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4.1 BIOTREATABILITY OF INDUSTRIAL HAZARDOUS WASTES

Environmental biotechnology concerns the science and practical knowledge relating to the

use of microorganisms and their products. Biotechnology combines fundamental knowledge

in microbiology, biochemistry, genetics, and molecular biology, and engineering knowledge of

the specific processes and equipment. The main applications of biotechnology in industrial

hazardous waste treatment are: prevention of environmental pollution through waste treatment,

remediation of polluted environments, and biomonitoring of environment and treatment

processes. The common biotechnological process in the treatment of hazardous waste is the

biotransformation or biodegradation of hazardous substances by microbial communities.

Bioagents for hazardous waste treatment are biotechnological agents that can be applied

to hazardous waste treatment including bacteria, fungi, algae, and protozoa. Bacteria are

microorganisms with prokaryotic cells and typically range from 1 to 5 mm in size. Bacteria are

most active in the biodegradation of organic matter and are used in the wastewater treatment and

solid waste or soil bioremediation. Fungi are eukaryotic microorganisms that assimilate organic

substances and typically range from 5 to 20 mm in size. Fungi are important degraders of

biopolymers and are used in solid waste treatment, especially in composting, or in soil

bioremediation for the biodegradation of hazardous organic substances. Fungal biomass is also

used as an adsorbent of heavy metals or radionuclides. Algae are saprophytic eukaryotic

microorganisms that assimilate light energy. Algal cells typically range from 5 to 20 mm in size.

Algae are used in environmental biotechnology for the removal of organic matter in waste

lagoons. Protozoa are unicellular animals that absorb organic food and digest it intracellularly.

Typical cell size is from 10 to 50 mm. Protozoa play an important role in the treatment of

industrial hazardous solid, liquid, and gas wastes by grazing on bacterial cells, thus maintain-

ing adequate bacterial biomass levels in the treatment systems and helping to reduce cell

concentrations in the waste effluents.

Microbial aggregates used in hazardous waste treatment. Microorganisms are key

biotechnology agents because of their diverse biodegradation and biotransformation abilities

and their small size. They have high ratios of biomass surface to biomass volume, which ensure
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high rates of metabolism. Microorganisms used in biotechnology typically range from 1 to

100 mm in size. However, in addition to individual cells, cell aggregates in the form of flocs,

biofilms, granules, and mats with dimensions that typically range from 0.1 to 100 mm may also

be used in biotechnology. These aggregates may be suspended in liquid or attached to solid

surfaces. Microbial aggregates that can accumulate in the water–gas interface are also useful in

biotechnology applications in hazardous waste treatment.

Microbial communities for hazardous waste treatment. It is extremely unusual for

biological treatment to rely solely on a single microbial strain. More commonly, communities

of naturally selected strains or artificially combined strains of microorganisms are employed.

Positive or negative interactions may exist among the species within each community. Positive

interactions, such as commensalism, mutualism, and symbiosis, are more common in microbial

aggregates. Negative interactions, such as amensalism, antibiosis, parasitism, and predation, are

more common in natural or engineering systems with low densities of microbial biomass, for

example, in aquatic or soil ecosystems.

4.1.1 Industrial Hazardous Solid, Liquid, and Gas Wastes

Hazardous Waste

Industrial wastes are identified as hazardous wastes by the waste generator or by the national

environmental agency either because the waste component is listed in the List of Hazardous

Inorganic and Organic Constituents approved by the national agency or because the waste

exhibits general features of hazardous waste, such as harming human health or vital activity of

plants and animals (acute and chronic toxicity, carcinogenicity, teratogenicity, pathogenicity,

etc.), reducing biodiversity of ecosystems, flammability, corrosive activity, ability to explode,

and so on. The United States annually produces over 50 million metric tonnes of federally

regulated hazardous wastes [1].

Hazardous Substances

It is estimated that approximately 100,000 chemical compounds have been produced industrially

[2,3] and many of them are harmful to human health and to the environment. However, only 7%

of the largest-volume chemicals require toxicity screening [2]. In the United States, the Agency

for Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency

(EPA) maintain a list, in order of priority, of substances that are determined to pose the most

significant potential threat to human health due to their known or suspected toxicity. This

Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) Priority

List of Hazardous Substances was first issued in 1999 and includes 275 substances

(www.atsdr.cdc.gov/clist.html).

Application of Biotechnology in the Treatment of Hazardous Substances from the

CERCLA Priority List

The CERCLA Priority List of Hazardous Substances has been annotated with information on the

types of wastes and the possible biotechnological treatment methods, as shown in Table 1. The

remarks on biotreatability of these hazardous substances are based on data from numerous

papers, reviews, and books on this topic [4–8]. Databases are available on the biodegradation

of hazardous substances. For example, the Biodegradative Strain Database [9] (bsd.cme.msu.edu)

can be used to select suitable microbial strains for biodegradation applications, while the
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Table 1 Major Hazardous Environmental Pollutants and Applicability of Biotechnology For Their Treatment

1999

Rank Substance name

Type of waste

(S ¼ solid,

L ¼ liquid,

G ¼ gas) Biotechnological treatment with formation of nonhazardous or less hazardous products

1 Arsenic S, L Bioreduction/biooxidation following immobilization or dissolution

2 Lead S,L Bioimmobilization, biosorption, bioaccumulation

3 Mercury S,L,G Bioimmobilization, biovolatilization, biosorption

4 Vinyl chloride L,G Biooxidation by cometabolization with methane or ammonium

5 Benzene L,G Biooxidation

6 Polychlorinated biphenyls S,L Biooxidation after reductive or oxidative biodechlorination

7 Cadmium S,L Biosorption, bioaccumulation

8 Benzo(A)pyrene S,L Biooxidation and cleavage of the rings

9 Polycyclic aromatic hydrocarbons S,L,G Biooxidation and cleavage of the rings

10 Benzo(B)fluoranthene S,L Biooxidation and cleavage of the rings

11 Chloroform L,G Biooxidation by cometabolization with methane or ammonium

12 DDT, P,P0- S,L Biooxidation after reductive or oxidative biodechlorination

13 Aroclor 1260 S,L Biooxidation after reductive or oxidative biodechlorination

14 Aroclor 1254 S,L Biooxidation after reductive or oxidative biodechlorination

15 Trichloroethylene L,G Biooxidation by cometabolization with methane or ammonium

16 Chromium, hexavalent S,L Bioreduction/bioimmobilization, biosorption

17 Dibenzo(A,H)anthracene S,L Biooxidation and cleavage of the rings

18 Dieldrin S,L Biooxidation after reductive or oxidative biodechlorination

19 Hexachlorobutadiene L,G Biooxidation after reductive or oxidative biodechlorination

20 DDDE, P,P0- S,L Biooxidation after reductive or oxidative biodechlorination

21 Creosote S,L Biooxidation and cleavage of the rings

22 Chlordane S,L Biooxidation after reductive or oxidative biodechlorination

23 Benzidine L,G Biooxidation and cleavage of the rings

24 Aldrin S,L Biooxidation

25 Aroclor 1248 S,L Biooxidation after reductive or oxidative biodechlorination

26 Cyanide S,L,G Removal by ferrous ions produced by bacterial reduction of Fe(III)

(continues)
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Table 1 Continued

1999

Rank Substance name

Type of waste

(S ¼ solid,

L ¼ liquid,

G ¼ gas) Biotechnological treatment with formation of nonhazardous or less hazardous products

27 DDD, P,P0- S,L Biooxidation after reductive or oxidative biodechlorination

28 Aroclor 1242 S,L Biooxidation after reductive or oxidative biodechlorination

29 Phosphorus, white S,L,G

30 Heptachlor L,G

31 Tetrachloroethylene L,G Biooxidation by cometabolization with methane or ammonium

32 Toxaphene S,L Reductive (anaerobic) dechlorination

33 Hexachlorocyclohexane, gamma- S,L,G Biooxidation by white-rot fungi

34 Hexachlorocyclohexane, beta- S,L,G Biooxidation by white-rot fungi

35 Benzo(A)Anthracene S,L Biooxidation and cleavage of the rings

36 1,2-Dibromoethane L,G Biooxidation by cometabolization with methane or ammonium

37 Disulfoton S,L Biooxidation

38 Endrin S,L Biooxidation

39 Beryllium S,L Biosorption

40 Hexachlorocyclohexane, delta- S,L,G Biooxidation by white-rot fungi; biooxidation after reductive or oxidative

biodechlorination

41 Aroclor 1221 S,L Biooxidation after reductive or oxidative biodechlorination

42 Di-N-Butyl phthalate L,G Biooxidation

43 1,2-Dibromo-3-chloropropane L,G Biooxidation after reductive or oxidative biodechlorination

44 Pentachlorophenol L,G Biooxidation after reductive or oxidative biodechlorination

45 Aroclor 1016 S,L Biooxidation after reductive or oxidative biodechlorination

46 Carbon tetrachloride L,G Biodechlorination and biodegradation

47 Heptachlor epoxide L,G

48 Xylenes, total S,L,G Biooxidation

49 Cobalt S,L Biosorption

50 Endosulfan sulfate S,L Biosorption

51 DDT, O,P0- S,L Biooxidation by white-rot fungi

52 Nickel S,L Biosorption

53 3,30-Dichlorobenzidine L,G Biooxidation after reductive or oxidative biodechlorination
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54 Dibromochloropropane L,G Biooxidation after reductive or oxidative biodechlorination

55 Endosulfan, alpha S,L Biooxidation by fungi or bacteria

56 Endosulfan S,L Biooxidation by fungi or bacteria

57 Benzo(K)fluoranthene S,L Biooxidation and cleavage of the rings

58 Aroclor S,L Biooxidation after reductive or oxidative biodechlorination

59 Endrin ketone S,L

60 Cis-Chlordane S,L Biooxidation after reductive or oxidative biodechlorination

61 2-Hexanone L,G

62 Toluene L,G Biooxidation and cleavage of the ring

63 Aroclor 1232 S,L Biooxidation after reductive or oxidative biodechlorination

64 Endosulfan, beta S,L Biooxidation by fungi and bacteria

65 Methane G Biooxidation by methanotrophic bacteria

66 Trans-Chlordane S,L,G

67 2,3,7,8-Tetrachlorodibenzo-p-dioxin S,L Biooxidation after reductive or oxidative biodechlorination

