ß�£ȪɔbY�ĝƚPƭ�¯Ƨ

�ÜǪƉɁ`*P�Ø� 
ÍĪ� 
CĄ�ñƔŘáx�Aļ�Ĕɤĕ³��

ßɁ�PƔĂØ� 
ɊɊÍĪǫYĕ³ǧçìÐ� 

ǛǁȌŦæ*�`�ò+Ȇļ�ĥŜ:Ą ɊɊÍĪìÐ� 
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�5Bxd2|^ 
�{
����6u,E0_�9#ipQ`~F= 

  �cȤĝƚĲ� 
Ɣ)Ɗ��


ħ\ĝƚĲ� 
Ɣ[Ɗ��
̊ŧʒä�Ώ˖ʣĻ�

ĝƚ�ÿ 110�ÿ ĝƚɦü� ��ĕ³ü� � � 
�ȖƉü�

ĝƚɦ� 
ȥĉ� � ��Ȳä� � � �
ÅE� CĄ��ȇƳɺ 

ĝƚtǵ ǛǁȌŦæŋĥ2ÜȼȰØ�òx�A+Ȇļ*ĕ³ 

ÍĪȉĉƼ· ĝƚƇ�wɕ 

ÍĪ� 
ɁáƼ_æĒƃǾçƞÿȕǆ2ǻŭûç

�ȧǻ�ęØ�ǜÇ�øƎ'ł�ăɯǕ

ɴȓȯ*P@Ø�D4řÂçŠȍɁ`Ø� 

ɊɊÍĪĀɫ�YĝƚCĜǫǛǁȌŦæ

ƭ�ŋĥ2�»ǫx�A)+ȆļȼȰØ

�òƭ�ĕà�ĕ³)řɀlĕàŋĥ2

�ò®*îĢĹØ�»DȖɂ*+ȆļA

Ȕƭ�í¯�òǕɴ�»ÜÅ)ȼGƄ¾ 
�òįß*ŋĥ2Őȓƭ�Ʈŭqıƭ�

ɝÐØƗă�<ƭ�ȼȰØ�òǕɴ� 
x�Aļ�Ʈā��Ʈā"�řÂɁ`ı

Xƶ�Ʈ5ɁȬçžĝ��ùaư¿`�

ɥ� 

ɊɊÍĪĀɫ�Yĕ³ǧƱǡƔɔbY�

ÿ*ĕ³�ß�ƭ�¯ĕàYĕ³.ĬÜ

ǪƉ*Ǫ`Ø�qıƎGǪƉ*ȱ�Āɫ�

døí¯ɂÐZÂDÛÊźūâ(pump & 
treat)ç<�ƭ�Ɂ`� 

ÍĪ� 
ɁÄƛĭȗ�� ɊɊÍĪìÐ� 

ÍĪ� 

��CĄ�ǻĝƚŖ�ǧƱ 
CĄ�(ÉqCĄ�)ǻŖ�ǧƱçĕ³4
¨Żĕ³ƛĭɈį¶{� 

ɊɊÍĪǫYǧƱĕ³4¨ŻçìÐ� 

CĄ�ǻŖ�ǧƱçĕ³ł�4¨Żƛĭ

ł�¾�¹DƅjYĝƚ� 
ɊɊÍĪǫYǧƱçǿP� 

��YŘĴǫ A�ć4ȲäçȗyȆĥǻƼǌ 
YŘĴĝƚǫœ.x�A�ćȲä%�ç

ƛĭÄ�Ņɨ� 
ɊɊÍĪçìÐ� 

YĝƚĲȒȊÄɵ�ǫĕ³<âçȀÝ¡

Ȳ�ĕ³<âǻǕɴčƞÄP�Ø� 
ɊɊÍĪǫYǧƱĕ³.ĬçǿP� 

YĝƚçȗyǪƉɁ`Øǻȱ�<�Āɫ

ȀÝ(Á|��òăçȌŦæźǋ�P&Tç
ÅEŐȓçȏɲ…ƟƟ) 

ɊɊÍĪçĀɫ�døǫÜ�òă*ŋĥ

2®İźū<��P�đ_ȧȶİźū�

»ɔbȶȵıŭ_*șłƭ�ƛǠ�Dǜ

ÇȌŦæǗǄ24ƍɅǊɃəɬçŅɨ�
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nê�Yĕ³ǧƱɂŉǫY�ÿ*ĕ³�

ß�Ƨ�ZÂÜ A�ćǪƉɁ`Ø�Z

ÂɁ`<�4ȕç� 
CĄ�(ÉqCĄ�)ǻŖ�ǧƱƓŖ�ǝ
 �ŕðǀçȖƉ(Ùĕ³)ĕ³ĝƚ�*
øçŘĴŖ�Ɉį¾�*øç�ßçǪō

Ɂ`ØĀɫȀÝ� 

ɊɊÍĪìÐ�Yĕ³ǧƱyǝOĕ³)

&�J�`_æĒŇu�Ķ2Ƚŉǫx�

A)ļæȧƭ�ĕà�»BÜ 109�ÿ 
ɧ4x�A�ćȲäŕðǐ�ĕ³ǻȖƉ

ǕɴŘĴĕ³�ß)��J�`ďØ_æ

ĒǶĈƇ-ǻǠĬOɗ#ǑǋǫǪƉx�

Aļ�ćŞÈ*ȗ��»ByĄȫAɵ)

