
Advances in Environmental Protection 环境保护前沿, 2019, 9(2), 141-150 
Published Online April 2019 in Hans. http://www.hanspub.org/journal/aep 
https://doi.org/10.12677/aep.2019.92022  

文章引用: 田永兰, 高明瑜, 侯成林, 徐翔. 湿地水生植物厌氧发酵研究进展[J]. 环境保护前沿, 2019, 9(2): 141-150.  
DOI: 10.12677/aep.2019.92022 

 
 

Research Progress of Anaerobic  
Fermentation of Aquatic Plants  
from Wetland 

Yonglan Tian1*, Mingyu Gao2, Chenglin Hou3, Xiang Xu4 
1Research Center for Engineering Ecology and Nonlinear Science, North China Electric Power University, Beijing 
2Shandong Yantai Environmental Monitoring Center Station, Yantai Shandong 
3Norendar International LTD., Shijiazhuang Hebei 
4School of Environmental Science and Engineering, Shandong University, Qingdao Shandong 

 
 
Received: Mar. 17th, 2019; accepted: Apr. 1st, 2019; published: Apr. 8th, 2019 

 
 

 
Abstract 
With the rapid development of industries, heavy metals wastewaters are directly or indirectly 
discharged into the environment increasingly, especially in developing countries. The removal of 
heavy metals from contaminated environment has become an urgent issue. Phytoremediation, 
which is defined as the use of plants to remove contaminants from contaminated environment, has 
attracted extensive attention. Many aquatic plants have been found to be efficient in removing 
contaminants. Nevertheless, excessive growth of aquatic plants is conversely able to cause various 
problems such as interfering with releasing unwanted odors, blocking daylight to the organisms 
and deoxygenation of water leading to the death of fish and other aquatic life forms. Moreover, the 
second pollution caused by the decayed plants is also the negative impact that should be avoided. 
Thus, cost-effective disposal and bio-resource utilization are required to build a sustainable 
treatment system. Aquatic plants harvested from wetland have large biomass and high organic 
content. Those biomasses can be used as raw materials of anaerobic fermentation to produce bio-
gas as bioenergy and achieve the effective disposal of residues as well as avoid the secondary pol-
lution. Basing on the previous studies on the anaerobic fermentation with non-contaminated or 
contaminated aquatic biomass as feedstocks, this article reviewed the mechanisms of decontami-
nation and characteristics of aquatic plant biomass. The progress of anaerobic fermentation, using 
the metal contaminated aquatic plant or not, was then summarized for the first time. The future 
development of the technology was prospected. This review is expected to provide reference for 
disposal and reuse of aquatic plants in the future. 
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摘  要 

随着社会经济的发展，大量污染物如重金属等进入水体。人工湿地应运而生，在去除水体污染物方面表

现出独特的优势，尤其适合发展中国家。湿地水生植物生物量大、有机物含量高，将其作为厌氧发酵的

原料，一方面可以产出沼气作为生物能源，另一方面可以实现水生植物的有效处置，避免二次污染和生

物质资源的浪费。基于前人关于水生植物厌氧发酵的研究结果，本文从湿地水生植物去污特点出发，总

结水生植物生物质的特点，首次从是否受到金属污染的角度总结水生植物厌氧发酵产沼气方面的研究进

展，归纳了不同水生植物厌氧发酵产气潜力，并对未来该技术的发展趋势进行了展望，为未来水生植物

的处理处置和资源化提供参考。 
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1. 引言 

环境污染是当代人类面对的重要挑战，受人类生产、生活的影响，城市污水、工业废水和农业污水

大量产生，排放到水体环境中，使得大量湖泊、水库等受到污染。人工湿地因净化效果佳、经济效益合

理、能量消耗低、工程操作简单，并能促进重建和恢复良好的水生生态系统，在水体修复中得到广泛应

用，是最为环保、简单、经济和有效的处理废水方式之一[1]。湿地植物对总氮、总磷的去除率可以达到

80%以上[2]，可以使 COD 降低 70%~80%，BOD 降低 60%~90% [3]。在水体水质恢复的同时，湿地水生

植物因适应性强、繁殖速度快，会大量生长。然而，目前很多湿地系统缺乏对水生植物的有效管理，大

量水生植物不进行收割，植物残体会分解继而腐烂，营养元素再次回到水体，引起二次污染[4]。 
水生植物经济价值不高，即便及时收割，大量残体的堆放处理也是难题[5]，日本最大的湖——琵琶湖，

每年需要清理 1200 吨的水生植物。如何科学地、合理地处置这些植株亟待解决。以往的植物废弃物处置方

法大多借鉴于城市固体垃圾的处置技术，比如焚烧法、高温分解法、压缩填埋法、堆肥法等[6]。但是这些
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方法一般是基于减量化和无害化的原则，植物原有的资源并没有得到充分的发掘。此时，应转变思维方式，

充分利用其生长迅速的特点，将其作为一种资源加以利用，通过资源化利用达到“变废为宝”的目的。 
厌氧发酵技术是废弃物资源化利用的有效途径[7] [8] [9]。针对大量的水生植物残体，将其厌氧发酵

