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摘 要 

I 

摘 要 

生物絮凝剂（Bioflocculant）是一类由微生物产生的可使液体中不易降解的

固体悬浮颗粒、菌体细胞及胶体粒子等凝聚、沉淀的特殊高分子代谢产物。它是

利用生物技术，通过微生物发酵、分离提取而得到的一种新型、高效绿色水处理

剂，具有高效性、无毒、无二次污染及生物可降解等优点。然而，目前由于生物

絮凝剂生产成本高、絮凝机理研究不深入等原因，影响并阻碍了生物絮凝剂的发

展与应用。    

本论文旨在开发一种生物絮凝剂的低成本发酵培养基，通过考察其絮凝特性

初步推测絮凝机理，并探索该生物絮凝剂在制糖工业中的实际应用效果。主要研

究工作及成果如下： 

（1）以地衣芽孢杆菌(Bacillus licheniformis CGMCC 2876 为出发菌株，确定

了生物絮凝剂合成的 佳发酵培养基组成为：20 g/L 糖蜜，0.4 g/L 尿素，0.4 g/L 

NaCl，0.2 g/L KH2PO4，1.6 g/L K2HPO4，0.2 g/L MgSO4。在该培养条件下，16 h

生物絮凝剂絮凝活性可达到 650 U/mL，培养基原材料成本降低为原来的 1/5。 

（2）考察了生物絮凝剂浓度、阳离子种类、高岭土溶液 pH、浓度和温度等

条件对该生物絮凝剂絮凝效果的影响。结果显示：生物絮凝剂的 佳浓度 4 mg/L；

一价和二价阳离子对生物絮凝剂均有助凝作用（二价阳离子效果较好），三价阳

离子效果差甚至有抑制作用；高岭土溶液 佳 pH5-11；高岭土溶液 佳浓度 2-10 

g/L。高岭土溶液温度对生物絮凝剂的絮凝效果影响不大。结合生物絮凝剂絮凝

高岭土前后的 Zeta 电势测定、不同化学试剂处理絮体情况及絮凝前后红外光谱

谱图分析，初步推测该生物絮凝剂的絮凝机理是：Ca2+压缩高岭土颗粒双电层，

中和颗粒表面电荷，使得颗粒脱稳从而产生凝聚现象；生物絮凝剂可与高岭土颗

粒发生化学吸附，同时 Ca2+也与生物絮凝剂羧基配位结合（离子键为主）在高岭

土颗粒之间架桥，从而形成大颗粒絮凝沉降。 

（3）本研究尝试将该生物絮凝剂应用于制糖工艺，结果显示，生物絮凝剂

处理甘蔗汁澄清效果与聚丙烯酰胺相当。生物絮凝剂取代聚丙烯酰胺作为糖用絮

凝剂具有可行性。 
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Abstract 

III 

Abstract 

Bioflocculant, a type of special macromolecules secreted by microorganisms, 

induces solid particles, cells and colloidal particles in a liquid suspension to flocculate 

and sediment. It is an efficient water treatment agent with characteristics of high 

flocculating efficiency, non-toxicity, non-secondary-pollution and biodegradability. In 

spite of these studies, bioflocculants have not yet been applied industrially because of 

their comparatively high cost.  

In this research, a low-cost fermentation medium with molasses as the sole 

carbon source was developed. Besides, the flocculation characteristics of 

bioflocculant were studied for preliminarily inferring the flocculation mechanism. The 

bioflocculant was first used as a substitute for polyacrylamide in the sugar-making 

process.  

(1) The fermentation conditions of Bacillus licheniformis CGMCC 2876 were 

optimized. The optimum fermentation medium was determined to be composed of: 20 

g/L molasses, 0.4 g/L urea, 0.4 g/L NaCl, 0.2 g/L KH2PO4, 1.6 g/L K2HPO4 and 0.2 

g/L MgSO4. The flocculating activity of the culture broth reached up to 650 U/mL in 

16 hours with an inoculum size of 4% (v/v). The material cost of the optimized 

medium was estimated to be 1/5 of the original one. 

