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Abstract: To study the impact of tidal effects on endogenous sulfur(S), iron (Fe),

and nitrogen (N), as well as their possible coupling, the present work investigated the
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dynamic variations of endogenous S, Fe and N using a simulated heavily polluted tidal

river system. In addition, Grey relational analysis (GRA) was applied to elucidate the

coupling of endogenous S, Fe and N behavior. The results showed a NH+
4 -N reduction

rate of (82.2±1.92)% and a TN reduction rate of (86.49±2.31)% for the simulated tidal

system. The simulation suggested that a tidal alternation facilitated the formation of

an oxic-anoxic-anaerobic microenvironment at the sediment-overlying water interface

and thus stimulated the coupled nitrification-denitrification process, which was in favor

of ammonium and total nitrogen removal. Grey relational analysis (GRA) showed the

highest integrated grey relational grade between nitrate and reduced sulfur (0.910 5) and

nitrate and iron (0.858 7) in interstitial water. The results indicated that nitrate was most

affected by reduced sulfur and iron; we postulate that endogenous sulfur and iron with

nitrogen might exist by sulfur-driven autotrophic denitrification or iron-driven autotrophic

denitrification. This study may provide reference for treatment and restoration of heavily

polluted tidal rivers.

Keywords: heavily polluted tidal river; nitrogen; sulfur; iron; coupling
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1!c���m�ÍÜ'X, éuÀ/î­�a�.¢½Sàà���'ïÄÿ��Ã��.
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1 á���{

1.1 ïÄé�

�ïÄþCYÚ.Yþæg�þ°½Êú«;Ë	¸S�ó�à. Tào� 864 m, þ

�°Ý� 10∼15 m, Y� 1∼2 m, Y6�Ý�ú��YÄå^���, �.YS
À/î­,

´�^;.�a�.­À/à�. ó�àäN/n �9æ�/:Xã 1 ¤«.

ó�àþCYÄ�nz�IXL 1 ¤«, ÙY�Ä�þ$u/LY V aYIO.

1.2 ¢�$1C�

�¢�æ^a�à��[ÎXã 2 ¤«, .ÜÁ� 5 cm [â, .YþÝ� 30 cm, ¿�

�éì|(·�|). �¢�¥a�à�Þá��[6�9Þá��$�pY ´�âcÏy
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|Nï�¹?1(½, �ÏÙ6�Ý�ú!YÄå^���, Þá��[C���6��$,

Þ�²þ6��� 0.003 cm/s, ò�²þ6��� 0.001 cm/s, zU�[ügò�ÚügÞ

�, Ù¥ò�²þ{� 8 h, Þ�{� 4 h. ÏLUÄ"ò�[à�¥Y�Ä\½ÄÑ¢�Î

¢yY ÞáCz. "�méæ^ PLC gÄ��, ¿ÏLN!"6þ����Þá�6�.

¢�ÎþCY��$pÝ� 40 cm, ±d�[ò���$Y ; �ppÝ� 60 cm, ±d5�

[Þ����pY .

N

ã 1 æ�:/n �ã

Fig. 1 Location of the Taopu River and the sampling sites

LLL 1 æææ���:::þþþCCCYYYÄÄÄ���nnnzzz555���

Tab. 1 Physiochemical characteristics of the overlying water at the sampling sites

pH
DO/ CODCr/ NH+

4 -N/ S2−/ SO2−
4 / Fe/

(mg·L−1) (mg·L−1) (mg·L−1) (mg·L−1) (mg·L−1) (mg·L−1)
V aY 6∼9 2 40 2.0 1.0 250 0.3
þCY 7.50∼8.20 0∼0.81 23.6∼149.6 7.6∼12.5 0.7∼1.6 76∼89 0.19∼0.95

15 cm

60 cm 

30 cm 

5 cm 
10 cm

14.8 cm

50 cm

70 cm

1 m

ã 2 a�.à��[C�ã

Fig. 2 Sketch of experimental setup for the tidal river simulation system
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1.3 Y��Iÿ½

�Á�¤�9�~5nz�IØ�z��>  (ORP) �!M)� (DO) ßÝ!§Ý (T )

Ú pH �¦^¤ì��ÿ½, þCYÚmYY(Y�3=� 3 000 r/min, l% 15 min �¤�)ÿ

½�I�)1zÔ (S2−)!1�í (SO2−
4 )!oc!�dc (Fe2+)!o� (TN)!R� (NH+

4 -N)

Ú�� (NO−

3 -N) �þë�5YÚ¢Yiÿ©Û�{(1 4 �)6[7]?1ÿ½.