�¶{çźūįß�Y�ÿǡƔ¿`(q

ç_æĒîĢŋĥ2<�Ǝ3Aɵ)+Ȇ

ļȼȰØOŊįß� 
ĀɫȀÝYĝƚ�ßǪōɁ`çȨ`ŝǩ

4Ǔŝǩ�ǻÅEP�Ȳä%âç�Yį

ĺ@ǚ� 

ɊɊÍĪĀɫ�Yĕ³ǧƱřŉǫY�ÿ

ĕ³�ß�Ƨ�ZÂÜ A�ćǪƉɁ`

Ø�ZÂɁ`<�4ȕç�»ǥǕǻÅE

P�Ȳä%âƭ��Y@ǚ� 
íƔĝƚǮƾĲçƼ·&ȀÝ� ɊɊÍĪçìÐ� 
ÍĪS 
_æĒîĢȢɘ�CĜçîĢ5ɁȳÈĆ

ɗ#gƐ�ĀɫÒlȜǿPDË�ȴÿç

+Ȇļƭ�ȼȰØ�ò� 

ɊɊÍĪĀɫ�Y�ÿCĜɔbîĢħǣ

çŋĥ2<�ǫÜAɵ)ç+Ȇļƭ�ȼ

ȰØOŊ��ŋĥ2<�CĜ÷y_æĒ

îĢƻşɸŕÑłŕǧ�»ɔb�Ñłŕ

ǻ+Ȇļ*ƻşƭ�ƭ�ȼȰØ*OŊĕ

³�YǧƱřl�ŉǫŋȧ2*îĢĹØ

ƭ�ĕà�nÜ(qȴÿ�*+ȆļǃŨ

ƭ�ȼȰØOŊǕɴ�DƧ�ZÂÜǪƉ

*P�Ø� 
bÜ_æĒçÂǄ(qǀȏɲÅîĢJ

ł�q�ǴÂǄ�(q©��Ćǀȏɲç�

ĀɫÒȜǿÅÂǄ��ù(Ò@ǚÅøă

*Jł� 

ƽɊÍĪĀɫ�Yĕ³ǧƱÚȼ`*_æ

ĒđǛÍǀÚŠȍ*_æĒ�ɭÜƮŭ*

_æĒ�YǧƱnǪɴƁ1ǡƔl�ŉǫ

ŋĥ2_æĒÜ+ȆļȼȰØ*ĕ³ƭ�

ĕà�yȜfƄ¾ŋĥ2Őȓăƭ�Ʈŭ

4Ɂ`� 
ĝƚĲ)ƎGļ�òǢËă*_æĒ�Ć

ÚȺç�īȌŦæ�Pɔb_æĒçþ~

Ǝ3 ɧë��»BqıÄ�ÌĒç�`

çȀâ�»(P�� 

ɊɊÍĪĀɫ�døǫÜ�òǢËă*ŋ

ĥ2®İ�ŇuǛǁ¢_æĒ*Šȍ.Ĭ�

ɂřÅ�đ_ȧȶİ��`ȶȵıŭ_*

șǄƭ�ƛǠ�ǜÇȌŦæǗǄ24ƍɅ

n�`çǂ×� 
ÍĪ+ 
Ĕɤĕ³&Ü 107 �cȤ ŕǀǐ�z
��ÒI¦Ǎ¯ƭ�ǪƉǪ��ĕ³GP

�*źū<�� 

ɊɊÍĪĀɫ�Yĕ³ǧƱɂɔbï�*

ĕ³Ǌɴ4�ß�Ƨ�ZÂÜ A�ćǪ

ƉɁ`Ø4ZÂcȤȖƉüĝƚ*P�
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Ø� 
ÍĪ/ 
ĀɫǫÜZÂPłɁ`<�ƝIȀÝ�D

õËĖ¨Ɓçŕɒĕ³�Úŏǟ� 
ɊɊÍĪĀɫ�Y�ÿĝƚ*ĕ³.ĬC

Ĝ÷�`řǛǁȌŦæƭ�ŋĥ2»ŉǫ

x�A)+Ȇļƭ�ȼȰØOŊ*ĕ³�

Ĥl�řǛǁ¢ÚŠȍ*_æĒDîĢ«

ĥ<�ƭ�ŋĥ2�nê�ŉǫ+Ȇļȼ

ȰØƭ�ĕà�»Ƨ�ZÂÜ�ƉɁ`*

P�Ø�Ƅă�ƎGǪƉ*ȱ�Āɫ�Ŭ

Ʋċí¯ĀɫZÂDÛÊźūâ(pump & 
treat)ç<�ƭ�Ɂ`� 

ÍĪ� 
�`¡*ȌŦæƄŹźǋÒ ƢżǤ� ɊɊÍĪĀɫ�døǫÜ�òǢËă*ŋ

ĥ2®İ�ɂřÅ�đ_ȧȶİ��`ȶ

ȵıŭ_*șǄƭ�ƛǠ�ǜÇȌŦæǗ

Ǆ24ƍɅn�`çǂ×� 
ÍĪ� 
ñƔǪɴĕ³�ɁIſƭ�ǪƉ�ǒ±Ȗ

ƉǪōŒɛ� 
ɊɊÍĪĀɫ�Yĕ³ǧƱřɔbï�*

ĕ³Ǌɴ4�ß�Ƨ�ZÂÜ A�ćǪ

ƉɁ`Ø4cȤȖƉüĝƚ*P�Ø� 
ÍĪ�  
(/)�ąǶūƨȠoƫǝ(�)~(+)ɉËç
10%�(Sţ+�Œɛ) 

&ħ\�ąǶūƨ`�ǔ·ħ\ĝƚĲ.