(2) The effects of different factors on the flocculating activity of bioflocculant 

were investigated. The results showed that the optimum concentration of 

bioflocculant was 4 mg/L. Both monovalent and bivalent cation increased the 

flocculating activity while trivalent cation inhibited it. The optimum pH and 

concentration of kaolin clay solution were 5-11 and 2-10 g/L, respectively. 

Temperature of kaolin clay solution had little impact on the flocculating activity of 

bioflocculant. In combination with the determination of Zeta potential and infrared 

spectra, we inferred the flocculation mechanism of bioflocculant. Ca2+ compressed the 

double layer and neutralized the surface charge of kaolin clay particles; and 

bioflocculant reacted with kaolin clay particles; meanwhile Ca2+ incorporated with the 
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carboxyl of bioflocculant for bridging, so as to form the large particles for 

flocculation and sedimentation. 

(3) Bioflocculant was applied in sugar-making process on an industrial scale. 

The results showed that the bioflocculant had comparative effect in clarification of the 

sugarcane juice with polyacrylamide, indicative of the possibility of bioflocculant 

application in sugar industry. 

 

Key words: Bacillus licheniformis; Bioflocculant; Molasses; Flocculation 

characteristics; Application 
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第一章 绪论 

1 

第一章 绪论 

1.1 絮凝剂简介 

絮凝剂是一种可使液体中不易沉降的溶质、胶体或悬浮颗粒凝聚絮凝沉降的

物质，被广泛应用于给水污水处理、污泥脱水、发酵工艺、食品加工等领域中[1]。

随着工农业生产的迅速发展和人民生活水平的不断提高，对水的需求量越

来越大，而且水资源的污染也日趋严重。尤其对于水资源贫乏的我国，用

水的处理已受到各行各业的普遍关注，各种水处理剂的需求量也随之日益

增加。絮凝技术作为一种既经济又有效的水处理技术，被广泛应用于国内

外的水处理中，因此絮凝剂将成为水处理领域的主流药剂，特别是在生活

饮用水的处理使用上，市场需求量呈逐年上升的趋势。 

絮凝剂的分类方法很多。按组成的不同，可将其分为无机絮凝剂与有

机絮凝剂；若根据分子量的高低和官能团离解后所带电荷的性质，可将其

进一步分为高分子、低分子、阳离子型、阴离子型和非离子型絮凝剂等[2]。

由于低分子絮凝剂存在投加量大、处理效果差等问题，已逐渐被高分子絮

凝剂所替代。高分子絮凝剂主要有无机高分子絮凝剂、有机高分子絮凝剂

两大类。 

20 世纪 60 年代初，我国已开始了无机高分子絮凝剂的开发与研究。无机高

分子絮凝剂以其絮凝效果好，价格相对较低等优点已逐步成为主流水处理剂。常

用的无机高分子絮凝剂有聚铝类、聚铁类、聚硅酸和聚硅酸金属盐类絮凝剂三大

类[3]。聚铝类絮凝剂以其价格低、使用量少、絮凝活性高等优点已经在工业水处

理中得到广泛的应用，但是有研究表明铝盐的过度摄入与老年痴呆症的引发有直

接关系，因此聚铝类絮凝剂在给水净化中的使用安全性引起了质疑[4]。聚铁类絮

凝剂，相比于聚铝类絮凝剂，以其价格低、pH 值适用范围宽等优点已被应用于

饮用水及污水的处理，但聚铁类产品稳定性差，絮凝活性低，且残留铁离子使被

处理后的水带有颜色，影响水质感观，故其使用范围远不及聚合铝。聚硅酸是常

用的助絮剂，但在储存时易自行缩聚析出硅胶而失活，只能现配现用，严重限制

了其应用；一些离子有抑制硅酸聚合延缓其胶凝的作用，研究人员将活性硅和一
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