制沼气能够充分利用植物所含的能量，有效地减轻水生植物废弃物的二次危害。这能够实现应对能源挑

战和强化环境保护的有机统一，具有巨大的意义。目前，有关水生植物厌氧发酵方面的研究越来越多。

有文献综述了藻类净化水体并用作发酵原料的潜力[10]，而对挺水植物和沉水植物这些大型水生植物的生

物质特点、产气潜力方面缺少总结。本文着重总结水生植物，尤其挺水植物和沉水植物的厌氧发酵产沼

气的研究进展，为未来湿地水生植物的管理和沼气化利用提供有益参考。 

2. 水生植物生物质特点 

水生植物生长速率快，光合作用能力强，可通过吸收和富集污染物，例如营养盐和重金属等，来降

低水环境的营养负荷，实现湿地系统的修复，尤其适用于发展中国家[11]。湿地水生植物主要包括芦苇、

香蒲、菖蒲等挺水植物，水葫芦、槐叶萍等浮水植物和马来眼子菜、菹草、金鱼藻等沉水植物。高产凤

眼莲(Eichhornia crassipes (Mart.) Solms)的氮吸收能力较强，可高达 2000 kg/hm2/a，沉水植物的氮吸收能

力较差，一般小于 700 kg/hm2/a [12]。芦苇、香蒲等挺水植物的氮吸收能力约为 200~2500 kg/hm2/a，而大

薸(Pistia stratiotes)、香蒲(Typha latifolia)、慈菇(Sagittaria sagittifolia)、菖蒲(Acorus calamus)、水葱(Scirpus 
tabernaemontani)、凤眼莲等 6 种水生植物都能较好地吸收污染河流水中的营养物质，吸收贡献率分别可

占氮、磷总去除率的 11.7%~54.6%和 17.6%~64.6% [13]。积累在植物体内的营养盐通过收割而最终从湿

地中去除[14]。 
水生植物的种类不同，对湿地氮磷去除效果的影响不同，这可能与植物的耐受性、根区的氧化状态、

微生物的种类和数量等多种因素有关[15] [16]。挺水植物对硝态氮的去除效果比沉水植物和浮水植物都高

[17]。凤眼莲在修复水体氮污染方面表现突出，修复后，凤眼莲植株内的碳氮比(9.7~16.0)远低于正常水

葫芦的碳氮比值(20~35) [11]。 
利用水生植物产沼气具有很大优势：1) 水生植物生长速度快、生物量大，且可以多次收割，具有与

玉米秸秆相似的热值[18]，厌氧发酵产沼气潜力巨大；2) 不存在争地的问题，水生植物多生长在湖泊或

湿地，不占用陆地多余空间或陆地资源；3) 水体修复植物生长发育所需养分全部来自废水中氮磷等营养

物质，不需要投入额外的肥料等化学品。不同水生植物碳氮比含量如表 1 所示。从表中可以看出，水生

植物含水量大，有机质含量高，一般占总固体含量的 80%以上。大部分水生植物的碳氮比较低，单独使

用不适合厌氧发酵微生物的生存。因此，为更充分的利用水生植物，将其与不同种类生物质混合，通过

不同配比组合，确定最佳比例，营造良好发酵环境，使产气效果达到最佳。 

3. 水生植物的厌氧发酵产甲烷潜力 

水生植物，含有大量的可分解有机物，可以被用于厌氧发酵产气[11]。近年来，国内外有关水生植物

厌氧发酵产沼气的研究逐渐增多，本文将从未受金属污染的水生植物厌氧发酵和受金属污染的水生植物

厌氧发酵两个方面进行总结。 

3.1. 未受金属污染水生植物厌氧发酵 

由于水生植物品种、生长条件、收获时间等的不同，其有机成分含量不同，最后得到的产气量也不

相同，如表 2 所示。在 37℃条件下，香蒲(Typha orientalis Presl.)、香菇草(Hydrocotyle vulgaris)、再力花

(Thalia dealbata)、菖蒲(Acorus calamus Linn)、美人蕉(Canna indica)、紫芋(Colocasia tonoimo)和梭鱼草 
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Table 1. C/N ratios of different aquatic plants 
表 1. 不同水生植物碳氮比含量 

Aquatic plants VS (%TS) Total C contents (%TS) Total N contents (%TS) C/N ratio Reference 

马来眼子菜 
Potamogeton malaianus NR NR NR 12.5 ± 0.3 [5] 

眼子菜 
Potamogeton perfoliatus NR NR NR 8.5 ± 0.2 [5] 

金鱼藻 
Ceratophyllum demersum NR NR NR 10.4 ± 0.2 [5] 

黑藻 
Hydrilla verticillata NR NR NR 9.6 ± 0.4 [5] 

水蕴草 
Egeria densa NR NR NR 10.2 ± 0.2 [5] 

粉绿狐尾藻 
Myriophyllum aquaticum NR NR NR 9.8 ± 0.3 [5] 

芦苇 
Phragmites australis 83.80 ± 1.47 43.25 ± 1.56 1.02 ± 0.24 42.40 [18] 

凤眼莲 
Water hyacinth 81.26 NR NR 13.70 [19] 

浮萍 
Lemna minor 88.54 NR NR 10.13 [20] 

菖蒲 
Acorus calamus Linn 89.2 ± 0.3 NR 2.8 ± 0.3 NR [21] 

香蒲 
Typha orientalis Presl. 92.9 ± 0.2 NR 1.7 ± 0.2 NR [21] 

梭鱼草 
Pontederia cordata 84.5 ± 0.3 NR 2.4 ± 0.1 NR [21] 

美人蕉 
Canna indica 81.8 ± 0.2 NR 3.0 ± 0.4 NR [21] 

紫宇 
Colocasia tonoimo Nakai 85.9 ± 0.3 NR 2.9 ± 0.3 NR [21] 

再力花 
Thalia dealbata 91.3 ± 0.1 NR 1.8 ± 0.3 NR [21] 

香菇草 
Hydrocotyle vulgaris 85.2 ± 0.2 NR 3.7 ± 0.5 NR [21] 