;� 
�ƮǡǷ�Ġ4ǡĝŖ�ƔƞĀɫòi

11-33 (�)�¼ƨ`� 
(1)DȠo 11 Ħ>đ�Ġ�ĝƚCĄ�>
:Ǟðŵ�ňȥđ 15,000-/>�ÉqCĄ
�>:Ǟðŵ�ňȥđ 10,000-/>� 
(2)òi 11-34 �¼ƨ`-ɉĝZƺȊ�Ȥǐ
F� 

&ħ\CĄ��ɊqCĄ�4ÅEĔɤ�

¼ƨ`Ƞo�ǔ·ħ\ĝƚĲ.;� 

òi 11-35 (�)�ƩğȅȬ¿`ƨȤťÝr
ȅȬ0�ƇȆ� 

&ȀÝ»ħ\ƩğȅȬ¿`ƨũƇ�ǔ·

ħ\ĝƚĲ.;� 
òi 11-36ķŁØȬ®mȠo 561,636-�
ȤȀÝɌǋĵɵ�ɠûƟŶƵ�D�ȉĉ� 

&ħ\ķŁØȬ®Ƞo4ŶƵũƇ�ǔ·

ħ\ĝƚĲ.;� 

òi 11-38(+)ɘƵƨ`�Ɗ�ĲpÆȠo
�ĠĀɫđ 40Y(300-/Y)m 12,000-� 

&ħ\ɘƵƨ`�ǔ·ĝƚĲ.;� 
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�5Bxd2|^ 
�{
����6u,E0_�9#ipQ`~F= 

  
�ṱƁɢƥ� �ɔ&ȽÃ�

�ƐlƁɢƥ� �ɔkȽÃ ̊ŧʒä�Ώ˖ʣĻ 

Ɓɢ�œ 110�œ ƁɢΤŌ ��ŵßŌ� � ���̗ȼŌ�

ƁɢΤ» �ͅĪ� � ��̮ŧ� � ��ùb� NŚ��̈ʂϐ   NO�B3 

Ɓɢ�˨ ʽʚ̍ȂįǗƍ5Ě̓͜ĒÄŀ��I+̇ƻ'ŵß 

ąƒ̊ŧʒä ƁɢȺ­�Ώ 
ąƒ
 
1. ̭ʱT˽Ĝ̍ȂϏY˺ȷůqį
Ű'̰ɻe͔ɪĞ�ù&q̰Ű'