68 Benzofluoranthene S,L Biooxidation and cleavage of the rings

69 Endrin aldehyde S,L

70 Zinc S,L Microbial immobilization/solubilization

71 Dimethylarsinic acid S,L

72 Di(2-ethylhexyl)phthalate S,L Biooxidation and cleavage of the rings

73 Chromium S,L Microbial reduction/oxidation followed immobilization or solubilization

74 Methylene chloride L,G Biooxidation by cometabolization with methane or ammonium

75 Naphthalene S,L,G Biooxidation and cleavage of the rings

76 Methoxychlor S,L Biooxidation after reductive or oxidative biodechlorination

77 1,1-Dichloroethene L,G Biooxidation by cometabolization with methane or ammonium

78 Aroclor 1240 S,L Biooxidation after reductive or oxidative biodechlorination

79 Bis(2-chloroethyl) ether L,G

80 1,2-Dichloroethane L,G Biooxidation by cometabolization with methane or ammonium

81 2,4-Dinitrophenol S,L,G Biooxidation

82 2,4,6-Trinitrotoluene S, L,G Biooxidation

83 2,4,6-Trichlorophenol S,L,G Biooxidation

84 Chlorine L,G Removal by ferrous or manganese ions produced by bacterial reduction of Fe(III) and

Mn(IV)

85 Cyclotrimethylenetrinitramine (Rdx) S,L

(continues)
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Table 1 Continued

1999

Rank Substance name

Type of waste

(S ¼ solid,

L ¼ liquid,

G ¼ gas) Biotechnological treatment with formation of nonhazardous or less hazardous products

86 1,1,1-Trichloroethane L,G Biooxidation by cometabolization with methane or ammonium

87 Ethylbenzene L,G Biooxidation and cleavage of the rings

88 1,1,2,2-Tetrachloroethane L,G Biooxidation by cometabolization with methane or ammonium

89 Thiocyanate S,L Removal by ferrous or manganese ions produced by bacterial reduction of Fe(III) and

Mn(IV)

90 Asbestos S,G

91 4,6-Dinitro-o-cresol S,L Biooxidation

92 Uranium S,L Bioleaching of uranium from minerals

93 Radium S,L

94 Radium-226 S,L

95 Hexachlorobenzene L,G

96 Ethion S,L

97 Thorium S,L

98 Chlorobenzene S,L,G Biooxidation after reductive or oxidative biodechlorination

99 Barium S,L Biosorption

100 2,4-Dinitrotoluene S,L Biooxidation

101 Fluoranthene S,L Biooxidation and cleavage of the rings

102 Radon G

103 Radium-228 S,L

104 Thorium-230 S,L

105 Diazinon S,L

106 Bromine G Binding with Fe or Mn reduced by bacteria

107 1,3,5-Trinitrobenzene S,L,G Biodegradation

108 Uranium-235 S,L Biosorption/bioleaching and oxidation/reduction mediated by other elements oxidized

or reduced by microorganisms

109 Tritium S,L

110 Uranium-234 S,L Biosorption/bioleaching and oxidation/reduction mediated by other elements oxidized

or reduced by microorganisms

1
3
8

T
a
y

e
t

a
l.

© 2006 by Taylor & Francis Group, LLC



111 Thorium-228 S,L

112 N-Nitrosodi-N-propylamine S,L,G

113 Cesium-137 S,L Bioimmobilization/biosorption

114 Hexachlorocyclohexane, alpha- S,L Biooxidation after reductive or oxidative biodechlorination

115 Chrysene S,L Biooxidation and cleavage of the rings

116 Radon-222 G

117 Polonium-210 S,L

118 Chrysotile asbestos S,G

119 Thorium-227 S,L

120 Potassium-40 S,L Bioaccumulation

121 Coal tars S,L Biooxidation

122 Plutonium-238 S,L Biosorption

123 Thoron (Radon-220) G

124 Copper S,L Biosorption

125 Strontium-90 S,L Bioimmobilization/solubilization

126 Cobalt-60 S,L Biosorption

127 Methylmercury L,G Biodegradation

128 Chlorpyrifos S,L

129 Lead-210 S,L Biosorption

130 Plutonium-239 S,L Biosorption

131 Plutonium S,L Biosorption

132 Americium-241 S,L

133 Iodine-131 S,L

134 Amosite asbestos S,G

134 Guthion S,L

136 Bismuth-214 S,L

136 Lead-214 S,L Biosorption

138 Chlordecone S,L

138 Plutonium-240 S,L Biosorption

138 Tributyltin S,L Biodetoxication

141 Manganese S,L Microbial reduction/oxidation

142 S,S,S-Tributyl phosphorotrithioate S,L,G

143 Selenium S,L Microbial reduction/oxidation

(continues)
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Table 1 Continued

1999

Rank Substance name

Type of waste

(S ¼ solid,

L ¼ liquid,

G ¼ gas) Biotechnological treatment with formation of nonhazardous or less hazardous products

144 Polybrominated biphenyls S,L Biooxidation after reductive or oxidative biodechlorination

145 Dicofol S,L

146 Parathion S,L Biodegradation by enzymes of genetically engineered strains

147 Hexachlorocyclohexane, technical S,L Biooxidation after reductive or oxidative biodechlorination

148 Pentachlorobenzene L,G Biooxidation after reductive or oxidative biodechlorination

149 Trichlorofluoroethane L,G Biooxidation by cometabolization with methane or ammonium

150 Treflan (Trifluralin) S,L

151 4,40-Methylenebis(2-chloroaniline) S,L

152 1,1-Dichloroethane L,G Biooxidation by cometabolization with methane or ammonium

153 DDD, O,P0- S,L Biooxidation after reductive or oxidative biodechlorination

154 Hexachlorodibenzo-p-dioxin S,L Biooxidation after reductive or oxidative biodechlorination

155 Heptachlorodibenzo-p-dioxin S,L Biooxidation after reductive or oxidative biodechlorination

156 2-Methylnaphthalene S,L Biooxidation and cleavage of the rings

157 1,1,2-Trichloroethane L,G Biooxidation by cometabolization with methane or ammonium

158 Ammonia L,G Biooxidation (nitrification) followed denitrification; bioremoval by combined IRB/IOB

biotechnology

159 Acenaphthene S,L

160 1,2,3,4,6,7,8,9-Octachlorodibenzofuran S,L Biooxidation after reductive or oxidative biodechlorination

161 Phenol L,G Biooxidation and cleavage of the rings; anaerobic biodegradation

162 Trichloroethane L,G Biooxidation by cometabolization with methane or ammonium

163 Chromium(Vi) trioxide S,L

164 1,2-Dichloroethene, trans- L,G Biooxidation by cometabolization with methane or ammonium

165 Heptachlorodibenzofuran S,L Biooxidation after reductive or oxidative biodechlorination

166 Hexachlorocyclopentadiene L,G Biooxidation after reductive or oxidative biodechlorination

167 1,4-Dichlorobenzene L,G Biooxidation after reductive or oxidative biodechlorination

168 1,2-Diphenylhydrazine L,G

169 Cresol, para- S,L,G

170 1,2-Dichlorobenzene L,G Biooxidation after reductive or oxidative biodechlorination
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171 Lead-212 S,L

172 Oxychlordane S,L Biooxidation after reductive or oxidative biodechlorination

173 2,3,4,7,8-Pentachlorodibenzofuran S,L Biooxidation after reductive or oxidative biodechlorination

174 Radium-224 G

175 Acetone L,G

176 Hexachlorodibenzofuran S,L Biooxidation after reductive or oxidative biodechlorination

177 Benzopyrene S,L Biooxidation and cleavage of the rings

177 Bismuth-212 S,L

179 Americium S,L

179 Cesium-134 S,L Biosorption

179 Chromium-51 S,L Bioreduction/biooxidation

182 Tetrachlorophenol L,G Biooxidation after reductive or oxidative biodechlorination

183 Carbon disulfide L,G

184 Chloroethane L,G Biooxidation by cometabolization with methane or ammonium

185 Indeno(1,2,3-Cd)pyrene S,L Biooxidation and cleavage of the rings

186 Dibenzofuran S,L Biooxidation and cleavage of the rings

187 p-Xylene L,G Biooxidation and cleavage of the rings

188 2,4-Dimethylphenol L,G Biooxidation and cleavage of the rings

189 Aroclor 1268 S,L Biooxidation after reductive or oxidative biodechlorination

190 1,2,3-Trichlorobenzene L,G Biooxidation after reductive or oxidative biodechlorination

191 Pentachlorodibenzofuran S,L Biooxidation after reductive or oxidative biodechlorination

192 Hydrogen sulfide L,G Biooxidation by aerobic or microaerophilic bacteria; binding with ferrous ions produced

by iron-reducing bacteria; biooxidation by phototrophic bacteria

193 Aluminum S,L

194 Tetrachloroethane L,G Biooxidation by cometabolization with methane or ammonium

195 Cresol, Ortho- L,G Biooxidation and cleavage of the rings

196 1,2,4-Trichlorobenzene L,G Biooxidation after reductive or oxidative biodechlorination

197 Hexachloroethane L,G Biooxidation after reductive or oxidative biodechlorination

198 Butyl benzyl phthalate S,L Biooxidation and cleavage of the rings

199 Chloromethane L,G Biooxidation by cometabolization with methane or ammonium

200 Vanadium S,L Biosorption

201 1,3-Dichlorobenzene L,G Biooxidation after reductive or oxidative biodechlorination

202 Tetrachlorodibenzo-p-dioxin S,L Biooxidation after reductive or oxidative biodechlorination

(continues)
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Table 1 Continued