NR, not reported。 
 

(Pontederia cordata)七种挺水植物产气率分别为 513.23、539.09、577、508.95、555.05、629.41、473.09 
mL/g∙VS−1 [21]。马来眼子菜(Potamogeton malaianus)、金鱼藻(Ceratophyllum demersum)等八种沉水植物

在中温发酵条件下的产甲烷量在 275~418 mL/g∙VS−1 [5]。水葫芦、水盾草和槐叶萍三种浮水植物的产气

潜力分别是 267、221、155 mL/g∙VS−1 [22]。董诗旭等[23]以滇池新鲜蓝藻(Cyanophyta)为发酵底物，在平

均温度为 20.2℃的发酵环境下，蓝藻的发酵潜力为 491 mL/g∙VS−1。南美入侵物种伊乐藻(Elodea nuttallii)
的产气量为 333 mL/g∙VS−1 [24]。凤眼莲以及其与蓝藻混合为底料的总产气量分别是 113.43 L 和 153.19 L，
各自对应的甲烷含量分别为 54.3%和 71.2%，可以看出混合发酵产气效果明显好于水葫芦单独发酵[25]。
将凤眼莲和巴参菜(Talinum triangulare)分别按 100:0、70:30、50:50 和 30:70 的比例混合进行厌氧发酵，

结果表明凤眼莲和巴参菜的混合比凤眼莲单独发酵提高了产气量，混合比例为 30:70 产气量最高，是凤

眼莲单独发酵产气量的 7.2 倍[26]。以餐厨、粪便及芦苇 3 种物料为发酵底物，研究发现餐厨加入量对混

合厌氧发酵影响显著，适当的增加餐厨比例，有利于提高产气[27]。大量研究结果表明，水生植物具有良

好的产气潜力，将其用于厌氧发酵是可行的，甚至某些水生植物产气量高于一般农业秸秆[28]。因此，厌

氧发酵可作为水生植物资源化利用的一种方式。 
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Table 2. Biogas potential of anaerobic biogas production of aquatic plants non-contaminated by metals 
表 2. 未受金属污染的水生植物厌氧发酵产气潜力 

Aquatic plants Inoculum Fermentation period (d) Temperature (˚C) Biogas yield Reference 

巴参菜 
Talinumtriangulare Cow dung 70 29.2 46.6 mL/kg per fed day [26] 

凤眼莲 
Eichhornia crassipes Mature methanogenic sludge ~ 90 38 267 mL/g∙VS−1 [22] 

水盾草 
Cabomba Caroliniana Mature methanogenic sludge ~ 90 38 221 mL/g∙VS−1 [22] 

槐叶萍 
Salvinia molesta Mature methanogenic sludge ~ 90 38 155 mL/g∙VS−1 [22] 

伊乐藻 
Elodea nuttallii 

Anaerobic sludge  
from municipal  

sewage treatment 
40 39 415~520 mL/g∙VS−1 [24] 

凤眼莲 
Water hyacinth Sludge 60 21-28 0.21~0.34 L/g∙dw [25] 

芦苇 
Reed (mixed with feces  

and kitchen residue) 
Sludge 41 36±1 33,965~63,870 mL [27] 

金鱼藻 
Ceratophyllum  demersum 

Anaerobic sludge treating  
domestic sewage 14 37±1 249 mL CH4/g∙VS−1 [29] 

伊乐藻 
Elodea nuttallii 

Anaerobic sludge treating  
domestic sewage 14 37±1 361 mL CH4/g∙VS−1 [29] 

水蕴草 
Egeria densa 

Anaerobic sludge treating  
domestic sewage 14 37±1 287 mL CH4/g∙VS−1 [29] 

眼子菜 
Potamogeton maackianus 

Anaerobic sludge treating  
domestic sewage 14 37±1 161 mL CH4/g∙VS−1 [29] 

马来眼子菜 
Potamogeton malaianus 

Anaerobic sludge treating  
domestic sewage 14 37±1 278 mL CH4/g∙VS−1 [29] 

蓝藻 
Cyanophyta Anaerobic sludge 66 18.5-23.5 491 mL/g∙VS−1 [23] 

节旋藻 
Arthrospira platensis Sludge 32 38 481 ± 13.8 mL/g∙VS−1 [30] 

衣藻 
Chlamydomonas reinhardtii Sludge 32 38 587 ± 8.8 mL/g∙VS−1 [30] 

绿藻 
Chlorella kessleri Sludge 32 38 335 ± 7.8 mL/g∙VS−1 [30] 

细小裸藻 
Euglena gracilis Sludge 32 38 485 ± 3 mL/g∙VS−1 [30] 

杜氏藻 
Dunaliella salina Sludge 32 38 505 ± 24.8 mL/g∙VS−1 [30] 

栅藻 
Scenedesmus obliquus Sludge 32 38 287 ± 10.1 mL/g∙VS−1 [30] 

栅藻 
Scenedesmus obliquus 

Anaerobic sludge treating  
potato-processing  

wastewater 
30 33±2 181.81~241.28 mL/g∙VS−1 [31] 

三角褐指藻 
Phaeodactylum tricornutum 

Anaerobic sludge treating  
potato-processing  

wastewater 
30 33±2 400~421 mL/g∙VS−1 [31] 

3.2. 受金属污染水生植物厌氧发酵 

水生植物在修复重金属污染物中起重要作用，其中含有的重金属会影响后续发酵过程。用絮凝铝的藻

类(Scenedesmus spp. + Chlorella spp.)生产沼气的实验发现这些含铝的藻类能够产生更多的沼气，而不影响

https://doi.org/10.12677/aep.2019.92022
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气体的组成[32]。水生植物满江红(Azolla pinnata R. Br)和浮萍(Lemna minor L.)可以吸附水体中的 Fe、Cu、
Cd、Ni、Pb、Zn、Mn 和 Co，用这些植物厌氧发酵产沼气，结果表明，Fe、Mn 对满江红和浮萍的发酵没