ȑȌů®�ŔΰĊ(˽Ĝ� 

ͻͻąƒŔΰ�qįŰ'ȑȌ"ʱTĚĻ

5.1�ɪĞςx�͠ɮŮ5ıʠœ8Ů5ı
ƤɾʕǗ�qįŰ'ȑȌʕ¶� 

2. ̭ʱT˽ĜÓ̰ŇŗqįŰ'ų
΢į5ƴĒGʻ� 

qįŰ�Ó̰Ň(5.1 ϏYqįŰį5ƴ
Ē3ġ)˴Ó̰ŗ(5.3 ύ5ŌqįŰį5
ƴĒ3ġ)'į5ƴĒ"ʱTĚɔkȽÃ
0C&�3ġYŜGĻƉ͎˴<ƞ3d�

ĻƉŌ˗8/ƾ3ġ�5̿΁ɪŌ˗3ġ

ɧ� 
3. ̭ʱT˽ĜiƁɢĔ͖	Ǘƍ5

ŮĒqįŰ'ȤƫēĒǅ�˴ ʈȚ

ēcǥŮĒ˦'Ɯȓ��Ƥ�˖Ě

	Ǘƍ5
'ʒʫ�{ͥĜ̠˽Ĝ� 

iƁɢȑ˺'Ǘƍ5qįŰņøȷ̓͜

ĒÄŀ+̇ƻ'̛��øτ§æ�iŵß

Ȯ˂ĻƉĉǅ5ıD��òύĉǅǩːʏ

ǻ�qįŰÖƣ��PȑqÔǗŀẆƍ

ı̬�Öƣ�ɺ§ˀûǗƍ5� 

4. ̭ʱT˽ĜiƁɢ�ĞͥrĚ˔
ȼ\ǖ��Iƻ']«Ē�P8ɣ

ƚɨȒ� 

i�œƁɢÉ�ǩΉƑȎı]«ĒσΟ

(TRL 2)��Xɣƚ˖+̇ƻø�Äŀ̓͜
Ē'ύ5ŌqįŰ�şŗεǯð͂-�œ

Ɓɢ'ŵɣ�Ğ�ɺ
×ɕ� TRL 3˔σ
ŐȤ̗ıʶσͿɺ�ǯÏȢ'΢΁XǅĚ

˔σŐɺ«ÏȢɽɣ˴ɝʶ�¡`�iŵ

ß˖ĚȡȎÅƻ¢Ť��IıÏȢ̃Ù

ø�˔ǝͥṙƍ˴ɣƚ̛��˔ȗ�̍

ȂįǗƍ5�ʸʟɅͭ�½r'ʘ͏Ï

Ȣ� 
ąƒ� 
1. iŵßƁɢņ½r̍ȂϏY´ů
qįŰ'Ƒƣ�P�ƭ5˦įȎŮ

ͻͻąƒĹĈ˴Ŕΰ�ǔ˖�ύǩÄŀ̼

ʏǻDħ�iːɿǯʙŚε˸ͅų΢C
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5ħ˺ȷUŮĒqįŰ��PǑū

