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⊥γܳ⻨䔶᠖ᕔȡⷞ⊥∂⮱хౕ߬λ㘪์䔶᠖ᕔࡴ

ܧ⊥λݖᰶ 喑⋞ܧ⊥ڒ๔䛼ᰶФ䛾ᆋ䔈ٺAs喑 䖬ܧ

⋟͚As⮱䯳͚ั⤳Вࣷ⊥ܧ⍐͚ᰶФ䛾ᆋ⮱ఋᩣȡ
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嗀11- 12嗂ȡ⩞λ

SbȠ Sn⮱๔䛼⊥ܧчᄩ㜡As̻SbȠ Snܳ⻨̺ᒨᏂ喑 
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Ꮣ喑 䛴⩕͑⃢ⷞ⊥ጒ㞧喑 ҬSbȠ SnౕѻⷞᏓ᲎У̸

Ⅱ㼐↶⋭䔈ڒ⍐Ⱕ喑 㔹As݆Ԋ⪆ౕ⋟Ⱕ͚喑 ϻ㔹჋

⣝䔶᠖ᕔ㙞AsᎣहₒჹ䯳SbহSnȡ

1 试　验

1.1 仪器与试剂

䄂侹ͨ㺮Зகᰶ喟 C3- 6661- 01ಸ倅䕌ㆶⶻᱧ

喍χ䕌ᬧ̷⊤ੳ䉥ᰶ䭽ڙथ喎喠 DF- 101Sಸ䯳☚ᐼᕿ
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⍖ᤲ߈ⷮ☚ߍ៹க喍̷⊤߈䓝䗓㺬Зக⻾ឭᰶ䭽ڙ

थ喎喠 SHZ- D喍ĕ喎ಸᓗ⣜Ⅱᐼⱌ⾧∢喍጖ͶጯεࡻЗ

கᰶ䭽ڙथ喎喠 iCAP 7400ಸ⩢ᙌ㕓वぶ⻨ၽҀࣾ

ᄱٶ䅞З喍ICP- OES喑 䊈吅下̓ᅁ⻾ឭᰶ䭽ڙथ喎喠 

D8 ADVANCEಸXᄱ㏬㵺ᄱЗ喍XRD喑 ᓤపጰ冮ٸ

ၽ㘪䅞З喍XPS喑 䊈吅⩢ٶथ喎喠 Nexsa G2ಸXᄱ㏬ڙ

下̓ᅁ⻾ឭᰶ䭽ڙथ喎ȡ䄂侹䄂࠲ݯ᠙ⷠ䚥䧍Ƞ 䓴

थڙ䭽ᰶݯ႓䄂ࡃ⅏ぶ喑 ౴ͧܳᲽ㏜喑 ⩞ప㢜ࡃ⅔

᣽ӈȡ

1.2 原料组成

䄂侹࣌᫆ͧ᳽䧲䨹ۣ◩ࢯⵤ䨾䩎ڞ↶⋭⍐喑 ڣ
ͨ㺮ࡃ႓᜽ܳ㻮㶕 1ȡ䄒ⵤ䨾䩎⍐͚Asक़䛼倅䓫

17.52%喑 SbȠ Snक़䛼ܳ36.28ͧݘ%Ƞ 9.54%喑 ڣЃ᜽

ܳक़䛼䒰ѻȡ

表1 砷锑锡渣的主要化学成分

Table 1 Main chemical composition of arsenic-antimony-tin residue （%， mass fraction）

᜽ܳ As Sb Sn Pb Te

ᵤ৮1 17.60 36.38 9.58 1.05 0.53

ᵤ৮2 17.44 36.17 9.50 1.06 0.51

Ꭰ౴क़䛼 17.52 36.28 9.54 1.06 0.52

ఫ1ȟⵤ䨾䩎⍐㶕ᒮ喟 喍a喎XRDఫ䅞喠 喍b喎XPSఫ䅞喠 喍c喎SEM- EDSܳᲽ

Fig. 1ȟCharacterization of arsenic- antimony- tin residue喟 喍a喎 XRD pattern喠 喍b喎 XPS spectra喠 喍c喎 SEM- EDS analysis

ⵤ䨾䩎⍐⮱XRD≸䄂㐀᳉ຯఫ 1喍a喎᝭⹧喑 ज
㻮㵺ᄱምⰥᄦ䒰ც喑 㶕ᬻͨ㺮➖Ⱕ⮱㐀ᮣᏓ䒰ѻȡ

䄒⍐䮑क़ᰶSbAsO4Ƞ Sn3喍AsO4喎4 ぶᮣҀ㏱ܳใ喑 䔅
ႅౕ๔䛼ᬍჇᒏ㏱ܳȡ䔆᭜⩞λౕⵤ䨾ڞ↶⋭䓴⼸

͚喑 ᒭᒭч⩌᜽๔䛼ᬍჇᒏ㐀Ჱ⮱ⵤ䨾䚥嗀2喑13嗂ȡͧ

䔈̭ₒᬻ⶛⍐ٰ͚㉍⮱ࡃ႓⟣ᔮ喑 䛴⩕XPSᄦAsȠ 
SbȠ Sn䔈㵹ФᔮܳᲽȡధⰥAs 3d5/2ఫ䅞㏼ܳም᠌व

ऻᓄ͗͑ݝ➦ᒮም喑 ܳݘᄦᏁλAs喍ĕ喎⮱44.6 eV

হAs喍ė喎⮱46.0 eV嗀14嗂ȡSb⮱XPS䅞ఫ͚喑 540.3 eV
হ531.1 eV⮱͑͗ምܳݘᄦᏁSb 3d3/2̻Sb 3d5/2㐀व

㘪喑 ̻᪴⡛្䖀⮱Sb喍ĕ喎➦ᒮም̭㜡嗀14- 16嗂ȡSn 3dఫ

䅞㏼᠌वऻ喑 ౕ496.4 eVহ488.0 eVัܧ⣝͑͗ም喑 
ᑿᆋλSn 3d3/2ݘܳ হSn 3d5/2喑 ౴ͧSn喍Ė喎⮱➦ᒮ

ም嗀14喑17嗂ȡϻఫ 1喍b喎ज㻮喑 Asͨ㺮ВAs喍ė喎ᒏᐼႅ

喍ౕ81.74℁ࢍ%喎喑 SbВSb喍ĕ喎Ƞ SnВSn喍Ė喎ᒏᐼႅ

ౕȡఫ1喍c喎ͧ ⵤ䨾䩎⍐⮱ម᣼⩢ၽ᭫ᓛ䪉 - 㘪䛼㞟
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᪐Xᄱ㏬㘪䅞喍SEM- EDS喎ܳ Ჽ㐀᳉ȡࡧഌ1㘪䅞᭫

⹧喑 ͨ㺮ٰ㉍ͧOȠ AsȠ SbࣷSnȡٰ ㉍䲏ܳጰఫ㶕ᬻ喑 
SbȠ Sn⮱ܳጰࡧഌ̻AsȠ O倅Ꮣ䛺व喑 ᢛₑᣕ≸Sb
হSnܳݘВSbAsO4হSn3喍AsO4喎4⮱ᒏᐼ䉸ႅ喑 䄒㐀

