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烟气单质汞氧化去除过程络合反应机理 
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摘要：湿法氧化去除烟气 Hg0过程中产物 Hg2+易发生络合反应,络合产物可能改变氧化体系形成新反应机制,这一现象尚未被认识研究.为获得 Hg2+络

合物生成及其对烟气脱汞影响机理,研究了配体阳离子、配体浓度、反应 pH 值、反应温度和摩尔比等对 Hg2+络合反应的影响和氧化去除烟气 Hg0的

络合反应机理.结果表明 MgCl2、KCl、NiCl2和 BaCl2配体均能与 HgCl2形成络合物,而 CuCl2和 SnCl4则不能生成络合物.络合物生成量随配体浓度的

增加先升高然后趋于平衡;络合反应在酸性环境下发生且不受 pH 值变化影响;碱性环境下络合反应不能进行;反应温度基本不影响络合反应效应;增加

配体浓度可提高络合物产量,不同配体络合效应不同,但最大吸光度基本相同,为(4.20±0.03)A.配体对络合反应有响应区间,低于区间下限值时不能形成

络合物,高于上限制值时络合物产量不随配体浓度而变化.HgCl2络合反应累积稳定常数 β4=1015.07;[HgCl4]
2-可螯合Hg(aq)和O2(aq)使其与ClO

-

和Hg2Cl2

反应,形成氧化-络合氧化反应新机理. 
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Study on the mechanism of complexation reaction in the process of mercury removal from flue gas. NENGZI Li-chao1,3, SUN 
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Abstract：The product Hg2+ was prone to complexation during the process of wet oxidation to remove Hg0 from flue gas. The 

complexation product may change the oxidation mechanism to form a new reaction mechanism. This phenomenon has not been 

studied. The effects of ligand cation, ligand concentration, reaction pH, reaction temperature and molar ratio on the complexation 

reaction of Hg2+ and the complexation mechanism in the oxidation removal of Hg0 in flue gas were studied. The results showed that 

MgCl2, KCl, NiCl2 and BaCl2 could be complexed with HgCl2 but neither CuCl2 or SnCl4. The amount of complex formation 

increased first with ligand concentration increasing and then tended to be equilibrium. The acidic reaction environment was 

beneficial to the complexation reaction and not affected by the pH change. However, the complexation reaction could not occur in the 

alkaline reaction environment. The reaction temperature did not affect the complexation reaction. The absorbance of all the 

complexes produced was basically the same, this value was (4.20 ± 0.03) A. The mercury complexation reaction had a response 

interval to the ligand concentration. When the ligand concentration was less than the lower limit of the interval, complex could not be 

formed. When the ligand concentration was more than the upper limit of the interval, the complex yield did not change with the 

ligand concentration. When the mercury atom sp orbit was recombined, it was difficult for the 6d empty orbit to participate in the 

hybridization to form a high-spin outer rail type complex. The cumulative stability constant β4 was 1015.07. The complex [HgCl4]
2- 

had the ability to chelate Hg(aq) and O2(aq), then react with ClO
-

 and Hg2Cl2. A new oxidation-complexation oxidation reaction 

mechanism was formed. 

Key words：flue gas mercury；complexation reaction；HgCl2；reaction mechanism 
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1  材料与方法 

1.1  éê 
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图 1  实验装置系统示意图 

Fig.1  System schematic of experimental device 

«�V验装置如图 1 所示,该装置��由���

�F�器�混�加¨器(玻璃填ê�加¨°�Ú�仪

组U)���器(双层�空玻璃é�)�þÚ水浴装置

:�ü组U.N2(纯Û 0.999)aS载�=>转Ù流�

ýz�F�器��渗透管(VICI Metronics ÷ø,美

国)挥F����°��另Q路平衡�(N2)â±混

�加¨器.混�y匀á加¨至预*ÚÛâ±��器

�,经砂芯y匀ü布�@�TB吸收���,吸收后

�尾�=>g29锰gì1�吸收AB后û排. 
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图 2  络合反应实验系统示意图 

Fig.2  Schematic diagram of complexation reaction 

experimental system 

HgCl2放置于干燥器Á 24h�上, MgCl2:
�

使cÊ于烘箱� 220℃烘干至þ重使c.��储+�,

从储+��定�取c1�加±双层玻璃��瓶�

��,��1� pHpc pHSù3C 测定,��ÚÛcþ

Ú水浴锅��,��1�c磁力搅拌·â[搅拌y

匀,��样品由 UVù2550úûüªªÛý测定. 

2  结果与讨论 

2.1  HgCl2及��
ª谱ü析 

¢ �����TB'(>��逐渐积累�

��
 Hg
2+
%��>� Cl

-

!U��
 .移取

1mg/mL � HgCl2 kl储+��置U 0.05, 0.10, 

0.125, 0.15, 0.16mg/mL 待测�,$ 1100~190nm 波s

范围Ác UVù2550 型úûüªªÛýü别â[ª

谱扫描. 