ʏǻύĉǅǩːrĚ+̇ƻı͜

̓ĒÄŀ�ɔ&ȽÃ'ɺœ0Ɨȗ

�ˈɔ�̒ƅD��ŻÉȷ�CΩ

ʸƣ˸ʃ(Ǧ�0`)ċ˨Éͅ�³
�ύǩÄŀ̼ʏǻDħ]�(P

ʱǴ�ŵßDħ̒̋Éͅʵˣ�̆

̾ıòr{øτ˽Ĝ�³ HPLC-
ICP/MS˖ƻį˧ıξĈùʡ̠Ē
S��ˡ�ɔ&ȽÃ�Ğøτ�³

Ţ,ͥɀÙÔˬǭDħP̠˻

TEPAŢÁ̠˔ʏǻĚ MWCA(ȹ
�ǅǬĈɻ)ĻƉ(10% TEPA v.s. 
40% TEPA)�ȹŗ�ɔ&ȽÃͥȉ
ʛzŕŗε!´Ɔ΃� 

Ω�ìǁ�ɔkȽÃĈ̡i0C&�^i

ŵßP XƘ̦�ˆ�ǅΝ̆(XPS)ıǗʳ
ġˑΝɺ
×ɻ5ύǩʏǻĚÖƣĻƉ

ıGô�ɻ äȽÃƥȖ 5.3.2ʧıĻ 5.3Ĕ
x�ɪĞĻĜ�ύ5Ɛˋŗ�]ϊ˕û

−NH ˴−NH2 �Ķύǩıƴ̐ƛGổ

W�§−OHıƴ̐ƛň%ςɮ�˽Ĝ−OH
˴−NH2 ıʩɌ�X˺ȷǗƍ5qįŰ̬

�Öƣ�¡`�iŵßŗε{ʙȮ˂ȶy

ʮΑɌŷ`̦�Ν̆(FTIR)WǴ°Ο�
ύǩıʏǻ�ìǁ�ɔkȽÃĈ̡i0C

&�^
DƉ�iƁɢȹȞǯʙð͂ɔk

ıǫ«�Ğ¦ɻ HPLC-ICP/MS̆̾˖ƻ
į˧(�̇ƻ8+̇ƻ)ĈĒ˴Ĉɻ3ġı
fƀĒ�ìʙƩ͂ͭńʪͭͩĔ2Ã'ͩ

ɝDħ�ùĔȤ̤ı̆̾ų΢ıŋńŋ˪

(QA/QC)̠˔ǫ«�ȹŗ�iƁɢĚɔ&
ȽÃʀŨ�Xʏǻ TEPA�˺ȷUøȷ�
ύǩıύ5ŌqįŰ̬�Öƣ��¡�i

Ɓɢŗε!´Ɔ΃�Ěɺ«+̇ƻı͜

̓ĒÄŀʶσ��ƤΒȉ SMSBA-TEPA
˖Ě+̇ƻ̓͜ĒÄŀ'͇ü�Pý¾j

õ���Iƻ¢Ť\ǖÏȢıˬɺ� 
ąƒ� 
1. iŵßNƀPŮĒqįŰĻƉʏ
ǻ˖Ě+̇ƻ�ɉ6Ṵ̈́5qįŰ

˖Ě+̇ƻı̓͜ĒÄŀ� 

iŵßP̍ϏY.̰´ůǩÖ�Ȯ˂˦5

˴Ů5ɦË˺�ϏYqįŰ�͠ŗ½r

TEPA PƯ˜ħɺ«ύǩƐˋ�ɺ§�Ϗ
YqįŰ�ʏǻ˖+̇ƻø�Äŀ̓͜

Ē'ύĉǅǩː�Ņò+̇ƻıÄŀƗɻ

˴Äŀ̓͜Ēıɉ6� 
2. !´ɺœÇð͂Ɓɢɺœɺ«&�
̃ɧŕŗεǯ�̇ƻ8+̇ƻʞ

ȇ&ɺ«̓͜ĒÄŀʶσɪĞ� 

iƁɢĚɔ&ȽÃʀŨıǫ«�Ğȗ�

ˈɔ'!´ɺœ�À�X˺´U˖+̇ƻ

ø�̓͜ĒÄŀ̛�ıύ5ŌqįŰÖ

ƣ�ŗεǯð͂ŵß�Ğ�ɺ
×ɺ«͜

̓ĒÄŀʶσ�΍PσΟύ5ŌqįŰ˖

+̇ƻı̓͜ĒÄŀƢǅ�Pý¾jõ�

Åƻ¢Ť'��I\ǖÏȢ'ˬɺ�  
ąƒ_ 
1. iƁɢ"ǔ˖Ṵ̈́5qįŰ˺ȷ
ıDħ8Ů5ɪĞ�ĔɇɊ�ù˖

ͻͻąƒıĹĈ�iƁɢ"Ěɔ&ȽÃʀ

ŨɇɊ̬�Öƣ'ȹ̲˺ȷȃ}��X�
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��I+̇ƻ'Äŀʶσ�,ŕɺ

«� 
�˖+̇ƻø�̓͜ĒÄŀ̛�ıύ5

ŌqįŰÖƣ�ŗεqįŰÖƣÄŀ+̇

ƻıσΟ!´�"ɺ
×ǯų΢ɪĞǁ�

ù&ȽÃ0C&�ʵ̭ǡ̶ 5.4 ύ5Ōq
įŰ'Ñ �Äŀʶσ� 

ąƒ+ 
1. P.18 ɉ8Ǔ�ğʚÊļ�ĔǾ̎
'qįŰ�Ğ�͜r̍ȂϏY�Ŕ

̭Ȁƅù�ĞP8͜r̍ȂϏY

ıŏ͇ů®� 

˳ωØ�ȑqɷ˂ 15 ʦˉı̍ȂϏY�
ʉ Ě̢ɘ�MƩ͂ Oei (1991)ı˽ħ�
Ø�Ι
̽ıήϏ�ʙƶ�÷̽ı̍ȂϏ

Y�À̍ȂϏYıȑqɻG��ıήϏɻ

ǗU÷ƌ�ş
ǇŢPɟ͋ēǼƓıD�

ȡȎ̍ȂϏY�³˖ͭ˒ì%7ɫ��¡�

iŵß½r̍ȂϏY´ůÅƻ¢Ť��

IıÄŀ̼�ɺ
×ɳ¯ù�Äŀ¢Ťį

DƉı̛���Ƥ�ˀû̍ȂįǗƍ5P

8ʸʟɅͭ�½rıΕƆv̖� 
Ref.: Oei, P., 1991. Some aspects of mushroom cultivation 
in developing countries. In: Mahe M.J. (ed) Proceeding of 
the 13th international congress on the science and 
cultivation of fungi, vol 2. Rotterdam, Netherlands XIII, 
777–780 

2. P.19ıˑ 4.3�òr	0.5gqįŰ

˺´Ṵ̈́5qįŰ�ŢÁů 4.2.2
Ĕƅ'ƭ5Ì˗qįŰ��Ţ�Ŕ

ΰ��ūɦˑPʸΞ»� 

ͻͻąƒŔΰ�Ǘƍ5qįŰıʀŨĒ˺

ȷūɦxʒˑ�YŜϏYqįŰ�ƭ5Ō

qįŰP8ύ5ŌqįŰ�Ų"ǁ�ɔk

ȽÃ0C&� 
3. "͜Ĉòr MWCA-900-40 ˺´

MWCA-TEPA�˺ ȷ˂ɦŢÁ�̓

͂˽ĜȺ­Ɔɻ̍ȂϏY�]˺´

�=ƆɻıṴ̈́5qįŰ� 

�̍ȂϏY(SMS)ʨs˦5/Ů5ɦË˺
ȷ�ϏYqįŰ(SMSB)ı˂ɦ&�sĚ
6ʠēŚʠƤɾ%��Ø¸ı̍ȂϏY]

ȑqŹ 0.1−0.2 g ıϏYqįŰ�ȑȌ.
Ě 10−20%'ɾ�ʴ̓͂"ǁ�ɔkȽÃ
ıĻ 5.1&�^
DƉ�ϏYqįŰ˺ȷ
�ύ5ŌqįŰ(SMSB-TEPA)ņů
̰
ɻe͔ı˂ɦ�Ȯ˂ȈW%�Ɔɻ¤3͉

œı TEPA�]ȑU%�Ɔɻıύ5Ōq
įŰ�ͺô§æ�� 40 wt%ı TEPAʏǻ
ȃ}��Ø¸ıqįŰ]P˺ȷU 1.7 g
ıύ5ŌqįŰ�ùƁ˫2�ů��� 
Yield = mTEPA / (mTEPA + mSMSB) × 100%� 
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�5Bxd2|^ 
�{
����6u,E0_�9#ipQ`~F= 