᳉ज̻XRD➖ⰥܳᲽⰥο࢝䃮ȡ

㐩व̷䔝ܳᲽजⴒ喑 䄒ⵤ䨾䩎⍐ͨ㺮⩞ⵤ䚥䨾

喍SbAsO4喎Ƞ ⵤ䚥䩎嗀Sn3喍AsO4喎4嗂ぶࡃव➖㏱᜽ȡ

1.3 试验方法

ധλѻⷞᏓ᲎У̸As̻SbȠ Sn⊥ܧ➦ᕔ⮱ጛ

ᐯ喑 ᱙ⵁ⾣䛴⩕͑⃢ⷞ⊥∂ጒ㞧჋⣝㙞ⵤ喑 ࢠĄ̭

⃢㏜ⷞ⊥ܧ+ι⃢ⷞ⅔⊥ܧąȡͧ䔈̭ₒ᣽倅Sb⮱

ఋᩣ⢴喑 ᄦ̭⃢㏜ⷞ⊥ܧ⋟䔈㵹⅔ࡃ↶䨾喑 Ꭳᄳ↶

䨾⍐䔁ఋ̻̭⃢㏜ⷞ⊥ܧ⍐⌤वȡڤҀₒ俑ຯ̸喟 
1喎̭ ⃢㏜ⷞ⊥ܧ喟 ः10 gⵤ䨾䩎⍐᎟⍐喑 ᠶ䃫

Ⴧ⮱㏜ⷞ /⍐䉕䛼℁হ⋟ధ℁䙺ݣⷞ⋟喑 ᄳⷞ⋟̻

᎟⍐ڒߍιऐ☔⨣͚⌤व喑 ౕᠴჇ⍖Ꮣ̸ᤲ៹ࣺᏁ

̭Ⴧᬣ䬡ȡ

2喎ι⃢ⷞ⅔⊥ܧ喟 ः10 g̭⃢㏜ⷞ⊥ܧ⍐喑 ᠶ
䃫Ⴧ⮱㏜ⷞ /⍐䉕䛼℁হ⋟ధ℁䙺ݣⷞ⋟喑 ᄳⷞ⋟

̻ⷞ⊥⍐ڒߍιऐ☔⨣͚喑 ڒߍ䔯䛼䓴⅔ࡃ⅏喑 ౕ
ᠴჇ⍖Ꮣ̸ᤲ៹ࣺᏁ̭Ⴧᬣ䬡ȡ

3喎⅔ࡃ↶䨾喟 ः̭⃢㏜ⷞ⊥ܧ⋟喑 ڒߍ䔯䛼ࣹ

⅔Ⅱ喑 ፥⍖ᤲ៹ࣺᏁ̭Ⴧᬣ䬡ȡࣺᏁ㐀᲌ऻధ⋟

ܳ⻨喑 ܳݘᩣ䯳⊥ܧ⋟হ⊥ܧ⍐Ꭳ䔮ᷭȡ䛴⩕ ICP-

OES≸Ⴧ⊥ܧ⋟͚AsȠ SbȠ Sn⮱क़䛼喑 Ꭳ䃎ツऱٰ

㉍⮱⊥ܧ⢴ȡ䃎ツڙᐼຯ̸喟 
 η=喍C1fV1喎/喍m0fω0喎f100% ᐼ喍1喎
ᐼ͚喟 η为䛾ᆋٰ㉍⊥ܧ⢴喑 %喠 C1ͧ⊥ܧ⋟͚䛾ᆋٰ

㉍䉕䛼⊀Ꮣ喑 g/L喠 V1ͧ⊥ܧ⋟Ҁ⼜喑 L喠 m0ͧᒲ⊥ܧ⍐

ᵤ䉕䛼喑 g喠 ω0ͧᒲ⊥ܧ⍐ᵤ͚䛾ᆋٰ㉍䉕䛼ܳ᪝喑 %ȡ

2 结果与讨论

2.1 水溶液中Sb（Ⅲ）和Sn（Ⅳ）的形态分布

႓Ꭰ㶎䃎ツ䒜УVisual MINTEQᄦࡃ⤰ౝ⩕ݖ

Sb喍ĕ喎- Sn喍Ė喎- H2OҀ㈨䔈㵹὎᠌䃎ツ喑 㣤ᓄҀ㈨͚

ͨ㺮ࡃ႓ᒏᔮ䮼pH⮱अࡃ㻱ᒸ喑 㐀᳉ຯఫ2᝭⹧ȡ

ͧ㐆ⷞ⊥ጒ㞧᣽ӈ⤳䃧ᠴᄩ喑 ᱙㞯䛺◦ܳᲽⷞᕔ᲎

У̸SbহSn⮱ᒏᔮअࡃȡ⩞ఫ2喍a喑 b喎ज㻮喑 䮼Ɑ

⏣⋟ϻᑧⷞᕔाѻⷞᕔअࡃ喑 Sb喍ĕ喎হSn喍Ė喎[݊
໸Sb喍ĕ喎=0.05 mol/L喑 ݊໸Sn喍Ė喎=0.05 mol/L]ॵ⣝

Ⱕѩ⮱ᒏᔮ⑁अ䊸߬喟 ज⏣⮱Sb喍OH喎4
−হSn喍OH喎6

2− 
䔽⌽䒙̺ͧࡃ⏣⮱Sb喍OH喎3喍s喎হSn喍OH喎4喍s喎ȡф

᝭কⴒ喑 Asౕⷞᕔ᲎У̸ᰶڤ㞜ສ⏣㼐ᕔ喑 ́pH䊷

倅䊷ᰶݖλAs⮱⊥ܧȡ఍ₑ喑 䕇䓴व⤳䄰ᣔⷞᏓ喑 
जҬSbহSnⅡ㼐䔈ڒధⰥ喑 㔹AsԊ⪆ౕ⋟Ⱕ͚喑 
ϻ㔹჋⣝As̻SbȠ Sn⮱ܳ⻨ȡ䔆ͧ͑⃢ⷞ⊥∂჋

⣝䔶᠖ᕔ㙞AsᎣჹ䯳SbȠSn᣽ӈγᬻ⶛⮱☚߈႓

ӊᢛȡ

ఫ2ȟ̺हpH㠰డڲSb喍ĕ喎হSn喍Ė喎⮱ࡃ႓ᒏᔮ

Fig. 2ȟChemical forms of 喍a喎 Sb喍ĕ喎 and 喍b喎 Sn喍Ė喎 in various pH ranges

䔈̭ₒܳᲽఫ2जⴒ喑 SbⅡ㼐↶⋭ࢍధⰥͨ㺮

᜽ܳ⮱pH䒙ៅ◦ͧ11.8喑 SnᄦᏁ䒙ៅ◦݆ͧ10.3ȡ
ౕpH=9ᬣ喑 Sb喍OH喎3喍s喎হSn喍OH喎4喍s喎⮱ݘܳ℁ࢍ

倅䓫99.84%হ99.88%ȡᢛₑज⶛Ⴧ喟 Sbϻ⋟Ⱕ⏣

㼐ࡧाధⰥ↶⋭ࡧ䓴⍎⮱pHࡧ䬡ͧ9.0~11.8喑 Snᄦ

Ꮑࡧ䬡ͧ9.0~10.3ȡι㔲⮱䛺ऍpH㠰డͧ9.0~10.3喑 
䄒䛺ऍࡧₐ᭜䕇䓴ⷞᏓ䄰ᣔ჋⣝As̻SbȠ Snܳ⻨喑 
Ꭳჹ䯳SbȠ Sn⮱ज㵹⿄ऐȡ
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2.2 一段纯碱浸出