1.4 �Ú'éÝ©Û

�ïÄ¥��1c�ÍÜ'X/Ï Data Processing System (DPS) êâ?nXÚæ^�

Ú'éÝ©Û{ (General grey reational analysis, GRA) ?1)Û. GRA ´�«Ï�©Û�{,

´3Ø���&E¥, é¤�©ÛïÄ��Ï�?1'�©Û, éÑ§��'é§Ý, uyÌ�

gñ, é�Ì�A5ÚÌ�K�Ï�. GRA é��XÚuÐCz�³?1þz, �~·ÜÄ�

�{§©Û, Ì�©�±e 6 Ú½[8-9]: � (½�NXÚ1�A��ë�ê�ÚK�XÚ1��

'�ê�; � éë�ê�Ú'�ê�?1Ãþjz?n; � ©:"z��O�; � �Úýé'

éÝ (ε
ij

) �O�; � �Ú�é'éÝ (γ
ij

) �O�±9 � �ÚnÜ'éÝ (ρ
ij

) �O�.

�ïÄ|^ GRA )Ûa��[| S2−
!SO2−

4 !Fe2+ Ú Fe3+ �þCY9mYYØÓ/�

�E�í�ÍÜ'X. Ù¥òa��[|¥ NH+
4 -N!NO−

3 -N ±9 TN ßÝCz(U��)��

A�S�, ò S2−
!SO2−

4 !Fe2+ Ú Fe3+ ù 4 ��I���Ï�S�.

2 (J�?Ø

2.1 a�.à�YY.¡ØÓ/��E�í�Cz

2.1.1 þCY¥ØÓ/��E�í�Cz

a�.­À/à�þCY¥ØÓ/���CzXã 3 ¤«. ·�|Úa��[| NH+
4 -N

�N¥eüª³. ·�|l$1m©� 5 d NH+
4 -N d (5.99±0.30) mg·L−1 O\� 7.2 mg·L−1,

�Ï��?ueüª³(�ã 3(a)), 30 d �ªu­½, ßÝ�� (2.53±0.13) mg·L−1. a��[

| NH+
4 -N dÐ©� (6.47±0.32) mg·L−1 ü� (0.31±0.12) mg·L−1. a��[| NH+

4 -N ßÝ�

�$u·�|, �ó¹$1­½Ï, a��[|þCY NH+
4 -N �~Çp� (82.2±1.92)%. ·�

|Úa��[| NO−

3 -N oN¥þ,ª³(�ã 3(b)), �a��[| NO−

3 -N ßÝ3¢�$1�

Ï (21∼31 d) $u·�|. ·�| TN Y²¥þ,ª³(�ã 3(c)), $1cÏ 1—24 d TN ��

�±3 (8.43±0.42)∼(10.23±0.51) mg·L−1 �Y², $1�Ï 24—31 d ÅìO\� (15.65±

0.78) mg·L−1. a � � [ | þ C Y TN ß Ý o N ¥ e ü ª ³, l $ 1 m © � (8.88±

1.20) mg·L−1 Åìü� (1.20±0.16) mg·L−1, ó¹$1­½�, TN Y²k²w�~, �~

Çp� (86.49±2.31)%. ©Û@��N�^3YY.¡/¤�Ð�—"�—��Ä�©Ù¬r

?S
���z-��zÍÜø�[10-11], k|uþCY NH+
4 -N � TN ��~.