1999

Rank Substance name

Type of waste

(S ¼ solid,

L ¼ liquid,

G ¼ gas) Biotechnological treatment with formation of nonhazardous or less hazardous products

203 2-Butanone G Biooxidation

204 N-Nitrosodiphenylamine S,L

205 Pentachlorodibenzo-p-dioxin S,L Biooxidation after reductive or oxidative biodechlorination

206 2,3,7,8-Tetrachlorodibenzofuran S,L Biooxidation after reductive or oxidative biodechlorination

207 Silver S,L Biosorption

208 2,4-Dichlorophenol L,G Biooxidation after reductive or oxidative biodechlorination

209 1,2-Dichloroethylene L,G Biooxidation after reductive or oxidative biodechlorination

210 Bromoform L,G Biooxidation by cometabolization with methane or ammonium

211 Acrolein L,G

212 Chromic acid S,L

213 2,4,5-Trichlorophenol L,G Biooxidation after reductive or oxidative biodechlorination

214 Nonachlor, trans- S,L

215 Coal tar pitch S,L Biooxidation and cleavage of the rings

216 Phenanthrene S,L Biooxidation and cleavage of the rings

217 Nitrate S,L Microbial denitrification

218 Arsenic trioxide S,L

219 Nonachlor, cis- S,L

220 Hydrazine L,G

221 Technetium-99 S,L Biosorption

222 Nitrite S,L Microbial denitrification

223 Arsenic acid S,L Bioreduction

224 Phorate S,L

225 Bromodichloroethane L,G Biooxidation by cometabolization with methane or ammonium

225 Dimethoate S,L

227 Strobane S,L

228 Naled S,L

229 Arsine S,L Biooxidation

230 4-Aminobiphenyl S,L
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230 Pyrethrum S,L

230 Tetrachlorobiphenyl S,L Biooxidation after reductive or oxidative biodechlorination

233 Dibenzofurans, chlorinated S,L Biooxidation after reductive or oxidative biodechlorination

233 Ethoprop S,L

233 Nitrogen dioxide G Bioreduction

236 Carbophenothion S,L

236 Thorium-234 S,L

238 Dichlorvos S,L

238 Ozone G

238 Palladium S,L

241 Calcium arsenate S,L Bioreduction; bioaccumulation

241 Carbon-14 S,L,G

241 Europium-154 S,L

241 Krypton-85 G

241 Mercuric chloride S,L Bioimmobilization; biomethylation

241 Sodium-22 S,L Bioaccumulation

241 Strontium-89 S,L Biosorption

241 Sulfur-35 S,L,G Biooxidation/bioreduction

241 Uranium-233 S,L Bioaccumulation/biosorption or bioleaching

250 2,4-D Acid S,L

251 Antimony S,L Biooxidation/bioreduction

252 Cresols L,G Biooxidation and cleavage of the rings

253 Pyrene S,L Biooxidation and cleavage of the rings

254 2-Chlorophenol L,G Biooxidation after reductive or oxidative biodechlorination

255 Dichlorobenzene S,L,G Biooxidation after reductive or oxidative biodechlorination

256 Formaldehyde L,G

257 N-Nitrosodimethylamine S,L

258 Chlorodibromomethane L,G Biooxidation by cometabolization with methane or ammonium

259 Sutan S,L

260 Dichloroethane S,L,G Biooxidation by cometabolization with methane or ammonium

261 1,3-Dinitrobenzene S,L,G Biodegradation

262 Dimethyl formamide S,L Biodegradation

263 1,3-Dichloropropene, cis- S,L,G

(continues)
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Table 1 Continued

1999

Rank Substance name

Type of waste

(S ¼ solid,

L ¼ liquid,

G ¼ gas) Biotechnological treatment with formation of nonhazardous or less hazardous products

264 Ethyl ether L,G

265 4-Nitrophenol L,G Biodegradation

266 1,3-Dichloropropene, trans- L,G

267 Trichlorobenzene L,G Biooxidation after reductive or oxidative biodechlorination

268 Fluoride S,L

269 1,2-Dichloropropane L,G Biooxidation after reductive or oxidative biodechlorination

270 2,6-Dinitrotoluene L,G Biodegradation

271 Methyl parathion S,L

272 Methyl isobutyl ketone L,G

273 Octachlorodibenzo-p-dioxin S,L Biooxidation after reductive or oxidative biodechlorination

274 Styrene S,L Biooxidation and cleavage of the rings

275 Fluorene S,L Biooxidation and cleavage of the rings
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University of Minnesota Biocatalysis /Biodegradation Database (umbbd.ahc.umn.edu) can be

used to predict biodegradation pathways and biodegradation metabolites. Approximately two-

thirds of the hazardous substances mentioned in the CERCLA Priority List of Hazardous

Substances can be treated by different biotechnological methods.

Production of Hazardous Wastes

The toxic substances appear mostly in: (a) the waste streams of manufacturing processes of

commercial products; (b) the wastes produced during the use of these products, or (c) the post-

manufacturing wastes related to the storage of these commercial products. Some toxic sub-

stances appear as constituents of commercial products that are disposed of once their useful lives

are over [2]. If these products are disposed of in a landfill, product deterioration will eventually

lead to release of toxic chemicals into the environment. The annual world production of

hazardous wastes is estimated to range from 20 � 106 to 50 � 106 metric tonnes. These

hazardous wastes include oil-polluted soil and sludges, hydroxide sludges, acidic and alkaline

solutions, sulfur-containing wastes, paint sludges, halogenated organic solvents, nonhalogenated

organic solvents, galvanic wastes, salt sludges, pesticide-containing wastes, explosives, and

wastewaters and gas emissions containing hazardous substances [3].

Secondary Hazardous Wastes

Secondary wastes are generated from the collection, treatment, incineration, or disposal of

hazardous wastes, such as sludges, sediments, effluents, leachates, and air emissions. These

secondary wastes may also contain hazardous substances and must be treated or disposed of

properly to prevent secondary pollution of underground water, surface water, soil, or air.

Oil and Petrochemical Industries as Sources of Hazardous Organic Wastes

The petrochemical industry is a major source of hazardous organic wastes, produced during the

manufacture or use of hazardous substances. The recovery, transportation, and storage of raw oil

or petrochemicals are major sources of hazardous wastes, often produced as the consequence of

technological accidents. Seawater and freshwater pollution due to oil and oil-product spills,

underground or soil pollution due to land spills or leakage from pipelines or tanks, and air

pollution due to incineration of oil or oil sludge are major cases of environmental pollution.

Gasoline is the main product in the petrochemical industry and consists of approximately 70%

aliphatic linear and branched hydrocarbons, and 30% aromatic hydrocarbons, including xylenes,

toluene, di- and tri-methylbenzenes, ethylbenzenes, benzene, and others. Other pure bulk

chemicals used for chemical synthesis include formaldehyde, methanol, acetic acid, ethylene

and polyethylenes, ethylene glycol and polyethylene glycols, propylene, propylene glycol and

polypropylene glycols, and such aromatic hydrocarbons as benzene, toluene, xylenes, styrene,

aniline, phthalates, naphthalene, and others.

Hazardous Wastes of Other Chemical Industries

The hazardous substances contained in solid, liquid, or gaseous wastes may include products

from the pesticide and pharmaceutical industries. The paint and textile industries produce

hazardous solid, liquid, and gaseous wastes that contain diverse organic solvents, paint and fiber

preservatives, organic and mineral pigments, and reagents for textile finishing [3]. The pulp

industry generates wastewater that contains chlorinated phenolic compounds produced in

the chlorine bleaching of pulp. Widely used wood preservatives are usually chlorinated or
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unchlorinated monocyclic and polycyclic aromatic hydrocarbons. The explosives industry

generates wastes containing recalcitrant chemicals with nitrogroups [3].

Xenobiotics and Their Biodegradability

Organic substances, synthesized in the chemical industry, are often hardly biodegradable. The

substances that are not produced in nature and are slowly/partially biodegradable are called

xenobiotics. Vinylchloride (a monomer for the plastic industry), chloromethanes and chloro-

ethylenes (solvents), polychlorinated aromatic hydrocarbons (pesticides, fungicides, dielectrics,

wood preservatives), and organophosphate- and nitro-compounds are examples of xenobiotics.

The biodegradability of xenobiotics can be characterized by biodegradability tests such as: rate

of CO2 formation (mineralization rate), rate of oxygen consumption (respirometry test), ratio

of BOD to COD (oxygen used for biological or chemical oxidation), and by the spectrum of

intermediate products of biodegradation.

Hazardous Wastes of Nonchemical Industries

The coal industry, mining industry, hydrometallurgy, and metal industry are sources of solid and

liquid wastes that may contain heavy metals, sulfides, sulfuric and other acids, and some toxic

reagents used in industrial processes. The electronics and mechanical production industries are

sources of hazardous wastes containing organic solvents, surfactants, and heavy metals. Nuclear

facilities produce solid and liquid wastes containing radionuclides. Large-scale accidents on

nuclear facilities serve as potential sources of radioactive pollution of air and soil, and the

polluted areas can be as large as the combined areas of several states.

4.1.2 Suitability of Biotechnological Treatment for Hazardous Wastes

Comparison of Different Treatments of Hazardous Wastes

Usually, the hazardous substance can be removed or treated by physical, chemical, physico-

chemical, or biological methods. Advantages and disadvantages of these methods are shown in

Table 2. The advantages of biotechnological treatment of hazardous wastes are biodegradation

or detoxication of a wide spectrum of hazardous substances by natural microorganisms and

availability of a wide range of biotechnological methods for complete destruction of hazard-

ous wastes without production of secondary hazardous wastes. However, to intensify the

biotreatment, nutrients and electron acceptors must be added, and optimal conditions must be

maintained. On the other hand, there may be unexpected or negative effects mediated by

microorganisms, such as emission of odors or toxic gases during the biotreatment, and it may be

difficult to manage the biotreatment system because of the complexity and high sensitivity of the

biological processes.