ͧᬻ⶛̭⃢㏜ⷞ⊥ܧ䓴⼸͚ऱ఍㉍ᄦAsȠ SbȠ 

Sn⊥ܧ㵹ͧ⮱ᒞ৺喑 㔰ᄌγ㏜ⷞ /⍐䉕䛼℁Ƞ ⋟ధ

℁Ƞ ⊥ܧ⍖Ꮣࣷ⊥ܧᬣ䬡ぶ఍㉍⮱ᒞ৺喑 㐀᳉ຯఫ3 

᝭⹧ȡ䄒䭣⃢⮱ᵥᓰࣺᏁຯᐼ喍2喑 3喎᝭⹧喑 ڣ᱙䉕

ͧⵤ䚥⯽ܳ㼐̻SbȠ Sn⮱Ⅱ㼐हₒ䔈㵹喑 ι㔲Ⱕο

㕓व喑 ڞह۠Ⴧγऱٰ㉍ౕ⋟ధ͑Ⱕ䬡⮱ܳ䙺㵹ͧȡ

 2SbAsO4+6OH−+喍x- 3喎H2Oī2AsO4
3−+Sb2O3·xH2O

ᐼ喍2喎

 Sn3喍AsO4喎4+12OH−ī4AsO4
3−+3Sn喍OH喎4 ᐼ喍3喎

ఫ3喍a喎ᆂ⹧γ㏜ⷞ /⍐䉕䛼℁喍ⷞ᫆℁喎ᄦAsȠ 

SbȠ Sn⊥ܧ⢴⮱ᒞ৺喑 䮼Ɑⷞ᫆℁⩞ 㜠ࡴ0.9 2.4喑 

⽠ᓛ䭺ऻ䊸ٵ⢴ܧ⊥㜠9.54喑AsࡴpH⩞8.80⋞ܧ⊥

喍ϻ78.44%䭺㜠75.14%喎喑 SbȠ Sn⊥ܧ⢴݆ٵᕒ̸ޔ

䭺ऻᄼ፲ఋࡴ喑 ι㔲ܳ13.73⩞ݘ%Ƞ 33.88%䭺㜠ᰭ

ѻթ8.76%Ƞ 4.72%喍ⷞ᫆℁1.8喎喑 ͸ऻ⪒ᰶࣺᑦȡѻ

ⷞ᫆℁ᬣ喑 OH−⊀Ꮣᰶ䭽喑 ⵤ䚥⯽ϲ݊ₒܳ㼐喑 Sb3+ 

হSn4+Ⅱ㼐̺ܳٲ喑 Ϻ๔䛼⪆ႅλ⋟Ⱕ喠 䮼ⷞ䛼෋

 ВSb2O3·xH2Oহݘ喑 ᐼ喍2喑 3喎Ꭰ㶎ठ⼨喑 SbȠ Snܳߍ

Sn喍OH喎4 ⮱ᒏᐼ↶⋭ڒ⍐喑 हᬣ᫝⩌Ⅱ㼐㘣Ҁᄦ

AsO4
3−ϔ⩌॥䭱 䭺ऻٵ⢴ܧ⊥᳉喑 ᄩ㜡As᩵⋬↶ڞ/

⽠嗀18- 19嗂ȡⷞ᫆℁䓫1.8ᬣ喑 ܳ㼐 - Ⅱ㼐ࡼहᰭҠ喑 As

 ⢴౴䭺㜠ᰭѻȡܧ⊥⢴⽠Ⴧλ75.14%喑 SbȠ Snܧ⊥

㐔㐚෋ߍⷞ᫆℁㜠2.4喑 䓴䛼OH−ᑂࣾSb2O3·xH2Oহ

Sn喍OH喎4 ⮱͑ᕔ⏣㼐喑 ⩌᜽Sb喍OH喎4
−হSn喍OH喎6

2 −喑 

SbȠ Snᄼ፲䔁⏣ȡ㐩̷᝭䔝喑 ᰭҠⷞ᫆℁ͧ1.8ȡ

ఫ3喍b喎㶕ᬻ喑 ⋟ధ℁⩞5ń1෋㜠12ń1ᬣ喑 As⊥

⩞⢴ܧ 㜠ࡴ59.11% 75.46%喑 Sn⊥ܧ⢴⩞ ࡴ3.12%

㜠 5.62%喑 Sb⊥ܧ⢴⽠Ⴧౕ 9%ጓठ喑 pHധ᱙ᕿჇ

⋞⏣䬡ȡ෋๔⋟ధ℁Ӱ䔈γధⰥ̻ࡧ9.27~9.17ౕ

ఫ3ȟ̭⃢㏜ⷞ⊥ܧ᲎У⮱ᒞ৺喟 喍a喎㏜ⷞ /⍐䉕䛼℁喍⋟ధ℁10ń1喑 80 ℃喑 60 min喎喠 喍b喎⋟ధ℁喍㏜ⷞ /⍐䉕䛼℁1.8喑 80 ℃喑 
60 min喎喠 喍c喎⍖Ꮣ喍㏜ⷞ /⍐䉕䛼℁1.8喑 ⋟ధ℁10ń1喑 60 min喎喠 喍d喎ᬣ䬡喍㏜ⷞ /⍐䉕䛼℁1.8喑 ⋟ధ℁10ń1喑 80 ℃喎

Fig. 3ȟEffects of first- stage soda leaching conditions喟 喍a喎 Na2CO3/arsenic- antimony- tin residue mass ratio 喍liquid- to- solid ratio of 10ń1喑 
80 ℃喑 60 min喎喠 喍b喎 Liquid- to- solid ratio 喍Na2CO3/arsenic- antimony- tin residue mass ratio of 1.8喑 80 ℃喑 60 min喎喠  
喍c喎 Temperature 喍Na2CO3/arsenic- antimony- tin residue mass ratio of 1.8喑 liquid- to- solid ratio of 10ń1喑 60 min喎喠  

喍d喎 Time 喍Na2CO3/arsenic- antimony- tin residue mass ratio of 1.8喑 liquid- to- solid ratio of 10ń1喑 80 ℃喎



73

Ვࢲぶ  ͑ ⃢ⷞ⊥ጒ㞧ϻⵤ䨾䩎⍐͚㙞ⵤࣷჹ䯳䨾䩎⮱ⵁ⾣ 2026年第4期

⋞⮱ᣒ㼓喑 Ҭᐼ喍2喑 3喎ाठ䔈㵹喑 हᬣ෋๔ܳٲ⮱

ⰥҀ⼜ᰶݖλAsO4
3−ࣷᬣܳ᪐喑 ۼᄾ㘣Ҁ॥䭱喑 ఍ₑ

As⊥ܧ⢴᭫㦄᣽ࡴȡSb3+Ⅱ㼐ऄpHͨᄩ喑 ఍pHᕿ

Ⴧ㔹Ԋᠮ⽠Ⴧ嗀3嗂喠 Sn4+Ⅱ㼐݆ऄ⊀Ꮣᒞ৺喑 ⋟ధ℁෋

๔䭺ѻγ݊໸Sn4+⊀Ꮣ喑 Ҭ↶⋭⏣㼐Ꭰ㶎ᬣ⋟Ⱕ₸

⪆Sn䛼ࡴ倅喑 ᩲSn⊥ܧ⢴ᄼ፲̷ࡴ嗀20嗂ȡک䶫As倅
᩵㙞䮑̻SbȠ Sn⍐Ⱕჹ䯳喑 ⶛ჇᰭҠ⋟ధ℁ͧ10ń1ȡ

ఫ 3喍c喎ᆂ⹧γ⍖ᏓᄦAsȠ SbȠ Sn⊥ܧ⢴⮱ᒞ

৺ȡ⍖Ꮣ⩞50 ℃ࡴ㜠90 ℃ᬣ喑 As⊥ܧ⢴ࡴٵऻ䭺

喍ϻ 㜠ࡴ70.61% 75.04%ऻ䭺㜠 74.66%喎喑 ౕ 80 ℃
ᬣ䓫ݝምթȡ SbȠ Sn⊥ܧ⢴ᠮ㐚̸䭺喑 ܳݘ⩞

10.55%Ƞ 11.89%䭺㜠7.87%Ƞ 4.37%喠 pHധ᱙⽠Ⴧλ

9.26~9.30ȡ⍖Ꮣࡴ倅Ӱ䔈γᐼ喍2喑 3喎ाठ䔈㵹喑 ह
ᬣߍᔘγSb3+হSn4+Ⅱ㼐↶⋭⮱߈ߕ႓䕌⢴喑 ఍ₑ

SbȠ Sn⊥ܧ⢴ᠮ㐚䭺ѻȡAsౕ⍖Ꮣͧ80 ℃В̸ᬣ⊥

ᰶ⪑喑 㔹90 ℃ᬣࡴ倅⎽λⵤ䚥⯽ܳ㼐᩵⢴᣽ࡴ⢴ܧ

̸䭺喑 ᣕ≸᭜᫝⩌Ⅱ㼐㘣ҀᄦAsO4
3 −⮱॥䭱࠲㸦᝭

㜡ȡ఍ₑ喑 ᰭҠ⊥ܧ⍖Ꮣͧ80 ℃ȡ

ఫ3喍d喎㶕ᬻ喑 As⊥ܧ⢴ౕ5~10 min74.01⩞ڲ%
䓲䕌ࡴ㜠79.06%喑 䮼ऻ㑀ᚏ䭺㜠120 min⮱72.44%ȡ 
SbȠ Sn⊥ܧ⢴ᠮ㐚䭺ѻ喑 ܳ12.88⩞ݘ%Ƞ 15.10%䭺