2.1.2 mYY¥ØÓ/��E�í�Cz

a�.­À/à�mYY¥ØÓ/���CzXã 4 ¤«. ·�|�$1­½Ï��

$1Ð©�� NH+
4 -N Ú TN þY²k¤~�. NH+

4 -N dÐ©� (54.85±0.55) mg·L−1 eü

� (50.76±0.51) mg·L−1, TN dÐ©� (59.20±0.59) mg·L−1 ü� (54.23±0.54) mg·L−1. a

��[|�$1­½Ï��$1Ð©�� NH+
4 -N Ú TN þYÑkO\. NH+

4 -N dÐ©�

(48.71±0.49) mg·L−1 O\� (49.29±0.49) mg·L−1, TN dÐ©� (49.22±0.49) mg·L−1 O\�

(51.00±0.51) mg·L−1. a��[|mYY¥� NH+
4 -N Ú TN ßÝ$u·�|(�ã 4(a) Ú (c)),

a��[| NO−

3 -N ¥þ,ª³ (�ã 4(b)) 
·�| NO−

3 -N Y²Ã²wCz. �N�^\r


 NH+
4 -N ��z�r?S
��z-��zÍÜL§, l
¦�a��[|mYY NH+

4 -N Ú

TN Y²þ$u·�|.
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Fig. 3 Variations of NH+
4 -N(a), NO−

3 -N(b) and TN(c) in overlying water for the simulated

tidal system
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3 -N(b) and TN(c) in interstitial water for the simulated

tidal system
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2.2 a�.à�YY.¡ØÓ/�1�Cz

2.2.1 þCYØÓ/�1�Cz

a�.à�þCY¥ØÓ/�1�CzXã 5 ¤«. a��[|þCY S2− ßÝ¥²

wþ,ª³, d$1Ð©� 0.009 mg·L−1 O\� (0.026±0.012) mg·L−1, 
·�|þCY S2−

KÃ²wCz (�ã 5(a)). þCY1�íoNþ¥eüª³, �k��ÌÝ�ÅÄ, ·�|

SO2−
4 d$1ÐÏ� (111.30±1.11) mg·L−1 ü� (18.96±0.19) mg·L−1, a��[|d$1ÐÏ

� (103.83±1.04) mg·L−1 ü� (16.92±0.17) mg·L−1, �a��[|þCY SO2−
4 Y²$u·�

| (�ã 5(b)). a��[|Þá��Y66Ä��.Y¥�1zÔ2]2º��þCY¥, �

�N�^k|u SO2−
4 ��¤� S2−[12-13], ��a��[|þCY¥ S2− ¹þ²wO\.
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Fig. 5 Variations of S2−(a) and SO2−
4 (b) in overlying water for the simulated tidal system

2.2.2 mYYØÓ/�1�Cz

a�.à�mYY¥ØÓ/�1�CzXã 6 ¤«. a��[|�·�|mYY1

zÔþ¥þ,ª³(�ã 6(a)), ·�| S2− ßÝd$1Ð©� 0.10 mg·L−1 O\� (0.085±

0.003) mg·L−1, a��[| S2− ßÝd$1Ð©� 0.015 mg·L−1 O\� (0.090±0.002) mg·L−1,

ü| S2− ßÝ�O��. ·�|Úa��[| SO2−
4 Y²ÅÄÌÝ��(�ã 6(b)), ·�|$1

­½Ï SO2−
4 ßÝ�$1Ð©Ïk¤þ,, d (3.37±0.07) mg·L−1 þ,� (15.24±0.30) mg·L−1.

a��[|$1­½Ï SO2−
4 ßÝ�$1Ð©Ïk¤eü, d (11.18±0.11) mg·L−1 eü�

(7.09±0.07) mg·L−1.
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Fig. 6 Variations of S2−(a) and SO2−
4 (b) in interstitial water for the simulated tidal system
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2.3 a�.à�YY.¡ØÓ/�c�Cz