有表现出任何毒性作用，而 Cu、Co、Pb 和 Zn 表现出毒性作用[33]。低浓度 Cd、Ni 污染的水生植物满江

红和浮萍厌氧发酵产气量和 CH4组成均高于对照组，促进厌氧发酵的进行，并且沼气产量随着 Cd 浓度的

变化而变化[33]。富含 Fe 的浮萍(Lemnaceae)作为原料添加到发酵体系中，可以显著提高微生物的演替速

率，加快有机废物的快速稳定，促进沼气的产生，同时可以缩短发酵时间[34]。研究发现凤眼莲、苦草

(Vallisneria spiralis)和菱角(Trapa bispinnosa)作为修复工业废水的植物时，污水处理后的植物与没有污水处

理的植物相比，能够产生更多的沼气[35] [36]，而苦草的产气量比水葫芦(9~12 天内最大)的产气量更大、

产气更快速(6~9 天内最大) [36]。用凤眼莲作为发酵底物，在厌氧发酵试验中，添加一些金属元素如 Fe3+、

Zn2+、Ni2+、Co2+和 Cu2+，不仅提高产气量，还可以提高气体中甲烷含量，而且增强了系统运行的稳定性

[37]。将水生植物凤眼莲和大薸用于 Cd (0.8 mg/L)污染修复实验，再将受污染的两种植物用于产甲烷，发

现植物中的 Cd 没有影响产气效率[38]。关于受金属污染的水生植物厌氧发酵的研究总结见表 3。 
 
Table 3. Biogas potential of anaerobic biogas production of aquatic plants contaminated by metals 
表 3. 受金属污染的水生植物厌氧发酵产气潜力 

Aquatic plants Pollutants Temperature (˚C) Fermentation  
period (d) Biogas yields CH4 contents Reference 

栅藻 
Scenedesmus spp. 

 +  
Chlorella spp. 

Al 50 ± 1 30 7.9 ft3/LBS VS 61.9% [32] 

满江红 
Azolla pinnata R.Br 

Fe, Cu, Cd, Ni, Pb,  
Zn, Mn, Co 37 36~42 132~189 L/kg 45%~83% [33] 

浮萍 
Lemna minor L. 

Fe, Cu, Cd, Ni, Pb,  
Zn, Mn, Co 37 36~42 132~176 L/kg 43%~85% [33] 

浮萍 
Lemnaceae  
(mixed with  

poultry manure) 

Fe 32 ± 2 50~80 0.281 L/g VS 65%~80% [34] 

浮萍 
Lemnaceae  
(mixed with  

poultry manure) 

Fe 32 ± 2 8.3~16.6 22.76 L/d NR [34] 

凤眼莲 
Eichhornia  
crassipes 

Lignin and  
metal-rich pulp  
and paper mill  

and highly acidic  
distillery effluents 

35 ± 1 21 19.95~23.65 L/kg dw NR [36] 

苦草 
Vallisneria  

spiralis 

Lignin and  
metal-rich pulp  
and paper mill  

and highly  
acidic distillery effluents 

35 ± 1 21 24.25~29.90 L/kg dw NR [36] 

凤眼莲 
Eichhornia  
crassipes 

Toxic metal  
(Cu and Cr)  

rich brass and  
electroplating  

industry effluent 

35 ± 1 20 11.10~27.80 L/kg dw 29.80%~63.82% [35] 

菱角 
Trapa  

bispinnosa 

Toxic metal  
(Cu and Cr)  

rich brass and  
electroplating  

industry effluent 

35 ± 1 20 10.45~20.90 L/kg dw 27.00%~57.04% [35] 

海草 
Seaweed Cd, Cu, Ni, Zn 37 30 NR 0.09~0.12 N L CH4/g VSa 

(44.4%~49.7%) [45] 

海草 
Seaweed Cd, Cu, Ni, Zn 37 ± 1 8.8~0.5 0.22~3.04 N L CH4/L·d 0.16~0.23 N L CH4/g CODa 

(62.9%~73.7%) [45] 
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Continued 
色球藻 

Chroococcus sp. 1 Grey water 36 ± 1 30 487.0 mL/gVS Max. 54.9% [10] 

色球藻 
Chroococcus sp. 2 Grey water 36 ± 1 30 401.2 mL/gVS Max. 52.2% [10] 

芦苇 
Reed (P. Australis) 

 +  
Cow dung 

Ni, Fe 35 ± 1 26 27.49 mL/gTS Max. 67.9% [40] [41]  

芦苇 
Reed (P. Australis) 

 +  
Cow dung 

Cu, Cr 37 ± 1 33 110.59 mL/gTS Max. 53.68% [42] [43]  

大薸 
Pistia stratiotes 

 +  
凤眼莲 

Eichhornia crassipes 

Cd 33 30 1364.69 ± 297 60%~70% [38] 

NR, not reported. 
 