  
�ṱƁɢƥ� �ɔ&ȽÃ�

�ƐlƁɢƥ� �ɔkȽÃ m7Y$�zf]/ 

Ɓɢ�œ 110�œ ƁɢΤŌ ��ŵßŌ� � ���̗ȼŌ�

ƁɢΤ» �ͅĪ� � ��̮ŧ� � ��ùb� NŚ��̈ʂϐ   NO�B3 

Ɓɢ�˨ ʽʚ̍ȂįǗƍ5Ě̓͜ĒÄŀ��I+̇ƻ'ŵß 

ąƒ̊ŧʒä ƁɢȺ­�Ώ 
ąƒ
 
5. ̭ʱT˽ĜiƁɢ˺ȷqįŰ'ȹ
ñ̈́´ȃ}ů®�^qįŰ'Äŀ

ƴĒ�ņγ®˧Ō˗'Äŀ̗Ō� 

iƁɢP̍ȂϏY˺�ϏYqįŰıȹ

̲̈́´ȃ}ņʨs 500oC ˦5 1 �Ƥ8
800oC Ů5 30 3β(SMSB-800-30)ŗ�
]˺ȷUʻǗGĻƉ͎(459.8 m2/g)ıϏ
YqįŰ�¡`�ŵß�Ğςx�

Langmuir ˴ Freundlich �ĶɧʠÄŀ̗
ŌŲ]T3ͨ�(R2 > 0.91)qįŰÄŀ
+̇ƻı̓͂�˽Ĝ+̇ƻ�qįŰ�

ıÄŀƴĒì%ÊƇĚȺ
ı͇ü� 
6. ̭ʱT˽ĜÓ̰Ňŗ(ύ59ͥ)'
Xǅɉ6�Ƣ�ì˽Ĝύ5Ɛˋŗ

'qįŰ�ùÄŀ9ͥ']ǅ͇ü� 

ʨύ5ƐˋŗıϏYqįŰ]̉ɺI&

+̇ƻı\ǖ�Ƕ§ȑq 38.2 mg/gıˊ
ĀÄŀƗɻ�ųʻĚjʨƐˋıqįŰ

(13.8 mg/g)ǗUļ 3ƌ��Ķ�iŵßƁ
ɢ˖Ě¡Äŀ͇ü'ĻƉ9ͥĻx��

(ʵäɔkȽÃƥˑ 3.9)� 
 
R−NH2 + HAsO42− = (R−NH3+)⋅AsO43− 
 
�qįŰĻƉ�Ⱥ΁ıύǩ(−NH2)ĉǅ
ː�ĚĻƉ̰�5ı˂ɦ&ʳΓ�ĻƉ

ǲlˆȠıĉǅǩ(−N�H3)��¡�]ɺ

×˴ǲƃˆı+̇ƻį˧ȩ˂͡ˆ�

ǴƲÄ@� 
7. ̭ʱT˽ĜiƁɢɽɣ'qįŰ�
ùÄŀȟŀ'9ͥƴĒ�¡`�˖

qįŰ'�qʶσē�Ğů®�P

½σΟqįŰ'ŗεͥrĒ� 

ͻͻąƒıŔΰ�iƁɢɽɣ'ϏYq

įŰ�Äŀ˂ɦ&Ų͛Ʌ Langmuir 8
FreundlichɧʠÄŀ̗��˽ ĜùÄŀ9

ͥƴĒ]PͥrĚÇ̰ēŁÇ̰àȚP

Ɉƅ�̎Ĭ͉œ̤Ȼ0ıÄŀ�̂ �̀i

Ɓɢǯð-�œ�ĞŚεˬɺqįŰŗ
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εͥrĒ'ŵß�ì�ŗεqįŰ�q

ʶσƤ�ǯ
öɺ«ƻȟŀƢȌ�˿�χ

ŭ̼˧Τ˴͉œ��qŗƻÄŀƢǅ'

Ǻǋ˴3ġ� 
ąƒ� 
2.  ŵßƁɢP̍ϏYʤǩÖȮ˂˦
5ɦË˴ĻƉƐˋ˺�˖+̇ƻø

̓͜ĒıÄŀÖƣ�ɔkȽÃ̒ƅ

Éͅ�ŵß�Ğˀ�ˈɔv̖� 

ͻͻąƒıĹĈ� 

3. CΩʸƣ˸ʃÉȷ�ŵß�Ğøτ
ø̿Ȣ˴˔ṙƍ� 

ͻͻąƒıĹĈ� 

4. ύ5Ɛˋŗı SMSBA-TEPA ͥ]
ʨs C:NGƍͰʳ TEPAʏǻĚq
į˦ĻƉıÅɻ (ēs̰ɻe͔ ) 
(AsÄŀɻ{�)�  

iŵßņȮ˂ǅɻɍ·ǅΝ̆(EDS)8
X Ƙ̦�ˆ�ǅΝ̆(XPS)ZĈɻÓ̰
ŇŗqįŰÖƣĻƉı/ƾ3·�ɺ§

Ɓ˫˦/ƾ˴ə/ƾıGô(C:N)�s
EDS3ġɪĞςx�ϏYqįŰ(SMSB)
ìjǜɝûςɮıə/ƾÅɻ�§ύ5

ŌqįŰ(SMSB-TEPA)ıə/ƾGô±
ͅτı 7.1%�^`�s XPS3ġɪĞς
x�SMSB-TEPAύĉǅǩːıGôsĜ
ς̉W© 64%�˽Ĝ TEPA �XȮ˂i
ŵßı��D�ǯùʏǻ� SMSBÖƣ
ĻƉ�� 