㜠7.67%Ƞ 4.79%喠 pH⩞9.52䭺㜠9.26ȡࣺᏁ݊期ⵤ

䚥⯽ᔘ䕌ܳ㼐喑 AsȠ SbȠ Sn䯳͚䛷ᩫ喑 As⊥ܧ⢴ౕ

10 minᬣ䓫ምթȡ䮼ࣺᏁ䔈㵹喑 Sb3+Ƞ Sn4+ᠮ㐚Ⅱ㼐

↶⋭喑 ᫝⩌㘣Ҁ॥䭱AsO4
3−Ꭳ̻ڞڣ↶⋭喑 ᄩ㜡̶㔲

⢴౴̸䭺ȡࣺᏁ60 minऻSbȠ Sn䭺፲䊸㑀喑 ѳܧ⊥
AsϺᠮ㐚ᢌ๞喑 ᐣ䪬ࣺᏁᬣ䬡̺ݖλܳ⻨ȡ㐩̷᝭

䔝喑 ⶛ჇᰭҠࣺᏁᬣ䬡ͧ60 minȡ
䰭ᠴܧ⮱᭜喑 хࡃ᲎У̸As⊥ܧ⢴㏓ͧ75%喑 

᱗㘪჋⣝Ⴙڕ㙞䮑喑 ͨ㺮ᑿ఍λВ̸̶᫦䲏喟 ̭ڣ喑 
Ҁ㈨pH㏓ͧ9.3喑 ⷞᕔⰥᄦ⍖হ喑 ज㘪ᅇ᱗䓫ݝⵤ

䚥䨾Ƞ ⵤ䚥䩎Ⴙܳڕ㼐᝭䰭⮱ࡃ႓߬䬵թ喑 㜡Ҭ䘕

ܳⵤ䚥⯽ᮣᵩ᱗㷘ܳٲⵡ౼喑 ₸ႅAsϺВ᲌㑇ᔮ

␋⪆λధⰥ͸͚喠 ڣι喑 䮼Ɑⵤ䚥⯽ܳ㼐ࣺᏁ⮱䔈

㵹喑 䛷ᩫܧ⮱Sb3+Ƞ Sn4+䓲䕌Ⅱ㼐⩌᜽⮱Sb2O3·xH2OȠ  
Sn喍OH喎4 㘣Ҁᄦ⏣⋟͚AsO4

3 −ϔ⩌॥䭱ᝃڞ↶⋭҉

⩕喑 Ҭ䘕ܳጟ䔈ڒ⋟Ⱕ⮱Asں⁎䒙⼨㜠ధⰥ喠 ڣ
̶喑 ᫝⩌Ⅱ㼐㘣Ҁիाλౕ᱗ࣺᏁ䷄ㆿ㶕䲏↶⼜喑 
ᒏ᜽➖⤳࠲㸦ᅯ喑 䭨ⶺOH−̻ڲ䘕ⵤ䚥⯽⮱ᰶ᩵ᣒ

㼓喑 䔈̭ₒើݣγAs⮱⊥ࣺܧᏁȡ

2.3 二段碱氧浸出

⩞2.2㞯ܳᲽजⴒ喑 ऄ䭽λҀ㈨pH᲎УࣷSbȠ 
SnⅡ㼐ϔ➖⮱॥䭱 ⍐͚ܧ⊥㸦᩵Ꮑ喑 ̭⃢㏜ⷞ࠲/

Ϻक़ᰶ㏓6%⮱As喑 ࡃڣ႓᜽ܳ㻮㶕2ȡ

表2 一段纯碱浸出渣的主要化学成分

Table 2 Main chemical composition of first-stage soda leaching residue （%， mass fraction）
᜽ܳ As Sb Sn Pb Te
ᵤ৮1 5.76 44.78 12.04 1.22 0.61
ᵤ৮2 5.68 46.19 12.66 1.26 0.63
Ꭰ౴क़䛼 5.72 45.49 12.35 1.24 0.62

ധλ2.1㞯pH⿄ऐܳᲽ㐀᳉喍pH=9.0~10.3ͧܳ

⻨ज㵹⿄ऐ喎喑 ᱙㞯ౕధჇ㏜ⷞ /⍐䉕䛼℁ͧ1.5喍Ҁ

㈨pH<11喎⮱᲎У̸჋᫪ι⃢ⷞ⅔⊥ܧ䄂侹喟 ̭᫦

䲏᣽倅ⷞᏓ喑 ӰҬ᱗ࣺᏁ⮱ⵤ䚥⯽㐔㐚ܳ㼐喑 Ꭳᑂ

ࣾ䘕ܳSbȠ SnⅡ㼐㘣Ҁ⮱͑ᕔ⏣㼐喑 䛷ᩫ㷘॥䭱Ƞ 
H2O2喑 ᄳ㘣ᔮSb2O3·xH2Oڒ㸦⮱As喠 ओ̭᫦䲏ᑂ࠲
࠲౼ᔮNaSb喍OH喎6↶⋭喑 䕇䓴ᮣಸ䒙अⵡᮣͧࡃ⅔

㸦㐀Ჱ喑 ࣺڣᏁຯᐼ喍4喎᝭⹧ȡВ̭⃢㏜ⷞ⊥ܧ⍐

ͧ࣌ 喍᫆10 g/⁎喎喑 ӊ⁎㔰ᄌH2O2⩕䛼Ƞ ⋟ధ℁Ƞ ⍖
ᏓࣺࣷᏁᬣ䬡ᄦAsȠ SbȠ Sn⊥ܧ⢴⮱ᒞ৺ȡ

 Sb2O3·xH2O+2H2O2+2OH−+2Na+ī2NaSb喍OH喎6+喍x- 3喎H2O 
ᐼ喍4喎

ఫ4喍a喎㶕ᬻ喑 H2O2⩕䛼⩞0෋㜠0.6 mL/g喍Вⵤ

䨾䩎⍐䉕䛼䃎喑̸ ह喎ᬣ喟 As⊥ܧ⢴⩞47.83%ࡴ㜠

71.15%喑 ͸ऻ⪒䭺㜠70.32%喠 Sn⊥ܧ⢴⩞9.78%ᕒ

⢴໸㏵ѻλ2.06%喑 㑀ᚏ䭺㜠ܧ⊥䭺㜠1.52%喠 Sbޔ

0.92%喠 Ҁ㈨pH⩞10.87䭺㜠10.15ȡAs⊥ܧ⢴⮱᣽

ᮣͧࡃ⅔㸦As⮱㘣ᔮSb2O3·xH2O࠲ᑿ఍λH2O2ᄳࡴ

ᔮNaSb喍OH喎6喑 ⵡ౼࠲㸦㐀Ჱ䛷ᩫAs喠 H2O2 䓴䛼ᬣ

As⪒䭺喑 ज㘪̻pH䭺ѻݷᑞⵤ䚥⯽ܳ㼐侞ᰶ߈ߕ

В䯫⏣Sb2O3·xH2Oࣷڣ⢴໸㏵䒰ѻ喑 ఍ܧ⊥ȡSbڠ

⢴ᠮ㐚ܧ⊥ϔ➖NaSb喍OH喎6ᒏᐼ⽠Ⴧႅౕ喠 Snࡃ⅔

̸䭺݆᭜pH䭺ѻҬज⏣Sn喍OH喎6
2 −ाSn喍OH喎4 ↶⋭

䒙ࡃ᝭㜡ȡ㐩̷᝭䔝喑 ⶛ჇH2O2ᰭҠ⩕䛼ͧ0.6 mL/gȡ
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⩞ఫ4喍b喎जⴒ喑 ⋟ధ℁⩞5ń1෋㜠8ń1ᬣ喟 As⊥
㜠71.15%喑 ͸ऻ䊸λᎠ⽠喠 SbȠ Snࡴ⢴⩞56.56%ܧ
Ƞ 1.70%ั%1.07ౕݘ喑 ι㔲ܳࡴ⪑ᓛ䭺ऻٵ⢴ܧ⊥