随着人工湿地在污水处理方面的应用和推广，芦苇和香蒲成为分布最普遍的从废水中吸收并积累金

属的湿地挺水植物[39]。采用从人工湿地收集的含有一定浓度的 Ni 和 Fe 元素的芦苇秸秆进行厌氧发酵续

批实验，结果发现，这些含有重金属的芦苇秸秆可以被用于发酵[40] [41]，并且对金属离子有更高的需求，

当向发酵体系添加额外的 Fe2+时，酶活性提高，产气量可以得到进一步的促进[40]。此外，一定浓度的

Cu和Cr离子可以提高芦苇秸秆厌氧发酵产气量[42] [43]。在瘤胃微生物液体环境下，以香蒲为实验材料，

添加三种低浓度金属盐 Cr6+、Cu2+、Cd2+ (分别对应是 4、1.6、2.4 mg/l)可以促进香蒲降解，提高甲烷产

量[44]。芦苇和香蒲等大型挺水植物产量巨大、应用普遍，其厌氧发酵再利用过程有待进一步研究。 
除了向发酵系统直接添加金属元素外，也有添加矿物质材料来研究其对厌氧发酵所产生的影响。添

加一定量的矿物材料可以在一定程度上降低厌氧消化过程中的抑制性物质的浓度，对厌氧消化有一定的

促进作用[46]。以芦苇、粪便和餐厨为发酵基质，10%沸石作为添加物，结果表明 10%沸石的添加使甲烷

含量从 44.1%增加到了 65.3% [47]。使用菹草分别与针铁矿、赤铁矿和磁铁矿三种不同铁矿石一起发酵，

结果表明三组加入铁矿石的菹草水解速率在 49.1%~74.1%的范围内，比控制组 31.4%要高，累积产气量

和产气速率也有明显差别[48]。可见，矿物材料的添加，不但可以使其主要成分如铁、钙、镁、钠等来促

进微生物生长，也可以调节碳氮比，这些都有利于提高产气量。此外，还可以添加其他催化剂如蛋白酶

等酶类、活性炭等吸附剂，改变发酵环境。 

4. 结论与展望 

水生植物具有很强的污染物去除能力，同时具有巨大的厌氧发酵潜力。利用沼气发酵技术处理收割

后的水生植物，可以产生清洁能源，还能控制水生植物过度生长和繁殖，减轻植株腐烂和任意堆放对环

境造成的危害，有利于水体生物修复技术的推广应用[49] [50]。同时，与畜禽粪便混合发酵可以提高水生

植物的发酵效率。在实践过程中仍然需要解决工艺、工程、经济等问题来确保该技术的可行性和普适性

[51]。结合本文综述内容，笔者认为可从以下几个方面入手： 
1) 水生植物中污染物的释放、形态、价态、活性等，需结合植物组分和结构、底物中其他元素以及

发酵条件综合考虑[51]。厌氧发酵体系中金属的形态受到多种因素的影响，发酵工艺的运行参数也会改变

金属的形态。因此，需要开展水生植物厌氧发酵过程中的金属释放研究。 
2) 受污染植物的厌氧发酵结果与外源添加实验应相互辅证又有所区别，二者在机制研究方面应注意

区分。受金属污染的水生植物生物质用于厌氧发酵时，金属进入发酵体系是一个逐渐释放的过程，金属
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的形态也与外源添加的离子态金属有很大的区别。厌氧发酵体系中的总金属浓度不能充分表明金属的活

性和毒性，难以阐释污染植物发酵过程中金属的作用及影响。 
3) 从厌氧发酵沼液沼渣中回收重金属，可以通过使之形成碳酸盐、硫酸盐或者其他聚合物沉淀的方

式[52]。经过发酵后生物质的体积大大缩小，便于后续处理以及回收重金属[53]。 
4) 与供热、交通运输、发电和最终处理处置相结合，确保该水生植物发酵技术的安全性和经济性。

从全生命周期的角度考虑水生植物厌氧发酵的技术经济性，并与传统技术进行对比，确保技术的经济性

和可用性[54] [55] [56]。 
5) 防止水生植物再利用过程的二次污染，包括运输、发酵、处理处置等[57] [58]。在实际应用之前，

应该形成相关的处理处置法规和标准。 

基金项目 

本研究受到国家水体污染控制与治理科技重大专项(2017ZX07101003)、中央高校基本科研业务费专

项资金(2018MS051)资助。 

参考文献 
[1] Rezania, S., Ponraj, M., Talaiekhozani, A., et al. (2015) Perspectives of Phytoremediation Using Water Hyacinth for 

Removal of Heavy Metals, Organic and Inorganic Pollutants in Wastewater. Journal of Environmental Management, 
163, 125-133. 

[2] 雷泽湘, 谢贻发, 馀德兰, 等. 大型水生植物对富营养化湖水净化效果的试验研究[J]. 安徽农业科学, 2006, 
34(3): 553-554. 

[3] 吴双跃. 水生植物在污水处理和水质改善中的应用[J]. 现代园艺, 2016(14): 122. 
[4] Van Donk, E., Gulati, R.D., Iedema, A., et al. (1993) Macrophyte-Related Shifts in the Nitrogen and Phosphorus Con-

tents of the Different Trophic Levels in a Biomanipulated Shallow Lake. Hydrobiologia, 251, 19-26. 
[5] Kobayashi, T., Wu, Y.P., Lu, Z.J., et al. (2015) Characterization of Anaerobic Degradability and Kinetics of Harvested 

Submerged Aquatic Weeds Used for Nutrient Phytoremediation. Energies, 8, 304-318.  
https://doi.org/10.3390/en8010304 

[6] Sas-Nowosielska, A., Kucharski, R., Małkowski, E., et al. (2004) Phytoextraction Crop Disposal—An Unsolved Prob-
lem. Environmental Pollution, 128, 373-379. https://doi.org/10.1016/j.envpol.2003.09.012 

[7] Brown, D. and Li, Y. (2013) Solid State Anaerobic Co-Digestion of Yard Waste and Food Waste for Biogas Produc-
tion. Bioresource Technology, 127, 275-280. https://doi.org/10.1016/j.biortech.2012.09.081 