5. ̭ʱT˽ĜĺĆʞȇ8Äŀŗe͔
ʞȇ' pH�̮ ͅʞȇ'˿ů®�̮

ͅŗ'̰�5(protonation)ŢÁʉ
ƇĚxʒˑ'−NH�§−NH2ŢÁ


öȣ̰�5§Äŀ�ˑ 3.9 (b)'Ä
ŀ͇üů®� 

iŵßɺ«Ñ �ÄŀʶσņǓ˺ 10 
mg/L ı+̇ƻʞȇ�ùĺĆʞȇ' pH
ŹɧĚ 7.7�§Äŀŗe͔ʞȇ' pHŹ
ɧĚ 8.4�ÄŀŇŗe͔ʞȇ' pHρ5
%ςɮ�iŵßņP 0.01 Nıψ˿(HCl)
̮ͅʞȇ' pH� 
¡`�iŵß˖ SMSB-TEPA ̬�Öƣ
\ǖ+̇ƻ͇üıǙ˽3»Ɉƅ���


ŢȮ˂ύĉǅǩː�I&̰�5ı˂

ɦͬǵˆȠ�Ƕ§P͡ˆÄ@D�\ǖ

ƻ˿ψ(ˑ 3.9 (a))�^
DƉ�ň]ȩ˂
çċ(Béchamp)ı͕ˆþR9ͥPʳα
ύĉǅǩː˖Ěƻį˧Äŀ͇ü��¡

9ͥȯƞ&�ǲ�ύĉǅǩːı SMSB-
TEPA]˴ƻį˧9 �ͥɺ§q�˖Ʈǩ

žϋ˿(ˑ 3.9 (b))�ùů
Ǵ5̿Äŀ´
r� 
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ŗεǯð͂Äŀʶσ'σΟ�Ğ�ɺ


×3ġ SMSB-TEPA ̬�ÖƣÄŀŗı
5̿ƴĒ�� XPS��jõŵß&Βȉ
ύĉǅǩːÄŀƻį˧ı˔͇̂ü� 

ąƒ� 
3. iŵßòr̍ȂϏY˦5Ǘƍ5'
´ħƍǵǾ̎�]ɉ6ʽʚ̍Ȃį

�˺�½r'Υɒ� 

ͻͻąƒıĹĈ� 

4. ŢÁ�ų΢CΩɉ8ϏYŮĒ˦5
'GĻƉ͎�(
ǇŮĒ˦GĻƉ
͎ͥ]ˀ 103 m2/g) 

ų΢CΩı3ġɪĞśUϏYqįŰı

GĻƉ͎.Ě 0.96−332.0 m2/g'ɾ(Xian 
et al., 2018; Abdallah et al., 2019; Chang et 
al., 2020; Jin et al., 2021; Liu et al., 2021)�
ù&�ϏYqįŰıGĻƉ͎ʙ͠ɮ˺

ȷɦË(˦58Ů5)ıƜȓ§�Ĕ%��
ͺô§æ�iŵßņP%�Ů5ʠœ

(600�700�800oC)8Ƥɾ(15�30�45�
60 min)ı̈́´ȃ}˺�ϏYqįŰ�͠
ɮŮ5ʠœ˴Ƥɾı̉W�ϏYqįŰ

ıGĻƉ͎͠'ɉ6�ƍǵ
ɉıŢ�̒

ľıŮ5Ƥɾ�ʙ̀ŻùGĻƉ͎�ƈ�

]ǅƑ�ů<Ŭɪ˚ɣqǰʳ8Ŏ<�

�¡�%�ɪ˚ıqįŰʙðùḚ̄§

øȹ̲ı˺ȷȃ}� 
Ref:  
Xian, Y., Wu, J., Yang, G., Liao, R., Zhang, X., Peng, H., 

Yu, X., Shen, F., Li, L., Wang, L. (2018). 
Adsorption characteristics of Cd(II) in aqueous 
solutions using spent mushroom substrate biochars 
produced at different pyrolysis temperatures. RSC 
advances, 8(49), 28002-28012. 

Abdallah, M.M., Ahmad, M.N., Walker, G., Leahy, J.J., 
Kwapinski, W. (2019). Batch and continuous 
systems for Zn, Cu, and Pb metal ions adsorption 
on spent mushroom compost biochar. Industrial & 
Engineering Chemistry Research, 58(17), 7296-
7307. 

Chang, J., Zhang, H., Cheng, H., Yan, Y., Chang, M., 
Cao, Y., Huang, F., Zhang, G., Yan, M. (2020). 
Spent Ganoderma lucidum substrate derived 
biochar as a new bio-adsorbent for Pb2+/Cd2+ 
removal in water. Chemosphere, 241, 125121. 

Jin, Y., Zhang, M., Jin, Z., Wang, G., Li, R., Zhang, X., 
Liu, X., Qu, J., Wang, H. (2021). Characterization 
of biochars derived from various spent mushroom 
substrates and evaluation of their adsorption 
performance of Cu(II) ions from aqueous solution. 
Environmental Research, 196, 110323. 