䓫ᰭݝѻ◦喠 pH⽠Ⴧλ10.16~10.20ࡧ䬡ȡ෋๔⋟

ధ℁Ӱ䔈γధⰥ̻ⷞ⋟⮱ܳٲᣒ㼓喑 ᰶݖλ㷘࠲㸦

As⮱䛷ᩫВࣷSbȠ Sn⮱⌞ᏓⅡ㼐↶⋭喠 ⋟ధ℁䊲䓴

8ń1ऻ喑 ऱ⊥ܧ⢴अࡃ፲Ꮣ౴ᒵᄼ喑 䄡ᬻࣺᏁ䊸λᎠ

㶎ȡ㐩व㔰㭾喑 ⶛ჇᰭҠ⋟ధ℁ͧ8ń1ȡ
ຯఫ4喍c喎᝭⹧喑 ⊥ܧ⍖Ꮣ⩞50 ℃ࡴ㜠90 ℃ᬣ喟 

As⊥ܧ⢴⩞ 53.29%ᠮ㐚ࡴ㜠 71.15%喠 SbȠ Sn⊥ܧ

⢴ܳݘ⩞ 1.88%Ƞ 9.90%䭺㜠 1.07%Ƞ 1.76%喠 pH⽠

Ⴧλ10.15~10.20ȡ⍖Ꮣࡴ倅̭᫦䲏Ӱ䔈γ㷘࠲㸦

As⮱䛷ᩫ喑 ओ̭᫦䲏ߍ䕌γSbȠ Sn⮱Ⅱ㼐↶⋭喑 ఍
ₑAs⊥ܧ⢴ᠮ㐚᣽ࡴ喑 SbȠ Sn఍↶⋭ڒ⍐㔹⊥ܧ⢴

̺᫚̸䭺ȡ90 ℃ᬣAs⊥ܧ⢴䓫ምթ71.15%喑 SbȠ Sn
⢴౴䭺㜠ᰭѻȡ㐩व㔰㭾ܳ⻨᩵᳉̻㘪㕄喑 ⶛ܧ⊥
ჇᰭҠ⊥ܧ⍖Ꮣͧ90 ℃ȡ

ఫ4喍d喎ᆂ⹧γࣺᏁᬣ䬡ᄦAsȠ SbȠ Sn⊥ܧ⢴⮱

ᒞ৺ȡAs⊥ܧ⢴⩞5 minᬣ⮱33.18%ࡴ㜠90 minᬣ

⮱71.24%喑 120 minᬣ⪒䭺㜠69.36%喠 Sn⊥ܧ⢴ࡴٵ

㜠15 minᬣ⮱19.03%喑 䮼ऻᠮ㐚䭺㜠1.77%喠 Sb⊥

⢴໸㏵ѻλ2.48%喑 㑀ᚏ䭺㜠1.13%喠 pH⩞10.57ܧ
䭺㜠10.31ȡࣺᏁ݊期喍<15 min喎Ҁ㈨pH䒰倅喑 ⵤ䚥

⯽ܳ㼐䛷ᩫAsȠ SbȠ Sn喑 हᬣH2O2⮱⅔҉ࡃ⩕ӰҬ

㷘࠲㸦As䛷ᩫ喑 ఍ₑAsহSn⊥ܧ⢴ᔘ䕌̷ࡴ喠 Sn
⢴ౕ15 min䓫ምթऻᠮ㐚̸䭺喑 ᑿ఍λҀ㈨pHܧ⊥
䮼ࣺᏁ䔈㵹䔽⌽䭺ѻ喑 ӰҬ䛷ᩫ⮱ज⏣Sn喍OH喎6

2 − 
ᢛͨᄩȡSbࢍ喑 Ⅱ㼐䔽⌽ࡃᏓाSn喍OH喎4↶⋭䒙ں
໸㏵В䯫⏣➖Ⱕ⽠Ⴧౝ⪆λ⍐ⰥȡࣺᏁ90 minऻAs
㷘⁎ں⢴⪒ᰶ̸䭺喑 ज㘪̻䓴ᏓࣺᏁ̸䘕ܳAsܧ⊥

᫝⩌↶⋭॥䭱ᰶڠȡ㐩व㔰㭾ܳ⻨᩵᳉̻㘪㕄喑 ⶛
ჇᰭҠࣺᏁᬣ䬡ͧ90 minȡ

ι⃢ⷞ⅔⊥ܧ䓴⼸͚Ҁ㈨pH⽠Ⴧౕ10.3ጓठ喑 
ᖝัλ2.1㞯ܳ⻨ज㵹⿄ऐ喍pH=9.0~10.3喎⮱̷䭽ȡ

ఫ4ȟι⃢ⷞ⅔⊥ܧ᲎У⮱ᒞ৺喟 喍a喎H2O2⩕䛼喍⋟ధ℁10ń1喑 90 ℃喑 90 min喎喠 喍b喎⋟ధ℁喍H2O2⩕䛼0.6 mL/g喑 90 ℃喑 90 min喎喠  
喍c喎⍖Ꮣ喍H2O2⩕䛼0.6 mL/g喑 ⋟ధ℁8ń1喑 90 min喎喠 喍d喎ᬣ䬡喍H2O2⩕䛼0.6 mL/g喑 ⋟ధ℁8ń1喑 ⍖Ꮣ90 ℃喎

Fig. 4ȟEffects of second- stage alkaline oxidative leaching conditions喟 喍a喎 H2O2 dosage 喍liquid- to- solid ratio of 10ń1喑 90 ℃喑 90 min喎喠  
喍b喎 Liquid- to- solid ratio 喍H2O2 dosage of 0.6 mL/g喑 90 ℃喑 90 min喎喠 喍c喎 Temperature 喍H2O2 dosage of 0.6 mL/g喑  

liquid- to- solid ratio of 8ń1喑 90 min喎喠 喍d喎 Time 喍H2O2 dosage of 0.6 mL/g喑 liquid- to- solid ratio of 8ń1喑 90 ℃喎
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䄒pH᲎У̸喑 Sn喍OH喎4 হSb2O3·xH2O౴㘪⽠Ⴧႅ

ౕλధⰥ喑 ᱗ࣾ⩌ᬻ᭫͑ᕔ⏣㼐喠 हᬣ䒰倅⮱ⷞᏓ喑 
 㸦As⮱䛷ᩫȡ఍ₑ喑࠲λⵤ䚥⯽㐔㐚ܳ㼐ࣷ㷘ݖᰶ
ᄳι⃢ⷞ⅔⊥ܧpHᣔ10.3ౕݣጓठ喑 ᭜ౕ㐡ᠮSbȠ 
SnధⰥ⽠Ⴧ⮱ݺ᣽̸჋⣝As⌞Ꮣ㙞䮑⮱ᰭхⷞᏓ