由图 3 %知,HgCl2 1�úûª谱扫描$波s

200nm X�?吸收峰,´吸收峰随着1�� HgCl2

浓Û�增加q升9.1��HgCl2浓Û从 0.05mg/mL

增加至 0.16mg/mL X ,吸ªÛ从 0.735A 升9至

2.201A.²³,HgCl2 úû%见ª吸收波sS 200nm.

S确定1� HgCl2浓Û�吸ªÛ\¿�线2ÏÐ2,
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a HgCl2kl曲线,如图 4. 
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图 3  HgCl2紫外可见光光谱扫描图 

Fig.3  HgCl2 ultraviolet visible spectrum scan 
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图 4  氯化汞标准曲线图 

Fig.4  Mercury chloride standard curve 

kl曲线]�"S y=3.0876+2.0235x(x S

HgCl2浓Û,yS HgCl2浓ÛS xX�吸ªÛ),线2Ï

Ð�数S 0.9992,线2ÏÐÛ良好. 

&^TB吸收'(¢ �������U

HgCl2,q1��Cl
-

ÏÓ>�X%����HgCl2�

�
.S³,向 HgCl2 1��加± NiCl2(使1��

CHgCl
2
=0.10mg/mL�CNiCl

2
=10mg/mL),~å����

��@.HgCl2及NiCl2�����$1000~190nm�

波s范围â[ª谱扫描. 

由图 5 %知,HgCl2� NiCl2������
仅

$úû%见ª波sS 232nm X�?吸收峰,ÏÓ

HgCl2 1�吸收峰波s�显红移.Hg
2+
./� Cl

-

!

U��
��力,��总��S: 

 HgCl2+nCl
-

→[HgCln+2]
2-n

 (1) 

增� Cl
-

浓Û,��平衡向�U[HgCln+2]
2-n
]向

移动,q��
[HgCln+2]
2-n
�HgCl2�B¸结构及ä

�不W,两PmÙ跃迁�]"F�Ä改变,²³吸收

波s红移´��
吸ªÛ~9Ä 2.09A. 
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图 5  络合物紫外可见光谱扫描图 

Fig.5  UV-Vis absorption spectra of complex 

2.2  �@×ØÙÓ�����ßà 

2.1�HgCl2�NiCl2�����
�ó属�心Ø

Ù/ Hg
2+
� Ni

2+
,S验证!UÄ Hg

2+
S�心ØÙ��

�
,b择不W×ØÙ�vB
aS�@,Õ查其×Ø

ÙÓ Hg
2+
��
!U�ßà.bc<S常见�vB


MgCl2�KCl�NiCl2�BaCl2S�@, ü别�0.10mg/mL 

HgCl2 1�â[����,浓Û*置S 0.10mg/mL+ 

3mg/mL,0.10mg/mL+5mg/mL,0.10mg/mL+7mg/mL,c

úû%见ªâ[ª谱扫描,结Ñ如图 6. 
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 HgCl2+MCln→[HgCln+2]
2-n

+M
n+

 (2) 

 HgCl2+MCl2→[HgCln1+MCln2] (3) 

 HgCl2+MCln→[MCln+2]
2-n

+Hg
2+

 (4) 

"�:MCln 表示vB
;[HgCln+2]
2-n
�[HgCln1]表示

HgCl2 ���
;[MCln2]�[MCln+2]
2-n

表示vB


MCln���
. 

��(2)��� MCln�@~å Cl
-

� HgCl2!

U��
,假*ö定1�� HgCl2浓Û,á不Ã增加

Cl
-

则��
�����于平衡.��(3)只/$1

� Cl
-

ÏÓ HgCl2� MClny>�X才�F�.��

(4)�求 HgCl2aS�@V? MCln�����,假

*ö定1��HgCl2浓Û即~åCl
-

�固定,不Ã增

加 MCln�浓Û,则!U���
z²�@ Cl
-

不足

q减少至不���.S验证上述假*,定� HgCl2浓

Û,不Ã增加 MgCl2�KCl�NiCl2� BaCl2 浓ÛÕ

查��
变B .结Ñ表������
总�只�

HgCl2 浓ÛÏÐ,��@×ØÙ无Ð,þ定 HgCl2 浓

Û ,则不W�@æ������
总�þ定 . 

MgCl2�KCl�NiCl2� BaCl2�@���
��吸

ªÛÏW,ü别S 4.17, 4.23,4.17� 4.23A. 根è朗

伯ùÞÝ定律: 

 0lg
t

I
A c l

I
ε= ⋅ ⋅ =  (5) 

"�:I0 S±射ª�Û;It S透>ª�Û;c S
�浓

Û;lS�层厚Û;εSÜÝ吸ª�数. 