2.3.1 þCYØÓ/�c�Cz

a�.à�þCY¥ØÓ/�c�CzXã 7 ¤«. ·�|þCY¥� Fe2+ ¹þoN¥

eüª³, 
a��[|þCY Fe2+ 3$1�ÏßÝk¤O�(�ã 7(a)). þCY Fe3+ ßÝ�

CzÑ��¥keü�ªu­½�ª³, ¿�a��[|þCY� Fe3+ Y²pu·�|(�ã

7(b)). �N�^Úå�YN6Ä¦�.Y¥�
� Fe2+ (Ü�Ô�(X FeS, FeS2 �)2]2º

�, ��N�^k|u Fe3+ ��¤ Fe2+[14-15], l
¦�þCY¥ Fe2+ ßÝk¤O�.
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ã 7 a�.à�þCY¥ Fe2+(a) Ú Fe3+ (b) �Cz

Fig. 7 Variations of Fe2+(a) and Fe3+(b) in overlying water for the simulated tidal system

2.3.2 mYYØÓ/�c�Cz

a�.à�mYY¥ØÓ/�c�CzXã 8 ¤«. ·�|Úa��[|$1­½Ï�$

1Ð©ÏmYY¥� Fe2+ oNþ¥O\ª³(�ã 8(a)), ·�| Fe2+ d (0.37±0.01) mg·L−1

O\� (2.63±0.08) mg·L−1, a��[|d (0.22±0.04) mg·L−1 O\� (2.98±0.06) mg·L−1.

mYY Fe3+ ßÝþkeü�ªu­½, ·�| Fe3+ d (12.29±0.26) mg·L−1 eü� (0.7±

0.14) mg·L−1, a��[| Fe3+ d (8.89±0.27) mg·L−1 eü� (0.05±0.03) mg·L−1(�ã 8(b)).
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Fig. 8 Variations of Fe2+(a) and Fe3+(b) in interstitial water for the tidal river system simulation

2.4 YY.¡1!c��1��ÍÜ

|^ GRA )ÛS
��1c�¸1��ÍÜ'X���ØÓ/�1 (S2− � SO2−
4 ) Úc

(Fe2+ � Fe3+) éþCYÚmYY�/��[£Ú=z�K�rf=`k?'éüS, þCYÚ

mYYØÓ/��E�í� S2−
!SO2−

4 !Fe2+ 9 Fe3+ �'éÝXL 2 ¤«.
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LLL 2 þþþCCCYYY999mmmYYYYYY���SSS


������111ccc (S2−
!!!SO2−

4 !!!Fe2+ 999 Fe3+) ������ÚÚÚ'''éééÝÝÝ

Tab. 2 Correlations of endogenous N-behaviors in overlying/interstitial water with sulfide, sulfate,

iron (/), and iron (0) by general grey reational analysis
NH+

4 -N NO−

3 -N TN

S2− SO2−
4 Fe2+ Fe3+ S2− SO2−

4 Fe2+ Fe3+ S2− SO2−
4 Fe2+ Fe3+

ρ
ij

VR1 0.557 5 0.764 5 0.632 9 0.609 5 0.814 6 0.567 4 0.712 1 0.724 2 0.518 9 0.785 0 0.586 3 0.624 2
VR2 0.831 5 0.810 1 0.839 0 0.602 8 0.910 5 0.716 5 0.858 7 0.608 4 0.848 1 0.799 9 0.844 1 0.602 0

5: VR1 Ú VR2 ©O�LþCYÚmYYØÓ/���Cz, ρ
ij

�L�ÚnÜ'éÝ

éuXÚ¥þCY NH+
4 -N �Cz, 4 �Ï� (S2−

!SO2−
4 !Fe2+ 9 Fe3+) éÙK��`k

?'éüS� SO2−
4 >Fe2+ >Fe3+ >S2−, SO2−

4 � NH+
4 -N Cz�'éÝ�� (0.764 5); éþC

Y NO−

3 -N K��`k?'éüS� S2− > Fe3+ > Fe2+ > SO2−
4 , S2− � NO−

3 -N Cz�'éÝ

�� (0.814 6); éþCY TN K��`k?'éüS� SO2−
4 >Fe3+ > Fe2+ >S2−, SO2−

4 � TN

Cz�'éÝ�� (0.785). éuXÚ¥mYY NH+
4 -N �Cz, 4 �Ï� (S2−

!SO2−
4 !Fe2+

9 Fe3+) éÙK��`k?'éüS� Fe2+ >S2− >SO2−
4 >Fe3+, Fe2+ � NH+

4 -N Cz�'

éÝ�� (0.839); émYY NO−

3 -N K��`k?'éüS� S2− >Fe2+ > SO2−
4 >Fe3+, S2−

� NO−

3 -N Cz�'éÝ�� (0.910 5); émYY TN K��`k?'éüS� S2− >Fe2+ >

SO2−
4 >Fe3+.