䔶᠖喑 䄒㐀䃧̻2.1㞯pH⿄ऐܳᲽᒏ᜽⤳䃧䬚⣜ȡ

2.4 氧化沉锑

ͧ䔈̭ₒ᣽倅Sb⮱ఋᩣ⢴喑 ᄦ̭⃢㏜ⷞ⊥ܧ⋟

䔈㵹H2O2⅔ࡃ↶䨾ั⤳喑 ᄳ⏣⋟͚ज⏣ᕔSb喍ĕ喎䒙

 Ꮑຯᐼ喍5喎᝭⹧喟ࣺڣᕔSb喍ė喎↶⋭ȡ⏣̺ͧࡃ
 Sb喍OH喎4

−+H2O2+Na+īNaSb喍OH喎6Ĭ ᐼ喍5喎
ः̭Ⴧ䛼̭⃢㏜ⷞ⊥ܧ⋟喑 ܳࡃ⅔ڒߍݘ↶䨾

⤳䃧⩕䛼 1.0Ƞ 2.0Ƞ 3.0Ƞ 4.0Ժ⮱H2O2喍30%喎喑 ࣺᏁ

120 minऻ喑 SbȠ SnȠ As↶⋭⢴䮼H2O2⩕䛼⮱अࡃຯ

ఫ5᝭⹧ȡ䮼ⱭH2O2⩕䛼⩞⤳䃧䛼⮱1.0Ժ෋㜠3.0
Ժ喑 Sb↶⋭⢴⩞74.70%᭫㦄᣽ࡴ㜠86.83%喠 㐔㐚෋

㜠4.0Ժᬣ喑 ↶⋭⢴ϲᄼ፲ࡴ㜠87.08%喑 ෋፲䊸λ

Ꭰ㑀ȡSn⮱䘕ܳ↶⋭ͨ㺮᭜⩞λH2O2ڒߍᑂ䊤pH
̸䭺喑 ϻ㔹䄞ᄩⅡ㼐↶⋭ȡAs⮱↶⋭⢴໸㏵Ԋᠮౕ

䒰ѻⅡᎠ喍1.02%~2.74%喎喑 ڣᓛ䛼⮱↶⋭ज㘪᭜Sn
Ⅱ㼐ϔ➖ᄦ⏣⋟͚As⮱॥䭱ڞ↶⋭᝭㜡ȡ㐩व㔰

㭾Sb⮱⅔ࡃ↶⋭᩵⢴ࣷ䄂ݯ⊵㕄᜽᱙喑 ⶛ჇH2O2 
ᰭҠ⩕䛼ͧ⤳䃧䛼⮱3.0Ժȡ

2.5 综合条件浸出试验

ᵦᢛ̷䔝ࢂ఍㉍䄂侹㐀᳉喑 ͑⃢ⷞ⊥㙞Asጒ㞧

⮱хࡃឭᱜ࣯᪝ͧ喟 
1喎̭ ⃢㏜ⷞ⊥ܧ喟 ㏜ⷞ /⍐䉕䛼℁1.8Ƞ ⋟ధ℁

10ń1Ƞ ⍖Ꮣ80 ℃Ƞ ᬣ䬡60 minȡ
2喎ι⃢ⷞ⅔⊥ܧ喟 ㏜ⷞ /⍐䉕䛼℁1.5Ƞ H2O2⩕

䛼0.6 mL/g⍐Ƞ ⋟ధ℁8ń1Ƞ ⍖Ꮣ90 ℃Ƞ ᬣ䬡90 minȡ
⍐⌤वऻ䔈㵹ιܧ⊥䨾⍐̻̭⃢㏜ⷞ↶ࡃ⅔ 喑͚ڣ

⃢ⷞ⅔⊥ܧ㙞Asั⤳ȡ

ᵦᢛ̷䔝хࡃ᲎У喑 䔈㵹γ20 g⮱㐩व᲎У䄂

侹喑 ⊥ܧ⋟Ƞ ⊥ܧ⍐⮱ᷭ≸㐀᳉ࣷ⊥ܧ⢴䃎ツ㐀᳉ຯ

㶕3᝭⹧ȡ㏼͑⃢ⷞ⊥㙞Asั⤳ऻ喑 ι⃢ⷞ⅔⊥ܧ

⍐ͧᰭ㏵㙞Asϔ➖喑 ⍐⢴75.1%喑 Ꭰ౴Asक़䛼1.81%ȡ

㏼ᵥツ喑 ᪡͗ั⤳ጒᎼ㐩व㙞As⢴ͧ92.14%喑 SbⰡ
ᩣ⢴ͧ97.74%喑 SnⰡᩣ⢴ͧ95.44%ȡ ఫ6ͧጒ㞧≮

⼸䃫䃎ఫ喑᭫ ⹧γ䄒ጒ㞧⮱᪡Ҁ䉕䛼Ꭰ㶎ȡ

2.6 渣样的性质变化特征

2.6.1 XRDܳᲽ

ᄦ 2.5㞯ऱ䭣⃢᝭ᓄϔ➖⍐ᵤܳݘःᵤ䔈㵹

XRDܳᲽ喑 㐀᳉ຯఫ7᝭⹧ȡ⩞ఫ7जⴒ喟 ⵤ䨾䩎⍐

㏼̭⃢㏜ⷞ⊥ܧऻ喑 㙞䮑γ㏓75%⮱As喑 ⵤ䚥䨾̻

ⵤ䚥䩎⮱➦ᒮ㵺ᄱም⊵๞喑 㶕ᬻᮣڣᵩ㐀ᲱౕOH− 
҉⩕̸㷘ⵡ౼喑 ᄦᏁᐼ喍2喎⮱ܳ㼐ࣺᏁ喠 हᬣ喑 SbⅡ

㼐⩌᜽⮱㘣ᔮSb2O3·xH2Oౕ᎟✒䓴⼸͚㙞Ⅱ䒙ͧࡃ

ᮣᔮSb2O3喑 ఍ₑ̭⃢㏜ⷞ⊥ܧ⍐⮱ͨ➖ⰥͧSb2O3ȡ

̭⃢㏜ⷞ⊥ܧ⋟㏼⅔ࡃ↶䨾ั⤳ऻ喑 ᝭ᓄ↶䨾⍐⮱

ͨ➖ⰥͧNaSb喍OH喎6喑 Ꭳѡᰶᄾ䛼Sb2O3喑 ᄦᏁᐼ喍5喎
᝭⹧⮱Sb喍OH喎4

⍐݆ܧ⊥⅔Ꮑȡι⃢ⷞࣺ⋬↶ࡃ⅔−

हᬣक़ᰶNaSb喍OH喎6হSb2O3͑⻺➖Ⱕ喑 㶕ᬻ䘕ܳ㘣

ᔮSb2O3·xH2O㏼H2O2 ᔮNaSb喍OH喎6ȡᮣͧࡃ䒙ࡃ⅔

̷䔝䨾➖⻺⮱➖Ⱕ⑁अ㻱ᒸ喑 ̻2.2~2.4㞯ऱ䭣⃢ጒ

㞧᲎Уࣷ⊥ܧ㵹ͧܳᲽ㐀᳉̭㜡ȡₑใ喑 Sn喍OH喎4 
ॵᬍჇᒏ㐀Ჱ喑 ౕXRDఫ䅞͚᱗㻯ᄌڣݝ㵺ᄱምȡ

ఫ5ȟH2O2⩕䛼ᄦ䛾ᆋ↶⋭⢴⮱ᒞ৺

Fig. 5ȟEffects of H2O2 dosage on precipitation rate of metals

表3 综合条件试验结果

Table 3 Comprehensive condition test results
࣯᪝ As Sb Sn

喍200 mL喎̭ ⃢㏜ⷞ⊥ܧ⋟᜽ܳ /喍g/L喎 13.22 3.161 0.450 9
喍200 mL喎⅔ࡃ↶䨾ऻ⋟᜽ܳ /喍g/L喎 12.97 0.441 3 0.262 7
喍130 mL喎ι⁎ⷞ⅔⊥ܧ⋟᜽ܳ /喍g/L喎 4.856 0.522 3 0.246 1
喍14.94 g喎̭ ⃢㏜ⷞ⊥ܧ⍐᜽ܳ /% 5.76 44.33 12.17
喍1.40 g喎⅔ࡃ↶䨾⍐᜽ܳ /% 3.23 38.85 2.69
喍15.02 g喎ι⃢ⷞ⅔⊥ܧ⍐᜽ܳ /% 1.81 47.16 12.11
⋟䃎㐩व⊥ܧ⢴ /% 92.05 2.15 4.43
⍐䃎㐩व⊥ܧ⢴ /% 92.24 2.36 4.69
㐩व㙞ⵤ⢴ /% 92.14
Ⱑᩣ⢴ /% 97.74 95.44
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2.6.2 XPSܳᲽ