[8] Marañón, E., Castrillón, L., Quiroga, G., et al. (2012) Co-Digestion of Cattle Manure with Food Waste and Sludge to 
Increase Biogas Production. Waste Management, 32, 1821-1825. https://doi.org/10.1016/j.wasman.2012.05.033 

[9] Dias, T., Fragoso, R. and Duarte, E. (2014) Anaerobic Co-Digestion of Dairy Cattle Manure and Pear Waste. Biore-
source Technology, 164, 420-423. https://doi.org/10.1016/j.biortech.2014.04.110 

[10] Prajapati, S.K., Kaushik, P., Malik, A., et al. (2013) Phycoremediation and Biogas Potential of Native Algal Isolates 
from Soil and Wastewater. Bioresource Technology, 135, 232-238. 

[11] Jayaweera, M.W., Dilhani, J.A., Kularatne, R.K., et al. (2007) Biogas Production from Water Hyacinth (Eichhornia 
crassipes (Mart.) Solms) Grown under Different Nitrogen Concentrations. Journal of Environmental Science & Health 
Part A Toxic/Hazardous Substances & Environmental Engineering, 42, 925-932. 

[12] Brix, H. (1994) Functions of Macrophytes in Constructed Wetlands. Water Science and Technology, 29, 71-78.  
https://doi.org/10.2166/wst.1994.0160 

[13] 何娜, 孙占祥, 张玉龙, 等. 不同水生植物去除水体氮磷的效果[J]. 环境工程学报, 2013, 7(4): 1295-1300. 
[14] Thullen, J.S., Sartoris, J.J. and Nelson, S.M. (2005) Managing Vegetation in Surface-Flow Wastewater-Treatment 

Wetlands for Optimal Treatment Performance. Ecological Engineering, 25, 583-593.  
https://doi.org/10.1016/j.ecoleng.2005.07.013 

[15] Hume, N.P., Fleming, M.S. and Horne, A.J. (2002) Denitrification Potential and Carbon Quality of Four Aquatic Plants 
in Wetland Microcosms. Soil Science Society of America Journal, 66, 1706-1712.  
https://doi.org/10.2136/sssaj2002.1706 

https://doi.org/10.12677/aep.2019.92022
https://doi.org/10.3390/en8010304
https://doi.org/10.1016/j.envpol.2003.09.012
https://doi.org/10.1016/j.biortech.2012.09.081
https://doi.org/10.1016/j.wasman.2012.05.033
https://doi.org/10.1016/j.biortech.2014.04.110
https://doi.org/10.2166/wst.1994.0160
https://doi.org/10.1016/j.ecoleng.2005.07.013
https://doi.org/10.2136/sssaj2002.1706


田永兰 等 
 

 

DOI: 10.12677/aep.2019.92022 149 环境保护前沿 
 

[16] Ibekwe, A.M., Lyon, S.R., Leddy, M., et al. (2007) Impact of Plant Density and Microbial Composition on Water 
Quality from a Free Water Surface Constructed Wetland. Journal of Applied Microbiology, 102, 921-936. 

[17] Bastviken, S.K., Weisner, S.E.B., Thiere, G., et al. (2009) Effects of Vegetation and Hydraulic Load on Seasonal Ni-
trate Removal in Treatment Wetlands. Ecological Engineering, 35, 946-952.  
https://doi.org/10.1016/j.ecoleng.2009.01.001 

[18] 何明雄, 胡启春, 罗安靖, 等. 人工湿地植物生物质资源能源化利用潜力评估[J]. 应用与环境生物学报, 2011, 
17(4): 527-531. 

[19] 陶亮, 严宗诚, 陈砺, 等. 水葫芦厌氧发酵制沼气的正交实验[J]. 广东农业科学, 2011, 38(2): 144-146. 

[20] 顾新娇, 王文国, 祝其丽, 等. 浮萍与奶牛粪混合厌氧干发酵研究[J]. 环境污染与防治, 2014, 36(7): 18-21. 
[21] Jiang, X.Y., Song, X.H., Chen, Y.H., et al. (2014) Research on Biogas Production Potential of Aquatic Plants. Renew-

able Energy, 69, 97-102. https://doi.org/10.1016/j.renene.2014.03.025 
[22] O’Sullivan, C., Rounsefell, B., Grinham, A., et al. (2010) Anaerobic Digestion of Harvested Aquatic Weeds: Water 

Hyacinth (Eichhornia crassipes), Cabomba (Cabomba caroliniana) and Salvinia (Salvinia molesta). Ecological Engi-
neering, 36, 1459-1468. https://doi.org/10.1016/j.ecoleng.2010.06.027 

[23] 董诗旭, 董锦艳, 宋洪川, 等. 滇池蓝藻发酵产沼气的研究[J]. 可再生能源, 2006(2): 16-18. 
[24] Escobar, M.M., Voyevoda, M., Fühner, C., et al. (2011) Potential Uses of Elodea nuttallii-Harvested Biomass. Energy 

Sustainability & Society, 1, 1-8. https://doi.org/10.12677/se.2011.11001 
[25] 刘海琴, 宋伟, 高运强, 等. 水葫芦与蓝藻厌氧发酵产沼气研究[J]. 江苏农业科学, 2008(3): 254-256. 
[26] Ogunwande, G.A., Muritala, A.O. and Babalola, W.O. (2015) Evaluation of Biogas Yield from Water Leaf Plant (Ta-

linum triangulare). Agricultural Engineering International: The CIGR e-Journal, 17, 110-117. 