Liu, B.L., Fu, M.M., Xiang, L., Feng, N.X., Zhao, H.M., 
Li, Y.W., Cai, Q.Y., Li, H., Mo, C.H., Wong, M.H. 
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(2021). Adsorption of microcystin contaminants by 
biochars derived from contrasting pyrolytic 
conditions: Characteristics, affecting factors, and 
mechanisms. Science of The Total Environment, 
763, 143028. 

5. ̭ĚȖ_ȵʱTÑ Äŀʶσ+̇
ƻ͉œ83ġ' QA/QC� 

ͻͻąƒıŔΰ�iŵßǯĚƁɢɔk

ɪƨŗŚεʱTÑ �Äŀʶσ'

QA/QC�P½ɪƨŗZ�0ǯŵßıN
ƀ�ĞɣĻ©Ǧ̂ĳ�ɔV�̉W̿Ȣ

ȑU� 
6. ˑ 5.4ςxɥ˿͉œ˖ SMBSGĻ
Ɖ͎'ɉ6ìɠςɮƜȓ�9§Ţ

˿5Ƥɾ˖ŮĒ˦ÄŀƴĒ̏λʻ

��ŢÁ˿ȡȎƤɾʕɤ�˖Ě

SMSB ɉ6ʕςɮ�ŢÁɝʶ˂ 1
3βP0'̕i?˿ƯīƤɾ�ľ
]P�ȹñƢƸ� 

ͻͻąƒıŔΰ�iŵßjõ]Śεˬ

ɺ-�œƁɢɪƨ�Ğ�ɺ«ɤƤɾ˿

5Ɛˋ'ÖƣįĒ3ġ�Ƕ§ǋ̯˿5

ƐˋƤɾ˖qįŰGĻƉ͎'̏λ� 

7. P.38 ɉû	ɥ˿͉œıɉ6�
SMSBA ÖƣĻƉȣʏǻϒǩıɻ
ňʕ�
�³ŢĻ 5.3ςx SMSBA-
40-1Ĕq�'ϒǩGôȹǗ�̭˽
Ĝ� 

ͻͻąƒıʒä�"ǯ P.38̯ƅƐl�
	˴ SMSB ÖƣųG�˿5Ɛˋŗı
SMSBA Öƣ�C 1s 8 O 1s Ƅǧ&ı
C=O�O=C−O 8−COOH ĉǅǩːGô
̉W�Ļxϒǩ(carboxyl)��ĚÖƣĻ
ƉıÅɻ̉W�ȨɪĞ˽Ĝ]̉Wqį

ŰĻƉʏǻ TEPA ıŮĒ΃­��¾Ě
Ņɺύ5ƐˋʀŨύĉǅǩ˴ϒǩ�Ķ

ĉǅǩıʩɌ9ͥ�
�¡`�siŵß

ɪĞςx�ϒǩʏǻıɻì%˴ɥ˿͉

œP8˿5Ƥɾ�lG��¡�]ɺ
×

Ƕ%�ɥ˿͉œÐUȹ̲ı˿5Ɛˋȃ

}� 
8. Ĕ�̓͂ŢÁø��ȏĒ�żŢɝ
ʶ̓ɩeÇ�̭ɲĜɝʶ̓ɻ˴

error bar� 

ͻͻąƒıŔΰ�iŵßĚƁɢɔkɪ

ƨŗ�Ȅǔ˖ų΢ıŵß̓͂ɺ«ƆΏ

ʶσ�Ěų�ǹü�ʶσ83ġȃ}��

PƆΏ3ġɪĞ'ˬǭœ´ůɻ5ś

̖�ɺ§̠yʶσ̓͂ı�ȏĒ� 
9. Ȗ_ȵ�ɉû\ǖƢȌ'Ɓ˫�ŗ
ƉɪĞjςȏ�̭ʱT˽Ĝ� 

ͻͻąƒıʒä�iːɿ"ǯ\ǖƢȌ

Ɓ˫'ɻ5ś̖ǁ�ɔkȽÃĈ̡i0

C&� 
10. iȽÃɉ8ŞɨȑʚƉͥr�

SMSB-TEPA ˺ȭ�iŢÁ]¯˫
ì˴cǥų΢ŮĒ˦Öƣ*ųG

ͻͻąƒıŔΰ�i�œƁɢċγĚÏ

Ȣʝđ�Ì˴ɣƚʀŨ(TRL 2)�şƑƣ�
5̿��ɧ˺ȭ�iʻΣP¯˫�Ǹi
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ʻ� ŵß½r̍ȂϏYůɅͭÖƣ�ʸʟΐ

ȿṀƫ¶ʐ�ù�iƢƸø
Ĉͣʊ�

jõżǯÏȢĚ˔σŐȤ̗ɺ«ʶσ�

É�ÏȢ΢΁Xǅɽɣ˴ɝʶ(TRL 3)�
]ɺ
×ǔ˖ąƒŔΰ�ǯϏYqįŰ

̬�Öƣı˺ȭ�i˴cǥŮĒ˦Öƣ

'�i
öǁ�¦ɻ� 
ąƒ_ 
2. ǫ«ɺœ8�Ğȗ�Ɓɢƥ'Ȥ
ˍ� 
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