ÏL�Ú'é©Û��, þCY NO−

3 -N � S2− 9 Fe2+ �'éÝ�p, ©O� 0.814 6 Ú

0.712 1, � S2− é NO−

3 -N �K���. mYY NO−

3 -N � S2− 9 Fe2+ �'éÝ�p, ©O�

0.910 5 Ú 0.858 7. aq/, mYY TN � S2− 9 Fe2+ �'éÝ�p, ©O� 0.848 1 Ú 0.844 1.

Ïdíÿ���1zÔ (S2−) Ú���c (Fe2+) �UÍÜ��í��r?1°Ä�g���

z (S2−/NO−

3 →SO2−
4 /N2) ½cg���zL§ (Fe2+/NO−

3 →Fe3+/N2) �u), ¦��±�

í�/ªlXÚøØ.

ÉuDÚ��z, 1(c)g���zL§±���1(c)�>føN, ����>fÉN.

a��[¢�¥, ��¡, �N�^r?
1�í���1zÔ9ndc����dc�L

§, �1(c)g���zJø�U�>føN. ,��¡, Y66Ä¦�.Y¥���zÜÔ(X

FeS, FeS2 �)2]2º�, ��Ur?1g���zL§[16-18]. FeS, FeS2 ��.Y¥~��1

�7á¶Ô, Ùé1g���z�r?ÿ�3�
©Ü. ~X Schwientek �Ú Hayakawa �ï

ÄþL² FeS Ú FeS2þ�r?1g����u)[19-20]; 
 Haaijer �Ú Schippers �@� FeS2

¿ØU��1g���zk��>føN, Ï�§g��(¬(�
ØU�1g���zÿk

�|^, Ïdk'1�7á¶Ôéu1g���z�K�Ek�ïÄ.[21-22]

þCY9mYY NH+
4 -N!TN � SO2−

4 'éÝþ�p, Ù�U´Ï� SO2−
4 ���)�

S2− ��z�^)¤� NO−

3 -N ÍÜ, r?1g���zL§. d	, �k�«�U´�N�^

r?
��R�z�1�í��L§�ÍÜ[23-24], ¿r?
S
��øØ, a�.­À/à�

¥TL§��3�k�u?�Ú�y.

3 (Ø�Ð"

a�.­À/à��Ï��N�^¬Úå�YN�E6Ä¿r?.YÀ/Ô(X FeS Ú

FeS2 �)�º�, ¦à�þCY�ç�ÏÔ�Oõ, \­à��çÏ. ,	, ò��Y �$, é

à�k�½�E��^, r?�z-��zÍÜ�^, k|uR�9o���~. �Ú'éÝ©Û

L²ØÓ/�S
��1c�3ÍÜ'X, íÿÌ�ÏL1g���z½cg���zL§?

1ÍÜ.

1g���z�cg���z��±3øØS
��Ó�, òà�.Y�ç�ÏÔ�

(FeS2 �)�Ø, �8cÒa�.­À/à�S1(c)g���zL§'5��. Ï"U/ÏuÓ
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 �«lEâ9©f)ÔÆEâ(XF1½þ!pÏþ9­½Ó �Ø�&�Eâ)?�Ú)Û

TL§[25-26]. ,	, a�.à��ÈÔ¥��)Ô/¥zÆÌ�´���9Ôn!zÆ!)Ô

�Ãõ���E,L§, Ãõ1!c�S
�1�ÍÜ�Ù¦L§EØ�Ù, X1!c���R

�zÚ��íÉz��¤
L§k�u?�Ú&¢[27-28].
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