吸ªÛ�
��浓ÛU正Þ,由³%�确定按

��"(2)â[,��"(3)���"(4)不F�.²³,

¢ ������TB'(>�� ,ó属×ØÙ

Mg
2+
�K

+
�Ni

2+
� Ba

2+
Ó�����ßà不显著,

����Ï�� Cl
-

浓Û/Ð. 

2.3  �@浓ÛÓ�����ßà 

1���@>�才�诱F HgCl2 ����

�,HgCl2 浓ÛS 0.10mg/mL,ÕÖ不W�@浓ÛS

3,5,7,9,11� 20mg/mLÓ�����ßà,如图 7(a)

所示. 

~9�@浓Û/利于�����F�,��


随�@浓Û�增加�升9,然后�于平衡.HgCl2 �

�@ MgCl2�KCl�NiCl2 � BaCl2 !U���
,

�@浓Û 3~7mg/mLX吸ªÛ随�@浓Û�增9快

速增�;7~11mg/mL X吸ªÛ随�@浓Û�增9缓

慢增�;�于 11mg/mL X吸ªÛ基_不随�@浓Û

�增9q增�.G�@浓Û5于 1mg/mL X,不W�

@!U���
yÌ�?吸收峰,另û�@浓ÛS

2~5mg/mLX,��
吸ªÛ随��X¿�增sÈ/

上升;浓Ûef 5mg/mL �后,吸ªÛ随����X

¿基_无变B. 
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图 7  配体浓度与物质的量浓度对络合反应的影响 

Fig.7  Effect of concentration and molar concentration of 

ligand on complexation 

由图 7(b)%见,按照�@
���浓ÛÕÖ��


���从9f5顺序S:BaCl2>NiCl2>MgCl2> KCl;

��@阴ØÙ Cl
-

数�ÕÖ��
���从9f5顺

序S :BaCl2>KCl>NiCl2>MgCl2.另ûõ验�F?�

CuCl2� SnCl4S�@X,��1�$úû%见ª扫描

X无峰也无�峰�o,��1��Ì!U HgCl2 ��


,²³ Cu2.52 cm 0 0 m
0 -1.2 l
S 1 0 0 11.2 01
/F7 3/
0 Tc
(2)Tj
/F7/F7 1 Tf
10.5 0 0 10.55 374.58 217.6404 Tm
-.00483.831 Tf
.3829 0 TD
-.0228 Tc
20„…10 TD
-.0228 Tc
(8Hg)5.5(C
(‘›)T]TJ
/  p)15 15(H4 0 TD
0 Tc
(•)2.1 l 1 Tf
.2457pÓ“”)]�ßà0 TD
-.0228 T3 -1.5533 TD
6171 TD
-.030j
/F152
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X,HgCl2 ����%�â[´吸ªÛ基_ÏW.Ó

不W1� pH pj��
吸ªÛâ[差异ü析见图

8 右j角柱!小图 ,差异变B�pSù0.079A �

0.119A,波动幅Û$ 2.97%Á.但��1� pHpü别

S 9.18 � 10.6 X,HgCl2����不�â[,��


$úûª谱扫描�无峰,也无�峰��o.��¥²

%�� HO
-

�T�孤ÓmÙ抑�Ä����.��

HgCl2����只�$g2�����â[. 
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图 8  pH 值对络合反应的影响 

Fig.8  Effect of pH on complexation 

{|}:
[2]
~�Äuvgì$g2�碱2��

����·J.g2������S: 

 2ClO
-

+Hg
0
+4H

+
=HgCl2+2H2O (6) 

碱2������S: 

 2ClO
-

+Hg
0
+H2O=HgCl2+2OH

-

 (7) 

²³,��1��只�/ÏÓ>�� Cl
-

,则��

"(6)伴随 HgCl2 ����,!UTB����@�,

Ó Hg
0
TB吸收'(��积nac;WJ,碱2hi

j��"(7)不�伴随 HgCl2����. 

2.5  ��ÚÛÓ�����ßà 

$¢ ��IJ�,ÚÛ�非常重��¾[æ

数,�ßàABYÑ.=常¢ ��经>«¬«硝(

)后吸收塔�口��ÚÛ$ 45~55 .℃_`$ 30~ 

80℃��hij,ÕÖ��ÚÛÓ�����ßà. 