Cases When Biotechnology is Most Applicable for the Treatment of Hazardous Wastes

The main considerations for application of biotechnology in hazardous waste treatment are as

follows:

1. Reasonable rate of biodegradability or detoxication of hazardous substance during

biotechnological treatment; such rates are derived from a knowledge of the optimal

treatment duration;

2. Necessity to have low volume or absence of secondary hazardous substances

produced during biotechnological treatment;
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Table 2 Advantages and Disadvantages of Different Treatments of Hazardous Wastes

Method of treatment Advantages Disadvantages

Physical treatment (sedimentation, volatilization,

fixation, evaporation, heat treatment, radiation,

etc.)

† Required time is from some minutes to some

hours.

† High expenses for energy and equipment.

Chemical treatment (oxidation, incineration,

reduction, immobilization, chelating,

transformation)

† Required time is from some minutes to some

hours.

† High expenses for reagents, energy, and

equipment; air pollution due to incineration.

Physico-chemical treatment (adsorption,

absorption)

† Required time is from some minutes to some

hours.

† High expenses for adsorbents; formation of

secondary hazardous waste.

Biotechnological aerobic treatment (oxidation,

transformation, degradation)

† Low volume or absence of secondary hazardous

wastes.

† Some expenses for aeration, nutrients, and

maintenance of optimal conditions.

† Process can be initiated by natural

microorganisms or small quantity of added

microbial biomass.

† Wide spectrum of degradable substances and

diverse methods of biodegradability.

† Required time is from some hours to days.

† Unexpected or negative effects of

microorganisms-destructors.

† Low predictability of the system because of

complexity and high sensitivity of biological

systems.

Biotechnological anaerobic treatment (reduction,

degradation)

† Low volume or absence of secondary hazardous

wastes.

† Process can be initiated by natural

microorganisms or small quantity of added

microbial biomass.

† Wide spectrum of degradable substances and

diverse methods of biodegradability.

† Required time is from some days to months.

† Emission of bad smelling or toxic gases.

† Unexpected or negative effects of

microorganisms-destructors.

† Low predictability of the system because of

complexity and high sensitivity of biological

systems.

Landfilling (as a combination of physical and

biological treatment)

† Low expenses for landfilling. † Harmful air emissions; leaching; expensive

land use.

† Required time is some years.
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3. Biotechnological treatment is more cost-effective than other methods; the low cost

of biotechnological treatment is largely attributed to the small quantities or total

absence of added reagents and microbial biomass to start up the biotreatment process;

4. Public acceptance of biotechnological treatment is better than for chemical or physical

treatment.

However, the efficiency of actual biotechnological application depends on its design,

process optimization, and cost minimization. Many failures have been reported on the way from

bench laboratory-scale to field full-scale biotechnological treatment because of variability,

instability, diversity, and heterogeneity of both microbial properties and conditions in the

treatment system [10].

Treatment Combinations

In many cases, a combination of physical, chemical, physico-chemical, and biotechnological

treatments may be more efficient than one type of treatment (Table 3). Efficient pretreatment

schemes, used prior to biotechnological treatment, include homogenization of solid wastes in

water, chemical oxidation of hydrocarbons by H2O2, ozone, or Fenton’s reagent, photochemical

oxidation, and preliminary washing of wastes by surfactants.

Roles of Biotechnology in Hazardous Waste Management

Biotechnology can be applied in different fields of hazardous waste management (Table 4):

hazardous waste identification by biotechnological tests of toxicity and pathogenicity; pre-

vention of hazardous waste production using biotechnological analogs of products; hazardous

Table 3 Examples of Combinations of Different Treatments

Combination of treatments Example of combination

Physical and biotechnological

treatment

† Thermal pretreatment of waste can enhance the

biodegradability of hazardous substance.

† Homogenization/suspension of solid wastes or

nondissolved sludges in water will increase the surface of the

waste particles and, as result of this, the rate of

biodegradation will also be increased.

Chemical and biotechnological

aerobic treatment

† Preliminary chemical oxidation of aromatic hydrocarbons

by H2O2 or ozone will improve the biodegradability of these

hazardous substances because of the cleavage of aromatic

rings.

Biotechnological and chemical

treatment

† Reduction of Fe(III) from nondissolved iron hydroxides will

produce dissolved Fe(II) ions, which can be used for the

precipitation of organic acids or cyanides.

Physico-chemical and biotechnological

treatment

† Preliminary washing of wastes polluted by hydrophobic

substances by water or solution of surfactants will remove

these molecules from the waste; thus, the hydrophobic

substances of suspension will be degraded faster than if

attached to the particles of hazardous waste.

Biotechnological anaerobic and aerobic

treatment

† Anaerobic treatment will perform anaerobic dechlorination

of hazardous substances; it will enhance following aerobic

treatment.
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waste collection in biodegradable containers; hazardous waste toxicity reduction by bio-

treatment/biodegradation/bioimmobilization of hazardous substances; and hazardous waste

recycling by recycling of nutrients during hazardous waste treatment.

4.1.3 Biosensors of Hazardous Substances

An important application of biotechnology in hazardous waste management is the biomonitoring

of hazardous substances. This includes monitoring of biodegradability, toxicity, mutagenicity,

concentration of hazardous substances, and monitoring of concentration and pathogenicity of

microorganisms in untreated wastes, treated wastes, and in the environment [11,12].

Whole-Cell Biosensors

Simple or automated offline or online biodegradability tests can be performed by measuring CO2

or CH4 gas production or O2 consumption [13]. Biosensors may utilize either whole bacterial

cells or enzymes to detect specific molecules of hazardous substances. Toxicity can be

monitored specifically by whole-cell sensors whose bioluminescence may be inhibited by the

Table 4 Roles of Biotechnological Applications in Hazardous Waste Management

Type of waste management Examples of biotechnological application

Hazardous waste identification † Detection of toxicity, mutagenicity, or pathogenicity by

conventional methods or by fast biotechnological tests.

Prevention of hazardous

waste production

† Production, trade, or use of specific products containing

nonbiodegradable hazardous substances may be banned

based on biotechnological tests of biodegradability and

toxicity.

† Selection of environmentally preferred products based on

biotechnological tests of biodegradability and toxicity.

† Replacement of chemical pesticides, herbicides,

rodenticides, termiticides, fungicides, and fertilizers by

biodegradable and nonpersistent in the environment

biotechnological analogs.

Hazardous waste collection † Production and use of biodegradable containers.

† Biotechnological formation of chemical substances (H2S,

Fe2þ) used for the collection of hazardous substances.

Hazardous waste reduction † Biotreatment and biodegradation of hazardous waste.

† Immobilization of hazardous substances from the streams.

† Solubilization of hazardous substances from waste.

Hazardous waste toxicity reduction † Biodegradation of hazardous substances.

† Immobilization/solubilization of hazardous substances.

† Biotransformation and detoxication of hazardous substances.

Hazardous waste recycling † Solubilization/precipitation and recycling of heavy metals

from waste.

† Bioassimilation, precipitation, and recycling of ammonia,

nitrate, and nitrite.

Hazardous waste incineration † Sorption of hazardous products of combustion and their

biodegradation.

Hazardous waste landfilling † Inoculation of landfill for faster biodegradation.

† Biotreatment of landfill leachate.
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presence of hazardous substance. The most popular approach uses cells with an introduced

luminescent reporter gene to determine changes in the metabolic status of the cells following

intoxication [14]. Nitrifying bacteria have multiple-folded cell membranes that are sensitive to

all membrane-disintegrating substances. Therefore, respirometric sensors that measure the

respiration rates of these bacteria can be used for toxicity monitoring in wastewater treatment

[15]. Another approach involves amperometric measurements of oxidized or reduced chemical

mediators as an indicator of the metabolic status of bacterial or eukaryotic cells [14]. Biosensors

measuring concentrations of hazardous substances are often based on the measurement of

bioluminescence [16]. This toxicity sensor is a bioluminescent toxicity bioreporter for hazardous

wastewater treatment. It is constructed by incorporating bioluminescence genes into a

microorganism. These whole-cell toxicity sensors are very sensitive and may be used online to

monitor and optimize the biodegradation of hazardous soluble substances. Similar sensors

can be used for the measurement of the concentration of specific pollutants. A gene for

bioluminescence has been fused to the bacterial genes coding for enzymes that metabolize the

pollutant. When this pollutant is degraded, the bacterial cells will produce light. The intensity of

biodegradation and bioluminescence depend on the concentration of pollutant and can be

quantified using fiber-optics online. Combinations of biosensors in array can be used to measure

concentration or toxicity of a set of hazardous substances.

Microbial Test of Mutagenicity

The mutagenic activity of chemicals is usually correlated with their carcinogenic properties.

Mutant bacterial strains have been used to determine the potential mutagenicity of manufactured

or natural chemicals. The most common test, proposed by Ames in 1971, utilizes back-mutation

in auxotrophic bacterial strains that are incapable of synthesizing certain nutrients. When

auxotrophic cells are spread on a medium that lacks the essential nutrients (minimal medium),

no growth will occur. However, cells that are treated with a tested chemical that causes a

reversion mutation can grow in minimal medium. The frequency of mutation detected in the test

is proportional to the potential mutagenicity and carcinogenicity of the tested chemical.

Microbial mutagenicity tests are used widely in modern research [17–19].

Molecular Sensors

Cell components or metabolites capable of recognizing individual and specific molecules can be

used as the sensory elements in molecular sensors [11]. The sensors may be enzymes, sequences

of nucleic acids (RNA or DNA), antibodies, polysaccharides, or other “reporter” molecules.

Antibodies, specific for a microorganism used in the biotreatment, can be coupled to

fluorochromes to increase sensitivity of detection. Such antibodies are useful in monitoring the

fate of bacteria released into the environment for the treatment of a polluted site. Fluorescent or

enzyme-linked immunoassays have been derived and can be used for a variety of contaminants,

including pesticides and chlorinated polycyclic hydrocarbons. Enzymes specific for pollutants

and attached to matrices detecting interactions between enzyme and pollutant are used in online

biosensors of water and gas biotreatment [20,21].