[27] 张众磊, 胡翔, 张列宇, 等. 粪便、餐厨及芦苇混合厌氧消化过程中餐厨含量的影响研究[J]. 农业环境科学学报, 
2011, 30(6): 1221-1228. 

[28] Chandra, R., Takeuchi, H. and Hasegawa, T. (2012) Methane Production from Lignocellulosic Agricultural Crop 
Wastes: A Review in Context to Second Generation of Biofuel Production. Renewable and Sustainable Energy Re-
views, 16, 1462-1476. https://doi.org/10.1016/j.rser.2011.11.035 

[29] Koyama, M., Yamamoto, S., Ishikawa, K., et al. (2014) Anaerobic Digestion of Submerged Macrophytes: Chemical 
Composition and Anaerobic Digestibility. Ecological Engineering, 69, 304-309.  
https://doi.org/10.1016/j.ecoleng.2014.05.013 

[30] Mussgnug, J.H., Klassen, V., Schlüter, A., et al. (2010) Microalgae as Substrates for Fermentative Biogas Production 
in a Combined Biorefinery Concept. Journal of Biotechnology, 150, 51-56. 

[31] Zamalloa, C., Boon, N. and Verstraete, W. (2012) Anaerobic Digestibility of Scenedesmus obliquus and Phaeodacty-
lum tricornutum under Mesophilic and Thermophilic Conditions. Applied Energy, 92, 733-738. 

[32] Golueke, C.G., Oswald, W.J. and Gotaas, H.B. (1957) Anaerobic Digestion of Algae. Applied Microbiology, 5, 47. 
[33] Jain, S.K., Gujral, G.S., Jha, N.K., et al. (1992) Production of Biogas from Azolla pinnata R.Br and Lemna minor L.: 

Effect of Heavy Metal Contamination. Bioresource Technology, 41, 273-277. 
[34] Clark, P.B. and Hillman, P.F. (1996) Enhancement of Anaerobic Digestion Using Duckweed (Lemna minor) Enriched 

with Iron. Water and Environment Journal, 10, 92-95. https://doi.org/10.1111/j.1747-6593.1996.tb00015.x 
[35] Verma, V.K., Singh, Y.P. and Rai, J.P.N. (2007) Biogas Production from Plant Biomass Used for Phytoremediation of 

Industrial Wastes. Bioresource Technology, 98, 1664-1669. https://doi.org/10.1016/j.biortech.2006.05.038 
[36] Singhal, V. and Rai, J.P.N. (2003) Biogas Production from Water Hyacinth and Channel Grass Used for Phytoremedi-

ation of Industrial Effluents. Bioresource Technology, 86, 221-225. 
[37] Patel, V.B., Patel, A.R., Patel, M.C., et al. (1993) Effect of Metals on Anaerobic Digestion of Water Hyacinth-Cattle 

Dung. Applied Biochemistry & Biotechnology, 43, 45-50. https://doi.org/10.1007/BF02916429 
[38] Fernandes, K.D., Cañote, S.J.B., Ribeiro, E.M., et al. (2018) Can We Use Cd-Contaminated Macrophytes for Biogas 

Production. Environmental Science and Pollution Research, 9, 1-11. 
[39] Ben, S.Z., Laffray, X., Ashoour, A., et al. (2014) Metal Accumulation and Distribution in the Organs of Reeds and 

Cattails in a Constructed Treatment Wetland (Etueffont, France). Ecological Engineering, 64, 1-17. 
[40] Zhang, H., Tian, Y., Wang, L., et al. (2016) Effect of Ferrous Chloride on Biogas Production and Enzymatic Activities 

during Anaerobic Fermentation of Cow Dung and Phragmites Straw. Biodegradation, 27, 69-82. 
[41] Tian, Y., Zhang, H., Chai, Y., et al. (2017) Biogas Properties and Enzymatic Analysis during Anaerobic Fermentation 

of Phragmites australis Straw and Cow Dung: Influence of Nickel Chloride Supplement. Biodegradation, 28, 15-25.  
https://doi.org/10.1007/s10532-016-9774-5 

https://doi.org/10.12677/aep.2019.92022
https://doi.org/10.1016/j.ecoleng.2009.01.001
https://doi.org/10.1016/j.renene.2014.03.025
https://doi.org/10.1016/j.ecoleng.2010.06.027
https://doi.org/10.12677/se.2011.11001
https://doi.org/10.1016/j.rser.2011.11.035
https://doi.org/10.1016/j.ecoleng.2014.05.013
https://doi.org/10.1111/j.1747-6593.1996.tb00015.x
https://doi.org/10.1016/j.biortech.2006.05.038
https://doi.org/10.1007/BF02916429
https://doi.org/10.1007/s10532-016-9774-5


田永兰 等 
 

 

DOI: 10.12677/aep.2019.92022 150 环境保护前沿 
 

[42] Hao, H., Tian, Y., Zhang, H., et al. (2017) Copper Stressed Anaerobic Fermentation: Biogas Properties, Process Stabil-
ity, Biodegradation and Enzyme Responses. Biodegradation, 28, 369-381. 

[43] Zhang, H., Han, X., Tian, Y., et al. (2018) Process Analysis of Anaerobic Fermentation of Phragmites australis Straw 
and Cow Dung Exposing to Elevated Chromium (VI) Concentrations. Journal of Environmental Management, 224, 
414-424. 

[44] Yue, Z.-B., Yu, H.-Q. and Wang, Z.-L. (2007) Anaerobic Digestion of Cattail with Rumen Culture in the Presence of 
Heavy Metals. Bioresource Technology, 98, 781-786. https://doi.org/10.1016/j.biortech.2006.03.017 

[45] Nkemka, V.N. and Murto, M. (2010) Evaluation of Biogas Production from Seaweed in Batch Tests and in UASB 
Reactors Combined with the Removal of Heavy Metals. Journal of Environmental Management, 91, 1573-1579. 