从图 9 %知,����ÚÛü别S 30,40,50,60, 

70 � 80℃X ,��
吸ªÛü别S 2.772,2.623, 

2.669,2.724,2.609� 2.523A,�其算D平ypa差异

ü析如右上角柱状小图 ,吸ªÛ差异�pü别S

ù0.13� 0.119A.�� HgCl2üÙ s� p 轨Î重组

�â[轨Î¶B$5Ú�就%�â[,²³$V际

��«�工����ÚÛ$ 30~80℃X����不

受ßà. 
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图 9  反应温度对络合反应的影响 

Fig.9  Effect of reaction temperature on complexation 

2.6  
���ÞÓ�����ßà 

�@� HgCl2
���Þ�ÕÖ������

@V际c��重�æ数,�����求 Cl
-

>�,=>

Cl
-

含�/Y�� HgCl2 ��
����,�S�B

��«�TB@�架构�ü布NO~åçè. 

从图 10 %知,随着�@� HgCl2
���Þ�

增�,��
吸ªÛ逐步升9,继续增�
���Þ,

��
吸ªÛ�于平缓.��增加�@%~9��


��,不W�@��Y�不W,�@Ó HgCl2 ��

��/à�区¿,�
���Þý�,NiCl2à�区¿

S 21~188, KClà�区¿S 36~400,MgCl2à�区¿

S 28~256, BaCl2à�区¿S 13~143,5于区¿jö

pX不�!U HgCl2 ��
,9于上ö�X,��


��不随�@浓Û变B. 

$V施��IJ工�X�²地�宜地b择�

@�
���Þ,使¾[U_�5B.不W�@��

吸ªÛÓ�
���Þ不W. 

从图 11 %知,NiCl2�KCl�MgCl2� BaCl2�

HgCl2 ��!U���
��吸ªÛ基_ÏWS

(4.20±0.03)A,即��
���基_Ï:.³X BaCl2


���浓Û�
���Þ�小S 53mol/m
3
� 143,

其u� NiCl2 S 69mol/m
3
� 188,第� KCl S

147mol/m
3
� 399,�后 MgCl2S 210mol/m

3
� 569. 

Ó HgCl2 ����à�区¿â[线2ü析,如

图 12 所示. 
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即:HgCl2��共�ä结��üÙ,s� pz¥Ù轨Îæ

�轨Î¶B,其空¿构型S直线型:Cl
 229pm 

Hg
 229pm 

Cl,$水�0©Ø,���üÙ !"#$. HgCl21

��添加vB
,随着 Cl
-

�增加,�¥Ù 6s� 6p 轨

Î%�=>轨Î¶B逐级!U��
,F� sp
2
�sp

3

¶B!U��数S 3� 4���
. 

 

=常情况j,Hg
2+
���数不�于 4,但J论上

Hg
2+
���数%ef 8 甚至� 9.�¥Ù 5d 轨Î/

10 个mÙ处于全充满状 ,Þ<稳定,不�!U5¦

旋�Á轨型��
,但����更9� 6d û层空轨

Î!U9¦旋�û轨型��
. 

 

J论上=> sp
3
d�sp

3
d

2
�s p

3
d

3
:¶B!U�

�数 5~9 ���
,但!U�9¦旋�û轨型��


²�¥Ù�Á轨Î全充满状 �空轨Î�9�

�状 使其很不稳定,甚至$常Ú常8j不�â[.

èEAN规则,�¥Ù$ 6p轨Î全充满Xû层mÙe

f 18稳定结构,所� 6d空轨Î很0�U9¦旋�û

轨型��
. 

z��
�!U看aQ�列平衡��
[21-22]

,则
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3  结论 

3.1  HgCl2 及其络合物吸收波长分别为 200 和

232nm,MgCl2、KCl、NiCl2 和 BaCl2 配体均能与

HgCl2 形成络合物,生成量主要受 Cl
-

浓度影响,生产

速率受配体阳离子的影响,络合物生成量随配体浓

度的增加先升高然后趋于平衡;CuCl2 和 SnCl4 不能

与 HgCl2形成络合物. 

3.2  酸性反应环境有利于 HgCl2 络合反应发生,络

合产物基本不受 pH 值变化影响且吸光度波动小于

3%;碱性环境下 HgCl2络合反应不能进行;温度对络

合反应影响较小,反应温度从 30℃上升至 80℃时,络

合物吸光度波动小于 5%;增加配体浓度可提高

HgCl2 络合物产量,不同配体络合效应不同,但最大

吸光度基本相同为(4.20±0.03)A. 

3.3  配体对 HgCl2 络合反应有响应区间,以摩尔比

计量
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《中国环境科学》在武汉大学中国科学评价研究中心发布的第四届中国学术期刊评价中获评“RCCSE中国权威学术期刊
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个等级,评价的 6201 种中文学术期刊中有 316 种学术期刊获评权威期刊(A+),A+为得分排名前 5%的期刊.此次获得“RCCSE

中国权威学术期刊(A+)”称号的环境类期刊有 3种,《中国环境科学》在环境科学技术与资源科学技术学科内荣登榜首. 

 