Detection of Bacterial DNA Sequences by Oligonucleotide Probe or Array

A useful approach to monitor microbial populations in the biotreatment of hazardous wastes

involves the detection of specific sequences of nucleic acids by hybridization with

complementary oligonucleotide probes. Radioactive labels, fluorescent labels, and other kinds

of labels are attached to the probes to increase sensitivity and simplicity of the hybridization
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detection. Nucleic acids that are detectable by the probes include chromosomal DNA, extra-

chromosomal DNA such as plasmids, synthetic recombinant DNA such as cloning vectors,

phage or virus DNA, rRNA, tRNA, and mRNA transcribed from chromosomal or extra-

chromosomal DNA. These molecular approaches may involve hybridization of whole intact

cells, or extraction and treatment of targeted nucleic acids prior to probe hybridization [22–24].

Microarrays for simultaneous semiquantitative detection of different microorganisms or specific

genes in the environmental sample have also been developed [25–27].

4.2 AEROBIC, ANAEROBIC, AND COMBINED ANAEROBIC/AEROBIC
BIOTECHNOLOGICAL TREATMENT

Relation of Microorganisms to Oxygen. The evolution from an anaerobic atmosphere to an

aerobic one resulted in the creation of anaerobic (living without oxygen), facultative anaerobic

(living under anaerobic or aerobic conditions), microaerophilic (preferring to live under low

concentrations of dissolved oxygen), and obligate aerobic (living only in the presence of

oxygen) microorganisms. Some anaerobic microorganisms, called tolerant anaerobes, have

mechanisms protecting them from exposure to oxygen. Others, called obligate anarobes, have no

such mechanisms and may be killed after some seconds of exposure to aerobic conditions.

Obligate anaerobes produce energy from: (a) fermentation (destruction of organic substances

without external acceptor of electrons); (b) anaerobic respiration using electron acceptors such

as CO2, NO3
2, NO2

2, Fe3þ, SO4
22; and (c) anoxygenic (H2S! S) or oxygenic (H2O! O2)

photosynthesis. Facultative anaerobes can produce energy from these reactions or from the

aerobic oxidation of organic matter. The following sequence arranges respiratory processes

according to increasing energetic efficiency of biodegradation (per mole of transferred

electrons): fermentation! CO2 respiration (“methanogenic fermentation”)! dissimilative

sulfate reduction! dissimilative iron reduction (“iron respiration”)! nitrate respiration

(“denitrification”)! aerobic respiration.

4.2.1 Aerobic Microorganisms and Aerobic Treatment of Solid Wastes

Such xenobiotics as aliphatic hydrocarbons and derivatives, chlorinated aliphatic compounds

(methyl, ethyl, methylene, and ethylene chlorides), aromatic hydrocarbons and derivatives

(benzene, toluene, phthalate, ethylbenzene, xylenes, and phenol), polycyclic aromatic hy-

drocarbons, halogenated aromatic compounds (chlorophenols, polychlorinated biphenyls,

dioxins and relatives, DDT and relatives), AZO dyes, compounds with nitrogroups (explosive-

contaminated waste and herbicides), and organophosphate wastes can be treated effectively by

aerobic microorganisms.

Conventional Composting of Organic Wastes

Technologically, composting is the simplest way to treat solid waste containing hazardous

substances. Composting converts biologically unstable organic matter into a more stable

humuslike product that can be used as a soil conditioner or organic fertilizer. Additional benefits

of composting of organic wastes include prevention of odors from rotting wastes, destruction of

pathogens and parasites (especially in thermophilic composting), and retention of nutrients in the

endproducts. There are three main types of composting technology: the windrow system, the

static pile system, and the in-vessel system.
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Windrow System

Composting in windrow systems involves mixing an organic waste with inexpensive bulking

agents (wood chips, leaves, corncobs, bark, peanut and rice husks) to create a structurally rigid

matrix, to diminish heat transfer from the matrix to the ambient environment, to increase the

treatment temperature, and to increase the oxygen transfer rate. The mixed matter is stacked in

1–2 m high rows called windrows. The mixtures are turned over periodically (2 to 3 times per

week) by mechanical means to expose the organic matter to ambient oxygen. Aerobic and

partially anaerobic microorganisms, which are present in the waste or were added from

previously produced compost, will grow in the organic waste. Owing to the biooxidation and

release of energy, the temperature in the pile will rise. This is accompanied by successional

changes in the dominant microbial communities, from less thermoresistant to more thermophilic

ones. This composting process ranges from 30 to 60 days in duration.

Static Pile System

The static pile system is an intensive biotreatment because the pile of organic waste and bulking

agent is intensively aerated using blowers and air diffusers. The pile is usually covered with

compost to remove odor and to maintain high internal temperatures. The aerated static pile

process typically takes 21 days, after which the compost is cured for another 30 days, dried, and

screened to recycle the bulking agent.

In-Vessel Composting

In-vessel composting results in the most intensive biotransformation of organic wastes. In-vessel

composting is performed in partially or completely enclosed containers in which moisture

content, temperature, and oxygen content in the gas can be controlled. This process requires little

space and takes some days for treatment, but its cost is higher than that of open systems.

Composting of Hazardous Organic Wastes

Hazardous wastes can be treated in all the systems mentioned above, but long durations are

usually needed to reach permitted levels of pollution. The choice of the system depends on the

required time and possible cost of the treatment. Time of the treatment decreases, but the costs

increase in the following sequence: windrow system! static pile system! in-vessel system.

To intensify the composting of hazardous solid waste, the following pretreatments can be used:

mechanical disintegration and separation or screening to improve bioavailability of hazardous

substances, thermal treatment, washing out of hazardous substances from waste by water or

surfactants to diminish their content in waste, or application of H2O2, ozone, or Fenton’s reagent

as a chemical pretreatment to oxidize and cleave aromatic rings of hydrocarbons. There are

many reports of successful applications of all types of composting for the treatment of crude-oil-

impacted soil, petrochemicals-polluted soil, and explosives-polluted soil.

Application of Biotechnology in/on the Sites of Postaccidental Wastes

This direction of environmental biotechnology is known as soil bioremediation. There are many

options in the process design described in the literature [7,28,29].

The main options tested in the field are as follows:

. Engineered in situ bioremediation (in-place treatment of a contaminated site);

. Engineered onsite bioremediation (the treatment of a percolating liquid or eliminated

gas in reactors placed on the surface of the contaminated site). The reactors used for
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this treatment are suspended biomass stirred-tank bioreactors, plug-flow bioreactors,

rotating-disc contactors, packed-bed fixed-biofilm reactors (biofilter), fluidized bed

reactors, diffused aeration tanks, airlift bioreactors, jet bioreactors, membrane bio-

reactors, and upflow bed reactors [30].

. Engineered ex situ bioremediation (the treatment of contaminated soil or water that is

removed from a contaminated site).

The first option is used when the pollution is not strong, time required for the treatment is

not a limiting factor, and there is no pollution of groundwater. The second option is usually used

when the level of pollution is high and there is secondary pollution of groundwater. The third

option is usually used when the level of pollution is so high that it diminishes the biodegradation

rate due to toxicity of substances or low mass transfer rate. Another reason for using this option

might be that the conditions insite or onsite (pH, salinity, dense texture or high permeability of

soil, high toxicity of substance, and safe distance from public place) are not favorable for

biodegradation.

Artificial Formation of Geochemical Barrier

One aim of using biotechnology is to prevent the dispersion of hazardous substances from the

accident site into the environment. This can be achieved by creating physical barriers on the

migration pathway with microorganisms capable of biotransforming the intercepted hazardous

substances, for example, in polysaccharide (slime) viscous barriers in the contaminated

subsurface. Another approach, which can be used to immobilize heavy metals in soil after

pollution accidents, is the creation of biogeochemical barriers. These geochemical barriers could

comprise gradients of H2S, H2, or Fe2þ concentrations, created by anaerobic sulfate-reducing

bacteria (in the absence of oxygen and the presence of sulfate and organic matter), fermenting

bacteria (after addition of organic matter and in the absence of oxygen), or iron-reducing

bacteria [in the presence of Fe(III) and organic matter], respectively. Other bacteria can form a

geochemical barrier for the migration of heavy metals at the boundary between aerobic and

anaerobic zones. For example, iron-oxidizing bacteria will oxidize Fe2þ in this barrier and

produce iron hydroxides that can diminish the penetration of ammonia, phosphate, organic acids,

cyanides, phenols, heavy metals, and radionuclides through the barrier.

4.2.2 Aerobic Biotechnological Treatment of Wastewater

Treatment in Aerobic Reactors

Industrial hazardous wastewater can be treated aerobically in suspended biomass stirred-tank

bioreactors, plug-flow bioreactors, rotating-disc contactors, packed-bed fixed-biofilm reactors

(or biofilters), fluidized bed reactors, diffused aeration tanks, airlift bioreactors, jet bioreactors,

membrane bioreactors, and upflow bed reactors [28,30].

One difference between these systems and the biological treatment of nonhazardous

wastewater is that the exhaust air may contain volatile hazardous substances or intermediate

biodegradation products. Therefore, the air must be treated as secondary hazardous wastes by

physical, chemical, physico-chemical, or biological methods. Other secondary hazardous wastes

may include the biomass of microorganisms that may accumulate volatile hazardous substances

or intermediate products of their biodegradation. This hazardous liquid or semisolid waste must

be properly treated, incinerated, or disposed.
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Treatment of Wastewater with Low Concentration of Hazardous Substance

Wastewater with low concentrations of hazardous substances may reasonably be treated using

biotechnologies such as granular activated carbon (GAC) fluidized-bed reactors or co-

metabolism. Granulated activated carbon or other adsorbents ensure sorption of hydrophobic

hazardous substances on the surface of GAC or other adsorbent particles. Microbial biofilms can

also be concentrated on the surface of these particles and can biodegrade hazardous substances

with higher rates compared to situations when both substrate and microbial biomass are

suspended in the wastewater. Cometabolism refers to the simultaneous biodegradation of

hazardous organic substances (which are not used as a source of energy) and stereochemically

similar substrates, which serve as a source of carbon and energy for microbial cells.