䞡λⵤ䨾䩎⍐ౕऱࣺᏁ䭣⃢͚ͨ㺮ࣾ⩌Sb⮱Ф

ᔮअࡃ喑 ᱙ⵁ⾣ᄦऱࣺᏁ䭣⃢᝭ᓄ⍐ᵤ䔈㵹XPS- Sb
ܳᲽ喑 㐀᳉ຯఫ8᝭⹧ȡ⩞ఫजⴒ喑 Sb 3dఫ䅞ॵ⣝̺

ᄦ⼝⮱ࣹም㐀Ჱ喑 ܳݘᄦᏁSb 3d3/2̻Sb 3d5/2ȡ㏼ܳ

ም᠌वั⤳ऻ喑 ͑䅞ም౴⌲ᮝܳ䓕͑ܧ⻺Sbࡃ႓⣜

ධ喟 Ѻλ539.4 eVহ530.2 eV⮱ምᑿᆋλSb喍ĕ喎喑 ᄦ
ᏁSb2O3喠 Ѻλ540.0 eVহ530.8 eV⮱ምᑿᆋλSb喍ė喎喑 
ᄦᏁNaSb喍OH喎6ȡ 䄒㐀᳉̻᪴⡛្䖀̭㜡嗀14喑21嗂ȡ

䔈̭ₒܳᲽऱ䭣⃢⍐ᵤ͚Sb⮱Фᔮܳጰजⴒ喟 

ⵤ䨾䩎⍐㏼̭⃢㏜ⷞ⊥ܧऻ喑 ᝭ᓄ̭⃢㏜ⷞ⊥ܧ⍐

͚Sbڕ䘕ВSb喍ĕ喎ᒏᐼႅౕ喠 ⅔ࡃ↶䨾⍐͚SbႹ

Sb喍ĕ喎ౕ⮱͚⋞ܧ⊥Sb喍ė喎喑 㶕ᬻ̭⃢㏜ⷞͧڕ ⅔

⍐͚ܧ⊥⅔Sb喍ė喎喠 ι⃢ⷞͧࡃ⅔䨾䓴⼸͚㷘↶ࡃ

݆हᬣक़ᰶSb喍ė喎হSb喍ĕ喎喑 55.12ͧݘܳ℁ࢍڣ%
হ44.88%喑 䄡ᬻ䄒䭣⃢हᵤࣾ⩌γSb喍ĕ喎ाSb喍ė喎

ȡ㐩वXRD➖ⰥܳᲽ̻XPSФᔮܳᲽࡃ䒙ࡃ⅔⮱

㐀᳉喑 ι㔲Ⱕο࢝䃮喑 ౴̻䶱期⮱ࣺᏁᱧ⤳̭㜡ȡ

2.6.3 SEM- EDSܳᲽ

䛴⩕SEM- EDSᄦ̭⃢㏜ⷞ⊥ܧ⍐̻ι⃢ⷞ⅔

 ႓᜽ܳ䔈㵹㶕ᒮȡ̻ࡃࡧ⍐⮱䷄ㆿᒏ䆹ࣷᓛܧ⊥
࣌໸ⵤ䨾䩎⍐Ⱕ℁喑 ̭⃢㏜ⷞ⊥ܧ⍐⮱㘪䅞ܳᲽ 

嗀ఫ 9喍a喎嗂᭫ ⹧ڣAsक़䛼᭫㦄䭺ѻ喑 ᑿ఍λ̭⃢㏜

ⷞ⊥ܧ䓴⼸͚As㷘๔䛼㙞䮑ȡSEMఫ׼㶕ᬻ喑 䄒
⍐ᵤ㶕䲏ͨ㺮ॵ⣝͑⻺ڥಸᒏ䆹喟 ಄⟣ٶ⏾㐀Ჱ̻

ఏ㖇⟣䷄ㆿ㐀Ჱȡ㐀व㘪䅞䲏ܳጰ㐀᳉जⴒ喟 Sbॵ

䯳͚ܳጰ➦ᒮ喑 ᄦᏁ಄⟣ٶ⏾㐀Ჱ喑 जݑჇ䄒➖Ⱕ

ͧSb2O3喠 Snॵᑒ᪐ܳጰ喑 ̻ఏ㖇⟣䷄ㆿ㐀ᲱⰥᄦ

Ꮑ喑 㐀वXRDܳᲽ͚᱗ᷭܧSnᮣⰥ⮱㐀᳉喑 जݑჇ

䄒ఏ㖇ҀͧᬍჇᒏSn喍OH喎4ȡթᓄ∕ᘼ⮱᭜喑 Asౕ
⍐ᵤ͚ॵᑒ᪐ܳጰ喑 ́⾧䬡ܳጰ̻SbȠ Sn⮱ܳጰࡧ

ഌ倅Ꮣ䛺ऍ喑 㶕ᬻ₸҆⮱AsᎣ䲋⠙⿸᜽Ⱕ喑 㔹᭜㷘

Sb2O3হSn喍OH喎4䷄ㆿ᝭࠲㺳ᝃ॥䭱λڣ㶕䲏ȡ䔆̭

ఫ6ȟጒ㞧≮⼸᪡Ҁ䉕䛼Ꭰ㶎⹧ᘼఫ

Fig. 6ȟOverall mass balance for the proposed process

砷锑锡渣（20 g）
（As 17.52%,  Sb 36.28%,

Sn 9.54%）

一段纯碱浸出液（200 mL）
（As 13.22 g/L, Sb 3.161 g/L,

Sn 0.4509 g/L）
一段纯碱浸出

一段纯碱浸出渣（14.94 g）
（As 5.76%, Sb 44.33%, Sn

12.17%）
氧化沉锑

氧化沉锑渣（1.4 g）
（As 3.23%, Sb 38.85%，

Sn 2.69%）

氧化沉锑后液（200 mL）
（As 12.97 g/L, Sb 0.4413 g/L,

Sn 0.2627 g/L）

二段碱氧浸出

二段碱氧浸出渣（15.02 g）
（As 1.81%, Sb 47.16%, 

Sn 12.11%）

二段碱氧浸出液（130 mL）
（As 4.856 g/L, Sb 0.5223 g/L,

Sn 0.2461 g/L）

ఫ7ȟⵤ䨾䩎⍐ࣺᏁऱ䭣⃢⍐ᵤXRD㶕ᒮఫ䅞

Fig. 7ȟXRD patterns of arsenic- antimony- tin residue samples at 
various reaction stages
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ఫ8ȟⵤ䨾䩎⍐ࣺᏁऱ䭣⃢⍐ᵤXPS - SbܳᲽఫ䅞 : 喍a喎̭ ⃢㏜ⷞ⊥ܧ⍐Sb2O3; 喍b喎⅔ࡃ↶䨾⍐NaSb(OH)6喠 
喍c喎ι⃢ⷞ⅔⊥ܧ⍐Sb2O3হNaSb(OH)6

Fig. 8ȟXPS- Sb spectra of arsenic- antimony- tin residue samples at various reaction stages: (a) Soda leaching residue (Sb2O3);  
(b) Antimony oxide precipitation residue [NaSb(OH)6]; (c) Secondary alkali- oxygen leaching residue [Sb2O3 and NaSb(OH)6]

ఫ9ȟ喍a1~a8喎̭ ⃢㏜ⷞ⊥ܧ⍐হ (b1~b8喎ι⃢ⷞ⅔⊥ܧ⍐⮱SEM- EDSܳᲽ喟 喍a1喎⍐ᵤᩫ๔5 000ԺSEMఫ׼喠 喍a2喎ᄦᏁ喍a1喎EDS
䲏មܳᲽ㐀᳉喠 喍a3~a6喎ᄦᏁ喍a1喎ٰ ㉍䲏មܳጰఫ喠 喍a7喎⍐ᵤᩫ๔50 000ԺSEMఫ喠 喍a8喎ᄦᏁ喍a7喎EDS◦មܳᲽ㐀᳉喠  