[46] 张众磊. 粪便、芦苇和餐厨混合厌氧消化性能研究[D]: [硕士学位论文]. 北京: 北京化工大学, 2011. 
[47] Wang, X., Zhang, L., Xi, B., et al. (2015) Biogas Production Improvement and C/N Control by Natural Clinoptilolite 

Addition into Anaerobic Co-Digestion of Phragmites australis, Feces and Kitchen Waste. Bioresource Technology, 
180, 192-199. https://doi.org/10.1016/j.biortech.2014.12.023 

[48] Ma, D., Wang, J., Chen, T., et al. (2015) Iron-Oxide-Promoted Anaerobic Process of the Aquatic Plant of Curly Leaf 
Pondweed. Energy and Fuels, 29, 4356-4360. https://doi.org/10.1021/acs.energyfuels.5b00573 

[49] Zhang, H., Tian, Y., Wang, L., et al. (2013) Ecophysiological Characteristics and Biogas Production of Cad-
mium-Contaminated Crops. Bioresource Technology, 146, 628-636. 

[50] Willscher, S., Mirgorodsky, D., Jablonski, L., et al. (2013) Hydrometallurgy Field Scale Phytoremediation Experi-
ments on a Heavy Metal and Uranium Contaminated Site, and Further Utilization of the Plant Residues. Hydrometal-
lurgy, 131-132, 46-53. 

[51] Tian, Y. and Zhang, H. (2016) Producing Biogas from Agricultural Residues Generated during Phytoremediation 
Process: Possibility, Threshold, and Challenges. International Journal of Green Energy, 13, 1556-1563.  
https://doi.org/10.1080/15435075.2016.1206017 

[52] Shakeri Yekta, S., Lindmark, A., Skyllberg, U., et al. (2014) Importance of Reduced Sulfur for the Equilibrium Che-
mistry and Kinetics of Fe(II), Co(II) and Ni(II) Supplemented to Semi-Continuous Stirred tank Biogas Reactors Fed 
with Stillage. Journal of Hazardous Materials, 269, 83-88. 

[53] Keller, C., Ludwig, C., Davoli, F., et al. (2005) Thermal Treatment of Metal-Enriched Biomass Produced from Heavy 
Metal Phytoextraction. Environmental Science and Technology, 39, 3359-3367. https://doi.org/10.1021/es0484101 

[54] Vigil, M., Marey-Pérez, M.F., Huerta, G.M., et al. (2015) Is Phytoremediation without Biomass Valorization Sustaina-
ble Comparative LCA of Landfilling vs. Anaerobic Co-Digestion. Science of the Total Environment, 505, 844-850. 

[55] Thewys, T., Witters, N., Meers, E., et al. (2010) Economic Viability of Phytoremediation of a Cadmium Contaminated 
Agricultural Area Using Energy Maize. Part II: Economics of Anaerobic Digestion of Metal Contaminated Maize in 
Belgium. International Journal of Phytoremediation, 12, 663-679. https://doi.org/10.1080/15226514.2010.493188 

[56] Thewys, T. and Kuppens, T. (2008) Economics of Willow Pyrolysis after Phytoextraction. International Journal of 
Phyto-Remediation, 10, 561-583. https://doi.org/10.1080/15226510802115141 

[57] Richard, T.L. and Woodbury, P.B. (1992) The Impact of Separation on Heavy Metal Contaminants in Municipal Solid 
Waste Composts. Biomass and Bioenergy, 3, 195-211. 

[58] Selling, R., Hakansson, T. and Bjornsson, L. (2008) Two-Stage Anaerobic Digestion Enables Heavy Metal Removal. 
Water Science and Technology, 57, 553-558. https://doi.org/10.2166/wst.2008.054 

 
 
 

 

知网检索的两种方式： 

1. 打开知网页面 http://kns.cnki.net/kns/brief/result.aspx?dbPrefix=WWJD 
下拉列表框选择：[ISSN]，输入期刊 ISSN：2164-5485，即可查询 

2. 打开知网首页 http://cnki.net/ 
左侧“国际文献总库”进入，输入文章标题，即可查询 

投稿请点击：http://www.hanspub.org/Submission.aspx 
期刊邮箱：aep@hanspub.org 

https://doi.org/10.12677/aep.2019.92022
https://doi.org/10.1016/j.biortech.2006.03.017
https://doi.org/10.1016/j.biortech.2014.12.023
https://doi.org/10.1021/acs.energyfuels.5b00573
https://doi.org/10.1080/15435075.2016.1206017
https://doi.org/10.1021/es0484101
https://doi.org/10.1080/15226514.2010.493188
https://doi.org/10.1080/15226510802115141
https://doi.org/10.2166/wst.2008.054
http://kns.cnki.net/kns/brief/result.aspx?dbPrefix=WWJD
http://cnki.net/
http://www.hanspub.org/Submission.aspx
mailto:aep@hanspub.org

	Research Progress of Anaerobic Fermentation of Aquatic Plants from Wetland
	Abstract
	Keywords
	湿地水生植物厌氧发酵研究进展
	摘  要
	关键词
	1. 引言
	2. 水生植物生物质特点
	3. 水生植物的厌氧发酵产甲烷潜力
	3.1. 未受金属污染水生植物厌氧发酵
	3.2. 受金属污染水生植物厌氧发酵

	4. 结论与展望
	基金项目
	参考文献