Biooxidation of the hazardous substance is performed by the microbial enzymes due to

stereochemical similarity between the hazardous substance and the substrate. The best-known

applications of cometabolism are the biodegradation/detoxication of chloromethanes,

chloroethanes, chloromethylene, and chloroethylenes by enzyme systems of bacteria for

oxidization of methane or ammonia as the main source of energy. In practice, the bioremediation

is achieved by adding methane or ammonia, oxygen (air), and biomass of methanotrophic or

nitrifying bacteria to soil and groundwater polluted by toxic chlorinated substances.

Combinations of Aerobic Treatment with Other Treatments

To intensify the biotreatment of hazardous liquid waste, the following pretreatments can be

used: mechanical disintegration/suspension of hazardous hydrophobic substances to improve

the reacting surface in the suspension and increase the rate of biodegradation; removal from

wastewater or concentration of hazardous substances by sedimentation, centrifugation, filtration,

flotation, adsorption, extraction, ion exchange, evaporation, distillation, freezing separation;

preliminary oxidation by H2O2, ozone, or Fenton’s reagent to produce active oxygen radicals;

preliminary photo-oxidation by UV and electrochemical oxidation of hazardous substances.

Application of Microaerophilic Microorganisms in Biotechnological Treatment

Some aerobic microorganisms prefer low concentrations of dissolved oxygen in the medium

for growth, for example, concentrations below 1 mg/L. These microorganisms include filamen-

tous hydrogen sulfide-oxidizing bacteria (e.g., Beggiatoa spp.), pathogenic bacteria (e.g.,

Campylobacter spp., Streptococcus spp., and Vibrio spp.), microaerophilic spirilla (e.g.,

Magnetospirillum spp.), and neutrophilic iron-oxidizing bacteria. Iron-oxidizing bacteria can

produce sheaths or stalks that act as organic matrices upon which the deposition of ferric

hydrooxides can occur [31,32]. Some microaerophiles are active biodegraders of organic

pollutants in postaccident sites [33], while other microaerophiles form H2O2 to oxidize

xenobiotics. Sheaths of neutrophilic iron-oxidizing bacteria can adsorb heavy metals and

radionuclides from hazardous streams.

4.2.3 Aerobic Biotechnological Treatment of Hazardous Waste Gas

Biodegradable Hazardous Gases

The CERCLA Priority List of Hazardous Substances contains many substances released in

industry as gaseous hazards and which can be treated biotechnologically (Table 1), including the

following: chloroform, trichloroethylene, 1,2-dibromoethane, 1,2-dibromo-3-chloropropane,

carbontetrachloride, xylenes, dibromochloropropane, toluene, methane, methylene chloride,

1,1-dichloroethene, bis(2-chloroethyl) ether, 1,2-dichloroethane, chlorine, 1,1,2-trichloroethane,
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ethylbenzene, 1,1,2,2-tetrachloroethane, bromine, methylmercury, trichlorofluoroethane, 1,1-

dichloroethane, 1,1,2-trichloroethane, ammonia, trichloroethane, 1,2-dichloroethene, carbon

disulfide, chloroethane, p-xylene, hydrogen sulfide, chloromethane, 2-butanone, bromoform,

acrolein, bromodichloroethane, nitrogen dioxide, ozone, formaldehyde, chlorodibromomethane,

ethyl ether, and 1,2-dichloropropane.

Reactors

The common way to remove vaporous or gaseous pollutants from gas or air streams is to pass

contaminated gases through bioscrubbers containing suspensions of biodegrading microorgan-

isms or through a biofilter packed with porous carriers covered by biofilms of degrading

microorganisms. Depending on the nature and volume of polluted gas, the biofilm carriers may

be cheap porous substrates, such as peat, wood chips, and compost, or regular artificial carriers

such as plastic or metal rings, porous cylinders and spheres, fibers, and fiber nets. The

bioscrubber contents must be stirred to ensure high mass transfer between the gas and microbial

suspension. The liquid that has interacted with the polluted gas is collected at the bottom of the

biofilter and recycled to the top part of the biofilter to ensure adequate contact of polluted gas and

liquid and optimal humidity of biofilter. Addition of nutrients and fresh water to the bioscrubber

or biofilter must be made regularly or continuously. Fresh water can be used to replace water that

has evaporated in the bioreactor. If the mass transfer rate is higher than the biodegradation rate,

the absorbed pollutants must be biodegraded in an additional suspended bioreactor or biofilter

connected in series to the bioscrubber or absorbing biofilter.

Applications

The main application of biotechnology for the treatment of hazardous waste gases is the

bioremoval of biodegradable organic solvents. Other important applications include the

biodegradation of odors and toxic gases such as hydrogen sulfide and other sulfur-containing

gases from the exhaust ventilation air in industry and farming. Industrial ventilation air

containing formaldehyde, ammonia, and other low-molecular-weight substances can also be

effectively treated in the bioscrubber or biofilter.

4.2.4 Anaerobic Microorganisms and Anaerobic Biotechnological Treatment
of Hazardous Wastes

Fermentation and Anaerobic Respiration

The main energy-producing pathways in anaerobic treatment are fermentation (intramolecular

oxidation/reduction without external electron acceptor) or anaerobic respiration (oxidation by

electron acceptor other than oxygen). The advantage of anaerobic treatment is that there is no

need to supply oxygen in the treatment system. This is useful in cases such as bioremediation of

clay soil or high-strength organic waste. However, anaerobic treatment may be slower than

aerobic treatment, and there may be significant outputs of dissolved organic products of

fermentation or anaerobic respiration.

Biotreatment by Facultative Anaerobic Microorganisms

Facultative anaerobic microorganisms may be useful when integrated together with aerobic and

anaerobic microorganisms in microbial aggregates. However, this function is still not well

studied. One interesting and useful feature in this physiological group is the ability in some
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representatives (e.g., Escherichia coli) to produce an active oxidant, hydrogen peroxide, during

normal aerobic metabolism [34].

Biotreatment by Anaerobically Respiring Bacteria

Aerobic respiration is more effective in terms of output of energy per mole of transferred

electrons than fermentation. Anaerobic respiration can be performed by different groups of

prokaryotes with such electron acceptors as NO3
2, NO2

2, Fe3þ, SO4
22, and CO2. Therefore, if

the concentration of one such acceptor in the hazardous waste is sufficient for the anaerobic

respiration and oxidation of the pollutants, the activity of the related bacterial group can be used

for the treatment. CO2-respiring prokaryotes (methanogens) are used for methanogenic

biodegradation of organic hazardous wastes in anaerobic reactors or in landfills. Sulfate-

reducing bacteria can be used for anaerobic biodegradation of organic matter or for the

precipitation/immobilization of heavy metals of sulfate-containing hazardous wastes. Iron-

reducing bacteria can produce dissolved Fe2þ ions from insoluble Fe(III) minerals. Anaerobic

biodegradation of organic matter and detoxication of hazardous wastes can be significantly

enhanced as a result of precipitation of toxic organics, acids, phenols, or cyanide by Fe(II).

Nitrate-respiring bacteria can be used in denitrification, that is, reduction of nitrate to gaseous

N2. Nitrate can be added to the hazardous waste to initiate the biodegradation of different types

of organic substances, for example, polycyclic aromatic hydrocarbons [35]. Nitrogroups of

hazardous substances can be reduced by similar pathway to related amines.

Biotreatment of Hazardous Waste by Anaerobic Fermenting Bacteria

Anaerobic fermenting bacteria (e.g., from genus Clostridium) perform two important functions

in the biodegradation of hazardous organics: they hydrolyze different natural polymers and

ferment monomers with production of alcohols, organic acids, and CO2. Many hazardous

substances, for example, chlorinated solvents, phthalates, phenols, ethyleneglycol, and

polyethylene glycols, can be degraded by anaerobic microorganisms [28,36–38]. Fermenting

bacteria perform anaerobic dechlorination, thus enhancing further biodegradation of chlorinated

organics. There are different biotechnological systems to perform anaerobic biotreatment of

wastewater: biotreatment by suspended microorganisms, anaerobic biofiltration, and

biotreatment in upflow anaerobic sludge blanket (UASB) reactors [7,28].

Application of Biotechnology in Landfilling of Hazardous Solid Wastes

Landfilled organic and inorganic wastes are slowly transformed by indigenous microorganisms

in the wastes [39]. Organic matter is hydrolyzed by bacteria and fungi. Amino acids are degraded

via ammonification with formation of toxic organic amines and ammonia. Amino acids,

nucleotides, and carbohydrates are fermented or anaerobically oxidized with formation of

organic acids, CO2, and CH4. Xenobiotics and heavy metals may be reduced, and subsequently

dissolved or immobilized. These bioprocesses may result in the formation of toxic landfill

leachate, which can be detoxicated by aerobic biotechnological treatment to oxidize organic

hazards and to immobilize dissolved heavy metals.

4.2.5 Combined Anaerobic/Aerobic Biotreatment of Wastes

A combined anaerobic/aerobic biotreatment can be more effective than aerobic or anaerobic

treatment alone. The simplest approach for this type of treatment is the use of aerated

stabilization ponds, aerated and nonaerated lagoons, and natural and artificial wetland systems,
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whereby aerobic treatment occurs in the upper part of these systems and anaerobic treatment

occurs at the bottom end. A typical organic loading is 0.01 kg BOD/m3 day and the retention

time varies from a few days to 100 days [30]. A more intensive form of biodegradation can be

achieved by combining aerobic and anaerobic reactors with controlled conditions, or by

integrating anaerobic and aerobic zones within a single bioreactor. Combinations or even

alterations of anaerobic and aerobic treatments are useful in the following situations: (a)

biodegradation of chlorinated aromatic hydrocarbons including anaerobic dechlorination and

aerobic ring cleavage; (b) sequential nitrogen removal including aerobic nitrification and

anaerobic denitrification; (c) anaerobic reduction of Fe(III) and microacrophilic oxidation of

Fe(II) with production of fine particles of iron hydroxide for adsorption of organic acids,

phenols, ammonium, cyanide, radionuclides, and heavy metals.