喍b1喎⍐ᵤᩫ๔5 000ԺSEMఫ喠 喍b2喎ᄦᏁ (b1)EDS䲏មܳᲽ㐀᳉喠 喍b3~b6喎ᄦᏁ喍b1喎ٰ ㉍䲏មܳጰఫ喠  
喍b7喎⍐ᵤᩫ๔50 000ԺSEMఫ喠 喍b8喎ᄦᏁ喍b7喎EDS◦មܳᲽ㐀᳉

Fig. 9ȟ(a1~a8) SEM- EDS analysis of first- stage soda leaching residues and (b1~b8) second- stage alkaline oxidative leaching residues:  
(a1) SEM image of residue sample magnified 5 000 times; (a2) corresponding EDS surface scanning analysis result of (a1); (a3~a6) 

corresponding surface scanning elemental distribution maps of (a1); (a7) SEM image of residue sample magnified 50 000 times;  
(a8) corresponding EDS point scanning analysis result of (a7); (b1) SEM image of residue sample magnified 5 000 times;  

(b2) corresponding EDS surface scanning analysis result of (b1); (b3~b6) corresponding surface scanning elemental  
distribution maps of (b1); (b7) SEM image of residue sample magnified 50 000 times;  

(b8) corresponding EDS point scanning analysis result of (b7)
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喑 㜡ܧ⊥㺳㐀Ჱౕ̭Ⴧ⼸Ꮣ̷䭨ⶺγAs⮱䔈̭ₒ࠲

Ҭ̭⃢㏜ⷞ⊥ܧऻϺᰶ䘕ܳAs₸⪆λ⍐Ⱕ͚ȡ

ఫ9喍b喎ͧ ι⃢ⷞ⅔⊥ܧ⍐⮱SEM- EDSܳᲽ㐀

᳉ȡ㘪䅞ܳᲽ㶕ᬻ喑 Ⱕ䒰λ̭⃢㏜ⷞ⊥ܧ⍐喑 䄒⍐

ᵤ͚Asक़䛼䔈̭ₒ̸䭺喑 䃮჋ι⃢ⷞ⅔⊥ܧ䓴⼸

͚Asࣾ⩌γںᏓ⊥ܧȡSEMఫ᭫׼⹧喑 ㏼ι⃢ⷞ⅔

 ऻ喑 ⍐ᵤᒏ䆹᪡Ҁॵ⤰ᒏ䷄ㆿ⟣喑 ́䷄ㆿ㶕䲏ܧ⊥

㺳ᰶ刋❴⟣㐀Ჱ喑 䄒ᒏ䆹䒙अ̻Sb2O3࠲ 䒙ͧࡃ

NaSb喍OH喎6⮱䓴⼸ჳܴⰥڠȡ

3 结　论

1喎䦵ᄦⵤ䨾䩎⍐͚As̻SbȠ Snܳ⻨ఝ䯫⮱䬛䷅喑 

ധλSb喍ĕ喎- Sn喍Ė喎- H2OҀ㈨☚߈႓ܳᲽ喑 ⶛ჇⷞᏓ

䄰ᣔ⮱Ⱕܳ⻨pH⿄ऐͧ9.0~10.3喑 ᢛₑ᣽ܧĄ̭⃢㏜

ⷞ⊥ܧ+ι⃢ⷞ⅔⊥ܧą͑ ⃢ⷞ⊥㙞Asጒ㞧喑 Ꭳ䒲

В⅔ࡃ↶䨾∂ఋᩣSbȡ ̭⃢㏜ⷞ⊥࣯ܧ᪝ͧ喟 ㏜ⷞ / 

⍐䉕䛼℁1.8喑 ⋟ధ℁10ń1喑 ⍖Ꮣ80 ℃喑 ᬣ䬡60 min喠 

䨾࣯᪝ͧ喟 H2O2↶ࡃ⅔ ⩕䛼ͧ⤳䃧䛼⮱3Ժ喑 ࣺᏁ

120 min喠 ι⃢ⷞ⅔⊥࣯ܧ᪝ͧ喟 ㏜ⷞ /⍐䉕䛼℁1.5喑 

H2O2 ⩕䛼 0.6 mL/g喑 ⋟ధ℁ 8ń1喑 ⍖Ꮣ 90 ℃喑 ᬣ䬡

90 minȡ䄒ጒ㞧჋⣝γAs⮱䔶᠖ᕔ㙞䮑̻SbȠ Sn⮱

倅᩵ჹ䯳ȡ

2喎ౕ ᰭх㐩व᲎У̸喟 ⵤ䨾䩎⍐͚Asक़䛼⩞

17.52%䭺㜠1.81%喑 㐩व㙞ⵤ⢴䓫92.14%喠 SbȠ SnⰡ

ᩣ⢴ܳ97.74ͧݘ%হ95.44%喑 ౴ჹ䯳λ㏵⍐ȡᱧ⤳

ⵁ⾣㶕ᬻ喟 ̭⃢㏜ⷞ⊥ܧᬣ喑 ⵤ䚥⯽ౕOH−҉⩕̸ܳ

㼐䛷ᩫAsO4
3 −喑 हᬣSb3+হSn4+Ⅱ㼐⩌᜽Sb2O3·xH2O

হSn喍OH喎4 㘣Ҁ喑 䘕ܳAs㷘॥䭱 㸦㔹₸ႅλ⍐࠲/

Ⱕ喑 Ҁ㈨pHᣔ9.3ౕݣ喠 ι⃢ⷞ⅔⊥ܧᬣ喑 H2O2जᄳ
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Two-Stage Alkaline Leaching for Arsenic Removal and Simultaneous Sb-Sn En-
richment from Arsenic-Antimony-Tin Residue

Yang Ting1喑2喑3喑Sun Yunlong1喑2喑3喑Zhang Hongke1喑2喑3喑Peng Qingliang1喑2喑3喑Xiong Wei1喑2喑3喑Chen Xixiang3喑Duan Linqiao4喑

Deng Youan5喑Tang Huaquan5

(1. Jiangxi Copper Technology Institute Co.喑 Ltd.喑 Nanchang 330096喑 China喠 2. Jiangxi Copper Company Limited 

Nanchang R&D Center喑 Nanchang 330096喑 China喠 3. Jiangxi Copper Company Limited喑 Nanchang 330096喑 China喠 

4. Jiangxi Jiangtong Tongxin Environmental Protection Technology Co.喑 Ltd.喑 Shangrao 334114喑 China喠 5. Jiangxi 

Copper Lead & Zinc Metal Co.喑 Ltd.喑 Jiujiang 332000喑 China)

Abstract喟To address difficulties in separating arsenic (As) from antimony (Sb) and tin (Sn) in arsenic- antimony- tin residue, a thermodynamic 

analysis of Sb(ĕ ) - Sn( Ė) - H2O system was conducted, and pH control window for phase separation was determined to be 9.0~10.3. 

Accordingly, a two- stage alkaline leaching process consisting of first- stage soda leaching and second- stage alkaline oxidative leaching was 

proposed for arsenic removal, supplemented by oxidative precipitation of antimony for its recovery. Effects of key parameters on As removal 

and Sb/Sn separation were systematically investigated, and the optimal conditions for each stage were determined. Under the optimized 

conditions, As content in the residue decreased from 17.52% to 1.81%, achieving an overall As removal rate of 92.14%, while direct 

recovery rates of Sb and Sn reached 97.74% and 95.44%, respectively. Mechanistic analysis revealed that during the first- stage leaching, 

arsenate decomposed to release AsO4
3 − , while simultaneous hydrolysis of Sb3+ and Sn4+ generated colloidal Sb2O3·xH2O and Sn(OH)4, 

which adsorbed and encapsulated arsenic. In the second- stage leaching, H2O2 oxidized the colloidal Sb2O3·xH2O to crystalline NaSb(OH)6 

precipitate, disrupting encapsulation structure and enabling further release of arsenic. Phase and valence transformations were verified by 

X- ray diffraction (XRD), X- ray photoelectron spectroscopy (XPS) and scanning electron microscope with energy dispersive spectroscopy 

(SEM- EDS) characterizations. This process enabled selective removal of As and simultaneous enrichment of Sb and Sn.
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