4.2.6 Biotechnological Treatment of Heavy Metals-Containing Waste and
Radionuclides-Containing Waste

Liquid and solid wastes containing heavy metals may be successfully treated by bio-

technological methods. The effects of microorganisms on metals are described below.

Direct Reduction/Oxidation, or Reduction/Oxidation Mediated by Other Metals or

Microbial Metabolites

Some metals such as iron are reduced or oxidized by specific enzymes of microorganisms.

Microbial metabolism generates products such as hydrogen, oxygen, H2O2, and reduced or

oxidized iron that can be used for oxidation/reduction of metals. Reduction or oxidation of

metals is usually accompanied by metal solubilization or precipitation.

Effect of Microbial Metabolites

Solubilization or precipitation of metals may be mediated by microbial metabolites. Microbial

production of organic acids in fermentation or inorganic acids (nitric and sulfuric acids) in

aerobic oxidation will promote formation of dissolved chelates of metals. Microbial production

of phosphate, H2S, and CO2 will stimulate precipitation of nondissolved phosphates, carbonates,

and sulfides of heavy metals, for example, arsenic, cadmium, chromium, copper, lead, mercury,

and nickel; production of H2S by sulfate-reducing bacteria is especially useful to remove heavy

metals and radionuclides from sulfate-containing mining drainage waters, liquid waste of

nuclear facilities, and drainage from tailing ponds of hydrometallurgical plants; wood straw or

saw dust. Organic acids, produced during the anaerobic fermentation of cellulose, may be

preferred as a source of reduced carbon for sulfate reduction and further precipitation of metals.

Biosorption

The surface of microbial cells is covered by negatively charged carboxylic and phosphate

groups, and positively charged amino groups. Therefore, depending on pH, there may

be significant adsorption of heavy metals onto the microbial surface [7]. Biosorption, for

example by fungal fermentation residues, is used to accumulate uranium and other radionuclides

from waste streams.
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Degradation of Minerals

Metal-containing minerals, for example sulfides, can be oxidized and metals can be solubilized.

This approach is used for the bioleaching of heavy metals from sewage sludge [40,41] before

landfilling or biotransformation.

Volatilization

Some metals, arsenic and mercury for example, may be volatilized by methylation due to

activity of anaerobic microorganisms. Arsenic can be methylated by methanogenic Archaea and

fungi to volatile toxic dimethylarsine and trimethylarsine or can be converted to less toxic

nonvolatile methanearsonic and dimethylarsinic acids by algae [42].

Combination of Methods

In some cases the methods may be combined. Examples would include the biotechnological

precipitation of chromium from Cr(VI)-containing wastes from electroplating factories by sulfate

reduction to precipitate chromium sulfide. Sulfate reduction can use fatty acids as organic sub-

strates with no accumulation of sulfide. In the absence of fatty acids but with straw as organic

substrate, the direct reduction of chromium has been observed without sulfate reduction [43].

Biodegradation of Organometals

Hydrophobic organotins are toxic to organisms because of their solubility in cell membranes.

However, many microorganisms are resistant to organotins and can detoxicate them by

degrading the organic part of them [5].

4.3 ENHANCED BIOTECHNOLOGICAL TREATMENT OF INDUSTRIAL
HAZARDOUS WASTES

Several key factors are critical for the successful application of biotechnology for the treatment

of hazardous wastes: (a) environmental factors, such as pH, temperature, and dissolved oxygen

concentration, must be optimized; (b) contaminants and nutrients must be available for action or

assimilation by microorganisms; (c) content and activity of essential microorganisms in the

treated waste must be sufficient for the treatment.

4.3.1 Enhancement of Biotreatment by Abiotic Factors

Optimal Temperature

Psychrophilic microorganisms have optimal growth temperatures below 158C. These organisms

may be killed by exposure to temperatures above 308C. Mesophilic microorganisms have

optimal growth temperatures in the range between 20 and 408C. Thermophiles grow best above

508C. Some bacteria can grow up to temperatures where water boils; those with optimal growth

temperatures above 758C are categorized as extreme thermophiles. Therefore, the biotreatment

temperature must be maintained at optimal growth temperatures for effective biotreatment by

certain physiological groups of microorganisms. The heating of the treated waste can come from

microbial oxidation or fermentation activities provided there is sufficient heat generation and

good thermoisolation of treated waste from the cooler surroundings. The bulking agent added to

solid wastes may also be used as a thermoisolator.
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Optimum pH

The pH of natural microbial biotopes varies from 1 to 11: volcanic soil and mine drainage have

pH values between 1 and 3; plant juices and acid soils have pH values between 3 and 5; fresh and

sea water have pH values between 7 and 8; alkaline soils and lakes, solutions of ammonia, and

rotten organics have pH values between 9 and 11. Most microbes grow most efficiently within

the pH range 5–9. They are called neutrophiles. Species that have adapted to grow at pH values

lower than 4 are called acidophiles. Species that have adapted to grow at pH values higher than 9

are called alkalophiles. Therefore, pH of the treatment medium must be maintained at optimal

values for effective biotreatment by certain physiological groups of microorganisms. The

optimum pH may be maintained physiologically, by addition of pH buffer or pH regulator as

follows: (a) control of organic acid formation in fermentation; (b) prevention of formation of

inorganic acids in aerobic oxidation of ammonium, elemental sulfur, hydrogen sulfide, or metal

sulfides; (c) assimilation of ammonium, nitrate, or ammonium nitrate, leading to decreased pH,

increased pH, or neutral pH, respectively; (d) pH buffers such as CaCO3 or Fe(OH)3 can be used

in large-scale waste treatment; (e) solutions of KOH, NaOH, NH4OH, Ca(OH)2, HCl, or H2SO4

can be added automatically to maintain the pH of liquid in a stirred reactor. Maintenance of

optimum pH in treated solid waste or bioremediated soil may be especially important if there is a

high content of sulfides in the waste or acidification/alkalization of soil in the bioremediation

process.

Enhancement of Biodegradation by Nutrients and Growth Factors

The major elements that are found in microbial cells are C, H, O, N, S, and P. An approximate

elemental composition corresponds to the formula CH1.8O0.5N0.2. Therefore, nutrient

amendment may be required if the waste does not contain sufficient amounts of these

macroelements. The waste can be enriched with carbon (depending on the nature of the pollutant

that is treated), nitrogen (ammonium is the best source), phosphorus (phosphate is the best

source), and/or sulfur (sulfate is the best source). Other macronutrients (K, Mg, Na, Ca, and Fe)

and micronutrients (Cr, Co, Cu, Mn, Mo, Ni, Se, W, V, and Zn) are also essential for microbial

growth and enzymatic activities and must be added into the treatment systems if present in low

concentrations in the waste. The best sources of essential metals are their dissolved salts or

chelates with organic acids. The source of metals for the bioremediation of oil spills may be

lipophilic compounds of iron and other essential nutrients that can accumulate at the water–air

interface where hydrocarbons and hydrocarbon-degrading microorganisms can also occur [44].

In some biotreatment cases, growth factors must also be added into the treated waste. Growth

factors are organic compounds such as vitamins, amino acids, and nucleosides that are required

in very small amounts and only by some strains of microorganisms called auxotrophic strains.

Usually those microorganisms that are commensals or parasites of plant and animals require

growth factors. However, sometimes these microorganisms may have the unique ability to

degrade some xenobiotics.

Increase of Bioavailability of Contaminants

Hazardous substances may be protected from microbial attack by physical or chemical

envelopes. These protective barriers must be destroyed mechanically or chemically to produce

fine particles or waste suspensions to increase the surface area for microbial attachment

and subsequent biodegradation. Another way to increase the bioavailability of hydrophobic

substances is washing of waste or soil by water or a solution of surface-active substances

(surfactants). The disadvantage of this technology is the production of secondary hazardous
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waste because chemically produced surfactants are usually resistant to biodegradation.

Therefore, only easily biodegradable or biotechnologically produced surfactants can be used for

pretreatment of hydrophobic hazardous substances.

Enhancement of Biodegradation by Enzymes

Extracellular enzymes produced by microorganisms are usually expensive for large-scale

biotreatment of organic wastes. However, enzyme applications may be cost-effective in certain

situations. Toxic organophosphate waste can be treated using the enzyme parathion hydrolase

produced and excreted by a recombinant strain of Streptomyces lividans. The cell-free culture

fluid contains enzymes that can hydrolyze organophosphate compounds [4]. Future applications

may be related with cytochrome-P450-dependent oxygenase enzymes that are capable of

oxidizing different xenobiotics [45].

Enhancement of Biodegradation by Aeration and Oxygen Supply

Concentrations of dissolved oxygen may be very low (7–8 mg/L) and can be rapidly depleted

during waste biotreatment with oxygen consumption rates ranging from 10 to 2000 g O2/L hour.

Therefore, oxygen must be supplied continuously in the system. Supply of air in liquid waste

treatment systems is achieved by aeration and mechanical agitation. Different techniques are

employed to supply sufficient quantities of oxygen in fixed biofilm reactors, in viscous solid

wastes, in underground layers of soil, or in aquifers polluted by hazardous substances. Very

often the supply of oxygen is the critical factor in the successful scaling up of bioremediation

technologies from laboratory experiments to full-scale applications [10]. Air sparging in situ

is a commonly used bioremediation technology, which volatilizes and enhances aerobic

biodegradation of contamination in groundwater and saturated soils. Successful case studies

include a 6–12 month bioremediation project that targeted both sandy and silty soils polluted by

petroleum products and chlorinated hydrocarbons [46]. Application of pure oxygen can increase

the oxygen transfer rate by up to five times, and this can be used in situations with strong acute

toxicity of hazardous wastes and low oxygen transfer rates, to ensure sufficient oxygen transfer

rate in polluted waste.

Enhancement of Biodegradation by Oxygen Radicals

In some cases, hydrogen peroxide has been used as an oxygen source because of the limited

concentrations of oxygen that can be transferred into the groundwater using aboveground

aeration followed by reinjection of the oxygenated groundwater into the aquifer or subsurface air

sparging of the aquifer. However, because of several potential interactions of H2O2 with various

aquifer material constituents, its decomposition may be too rapid, making effective introduc-

tion of H2O2 into targeted treatment zones extremely difficult and costly [47]. Pretreatment of

wastewater by ozone, H2O, by TiO2-catalyzed UV-photooxidation, and electrochemical

oxidation can significantly enhance biodegradation of halogenated organics, textile dyes, pulp

mill effluents, tannery wastewater, olive-oil mills, surfactant-polluted wastewater, and

pharmaceutical wastes, and diminish the toxicity of municipal landfill leachates. In some

cases, oxygen radicals generated by Fenton’s reagent (Fe2þ þ H2O2 at low pH), and iron

peroxides [Fe(VI) and Fe(V)], can be used as the oxidants in the treatment of hazardous wastes.

Enhancement of Biodegradation by Biologically Produced Oxygen Radicals

Many microorganisms can produce and release to the environment such toxic metabolites of

oxygen as hydrogen peroxide (H2O2), superoxide radical (O2
�), and hydroxyl radical (OH�).
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Lignin-oxidizing “white-rot” fungi can degrade lignin and all other chemical substances due to

intensive generation of oxygen radicals, which oxidize the organic matter by random

incorporation of oxygen into the molecule. Not much is known about the biodegradation ability

of H2O2-generating microaerophilic bacteria.

Enhancement of Biodegradation by Electron Acceptors Other Than Oxygen

Dissolved acceptors of electrons such as NO3
2, NO2

2, Fe3þ, SO4
22, and HCO3

2 can be used in

the treatment system when oxygen transfer rates are low. The choice of the acceptor is

determined by economical and environmental factors. Nitrate is often proposed for

bioremediation [35] because it can be used by many microorganisms as an electron acceptor.

However, it is relatively expensive and its supply to the treatment system must be thoroughly

controlled because it can also pollute the environment. Fe3þ is an environmentally friendly

electron acceptor. It is naturally abundant in clay minerals, magnetite, limonite, goethite, and

iron ores, but its compounds are usually insoluble and it diminishes the rate of oxidation in

comparison with dissolved electron acceptors. Sulfate and carbonate can be applied as electron

acceptors in strictly anaerobic environments only. Another disadvantage of these acceptors is

that these anoxic oxidations generate toxic and foul smelling H2S or “greenhouse” gas CH4.

4.3.2 Enhancement of Biotreatment by Biotic Factors

Reasons for Bioenhancement of the Treatment

Addition of microorganisms (inoculum) to start up or to accelerate the biotreatment process is a

reasonable strategy under the following conditions:

1. If microorganisms that are necessary for hazardous waste treatment are absent or their

concentration is low in the waste;

2. If the rate of bioremediation performed by indigenous microorganisms is not sufficient

to achieve the treatment goal within the prescribed duration;

3. If the acclimation period is too long;

4. To direct the biodegradation/biotreatment to the best pathway from many possible

pathways;

5. To prevent growth and dispersion in the waste treatment system of unwanted or

nondetermined microbial strains, which may be pathogenic or opportunistic.

Application of Acclimated Microorganisms

A simple way to produce a suitable microbial inoculum is the production of an enrichment

culture, which is a microbial community containing one or more dominant strains naturally

formed during cultivation in a growth medium modeling the hazardous waste under defined

conditions. If the cultivation conditions change, the dominant strains in the enrichment culture

may also change. Another approach involves the use of part of the treated waste containing

active microorganisms as inoculum to start up the process. Application of acclimated

microorganisms in an enrichment culture or in biologically treated waste may significantly

decrease the start-up period for biotechnological treatment. In cases involving treatment of toxic

substances and high death rates of microorganisms during treatment, regular additions of active

microbial cultures may be useful to maintain constant rates of biodegradation.
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Selection and Use of Pure Culture

Notwithstanding the common environmental engineering practice of using part of the treated

waste as inoculum, applications of defined pure starter cultures have the following theoretical

advantages: (a) greater control over desirable processes; (b) lower risk of release of pathogenic

or opportunistic microorganisms during biotechnological treatment; (c) lower risk of

accumulation of harmful microorganisms in the final biotreatment product. Pure cultures that

are most active in biodegrading specific hazardous substances can be isolated by conventional

microbiological methods, quickly identified by molecular–biological methods, and tested for

pathogenicity and biodegradation properties. The biomass of pure culture can be produced in a

large scale in commercial fermenters, then concentrated and dried for storage before field

application. Therefore, it is not only the biodegradation abilities of pure cultures, but also

the suitability for industrial production of dry biomass that must be taken into account in

the selection of pure culture for the biotechnological treatment of industrial hazardous waste.

Generally, Gram-positive bacteria are more viable after drying and storage than Gram-negative

bacteria. Spores of Gram-positive bacteria can form superstable inocula.

Construction of Microbial Community

A pure culture is usually active in the biodegradation of one type of hazardous substance. Wastes

containing a variety of hazardous substances must be treated by a microbial consortium

comprising a collection of pure cultures most active in the degradation of the different types of

substances. However, even in cases involving a single hazardous substance, degradation rates

may be higher for a collection of pure cultures acting mutually (symbiotically) than for single

pure cultures. Mutualistic relationships between pure cultures in an artificially constructed or a

naturally selected microbial community may be based on the sequential degradation of

xenobiotic, mutual exchange of growth factors or nutrients between these cultures, mutual

creation of optimal conditions (pH, redox potential), and gradients of concentrations.

Mutualistic relationships between the microbial strains are more clearly demonstrated in dense

microbial aggregates such as biofilms, flocs, and granules used for biotechnological treatment of

hazardous wastes.

Construction of Genetically Engineered Microorganisms

Microorganisms suitable for the biotreatment of hazardous substances can be isolated from the

natural environment. However, their ability for biodegradation can be modified and amplified

by artificial alterations of the genetic (inherited) properties of these microorganisms. The

description of the methods is given in many books on environmental microbiology and bio-

technology [7,28]. Natural genetic recombination of the genes (units of genetic information)

occurs during DNA replication and cell reproduction, and includes the breakage and rejoining of

chromosomal DNA molecules (separately replicated sets of genes) and plasmids (self-

replicating minichromosomes containing several genes). Recombinant DNA techniques or

genetic engineering can create new, artificial combinations of genes, and increase the number of

desired genes in the cell. Genetic engineering of recombinant microbial strains suitable for the

biotreatment may involve the following steps: (a) DNA is extracted from the cell and cut into

small sequences by specific enzymes; (b) the small sequences of DNA can be introduced into

DNA vectors; (c) the vector (virus or plasmid) is transferred into the cell and self-replicated

to produce multiple copies of the introduced genes; (d) the cells with newly acquired genes are

selected based on activity (e.g., production of defined enzymes, biodegradation capability) and

stability of acquired genes. Genetic engineering of microbial strains can create (transfer) the
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ability to biodegrade xenobiotics or amplify this ability through the amplification of related

genes. Another approach is the construction of hybrid metabolic pathways to increase the range

of biodegraded xenobiotics and the rate of biodegradation [48]. The desired genes for

biodegradation of different xenobiotics can be isolated and then cloned into plasmids. Some

plasmids have been constructed containing multiple genes for the biodegradation of several

xenobiotics simultaneously. The strains containing such plasmids can be used for the

bioremediation of sites heavily polluted by a variety of xenobiotics. The main problem in these

applications is maintaining the stability of the plasmids in these strains. Other technological

and public concerns include the risk of application and release of genetically modified

microorganisms in the environment.

Application of Microbial Aggregates and Immobilized Microorganisms

Self-aggregated microbial cells of biofilms, flocs, and granules, and artificially aggregated cells

immobilized on solid particles are often used in the biotreatment of hazardous wastes.

Advantages of microbial aggregates in hazardous waste treatment are as follows: (a) upper

layers and matrix of aggregates protect cells from toxic pollutants due to adsorption or

detoxication; therefore microbial aggregates or immobilized cells are more resistant to toxic

xenobiotics than suspended microbial cells; (b) different or alternative physiological groups of

microorganisms (aerobes/anaerobes, heterotrophs/nitrifiers, sulfate-reducers/sulfur-oxidizers)

may coexist in aggregates and increase the diversity of types of biotreatments, leading to higher

treatment efficiencies in one reactor; (c) microbial aggregates may be easily and quickly

separated from treated water. Microbial cells immobilized on carrier surfaces such as GAC that

can adsorb xenobiotics will degrade xenobiotics more effectively than suspended cells [49].

However, dense microbial aggregates may encounter problems associated with diffusion

limitation, such as slow diffusion both of the nutrients into and the metabolites out of the

aggregate. For example, dissolved oxygen levels can drop to zero at some depth below

the surface of microbial aggregates. This distance clearly depends on factors such as the specific

rate of oxygen consumption and the density of biomass in the microbial aggregate. When the

environmental conditions within the aggregate become unfavorable, cell death may occur in

zones that do not receive sufficient nutrition or that contain inhibitory metabolites. Channels and

pores in aggregate can facilitate transport of oxygen, nutrients, and metabolites. Channels in

microbial spherical granules have been shown to penetrate to depths of 900 mm [50] and a layer

of obligate anaerobic bacteria was detected below the channelled layer [51]. This demonstrates

that there is some optimal size or thickness of microbial aggregates appropriate for application in

the treatment of hazardous wastes.
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