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10 Abstract 

 

11 The dyes currently used in the textile industry are not highly toxic or carcinogenic, but some 
 

12 dyes and their degradation products may have some levels of toxicity. The intense color of 
 

13 the effluent obstructs the photosynthesis reaction affecting the viability of aquatic plants, 
 

14 animals and organisms. Various classes of dyes are used in the textile dyehouses depending 
 

15 on fiber types, but the water-soluble dyes are problematic. Of the remediation processes 
 

16 investigated, the adsorption process is attractive because of the low cost and versatility. 
 

17 Carbonaceous adsorbents and their composites have grabbed much attention because of their 
 

18 very high dye-binding capacity. In this review, the characteristics of effluents coming from 
 

19 dyehouse treating various fibers have been discussed. The potential of biomass-based 
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20 feedstocks to produce carbonaceous adsorbents and the application of the produced 
 

21 adsorbents for the removal of various types of dyes from effluent have been compiled and 
 

22 critically reviewed. The effect of preparation conditions on the surface area, porosity, pore 
 

23 volume, and chemical characteristics of the produced carbonaceous adsorbents has been 
 

24 outlined and discussed. The dye-binding capacities of various carbonaceous adsorbents at the 
 

25 optimum conditions have been compiled. Moreover, the dye-binding mechanisms and dye 
 

26 sorption isotherm models of various carbonaceous adsorbents are discussed. The analysis of 
 

27 the compiled dye-adsorption data shows that some carbonaceous adsorbents derived from 
 

28 biomasses and their composites can be serious competitors for the traditional coal and 
 

29 petroleum-derived activated carbons (ACs). The pore volume and functional groups of dyes 
 

30 are the deciding factors in achieving high dye adsorption. 
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35 1. Introduction 

 
36 

 

37 Textile chemical processing industries are at the crossroads because of many 
 

38 unprecedented issues. One of them is the strict consent limits set by environmental agencies, 
 

39 which considerably increased the processing cost of textiles due to the extra-cost incurring 
 

40 for the treatment of effluent (Hassan and Hawkyard, 2002a). Textile coloration industry 
 

41 effluent poses a great threat to the environment, especially in some developing countries as it 
 

42 is polluting watercourses limiting the availability of clean drinking water in those countries. 
 

43 The pollution caused by the textile coloration industries cannot be hidden because of the 
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44 intense color of the discharged effluent, which is persistent due to the poor biodegradability 
 

45 of these dyes. Sometimes the dyes used in the textile industry may not be highly toxic or 
 

46 carcinogenic as the production of such a type of dyes has been ceased by the leading dye 
 

47 manufacturers. However, some dyes have some level of toxicity, and the degradation 
 

48 products of them could be more harmful compared to the dyes themselves because of the 
 

49 formation of the more toxic compounds. The acute toxicity tests against 
 

50 microcrustacean, Daphnia similis, showed that the degradation products of dyes were more 
 

51 toxic than the parent dyes (Lambert and Davy, 2011). Moreover, the discharged effluents 
 

52 containing high concentrations of dyes, sizing agents, salts, textile auxiliaries, and finishing 
 

53 agents to water streams increase the turbidity of water and obstruct the photosynthesis 
 

54 reactions, resulting in oxygen deficiency and jeopardizing the viability of aquatic animals and 
 

55 plants (da Silva Leite et al., 2016). Many synthetic dyes are complexed with toxic heavy 
 

56 metals, such as copper, chromium, and nickel, to enhance their brightness and colorfastness 
 

57 to washing. When these dyes are degraded, these toxic heavy metals are released to the 
 

58 environment, contaminating the watercourses, which may end up in the food webs and food 
 

59 chains. Except for polyester, most of the fibers are dyed with water-soluble dyes that pose 
 

60 greater risks compared to the water-insoluble non-ionic disperse dyes used in polyester fiber 
 

61 dyeing. Of the dyes used in industry, anionic reactive, acid, direct, and cationic basic dyes are 
 

62 problematic because of their high water-solubility as they are not removed by the primary 
 

63 treatments. 

 

64 Waste materials are ideal feedstock for the development of carbonaceous adsorbents as 
 

65 many of them are rich in carbon. Their application as a feedstock to produce adsorbents not 
 

66 only valorize them but also eliminates the waste disposal problems. Various biomass-based 
 

67 feedstocks, such as agricultural wastes, house-hold waste, industrial waste, have been 
 

68 investigated for the manufacturing of AC, biochar, graphene, carbon nanotubes (CNT), and 
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69 other carbonaceous adsorbents. However, only very few of them are used for the commercial 
 

70 production of adsorbents because of the difficulty to get enough quantity of a certain 
 

71 feedstock and the involved cost to collect and transport economic quantities for commercial 
 

72 production. 

 

73 Several reviews have been published in the area of removal of dyes from effluent 
 

74 (Hassan and Carr, 2018; Yagub et al., 2014; Karcher et al., 2002), but none of them 
 

75 specifically addressed the removal of water-soluble dyes from dyehouse effluent by biomass- 
 

76 derived carbonaceous adsorbents and their composites, did not study the effect of processing 
 

77 conditions on the characteristics of the produced carbonaceous adsorbents, and compared 
 

78 dye-binding capacities of dyes by carbonaceous adsorbents and their dye-binding 
 

79 mechanisms. Moreover, some of them are old and in the meantime, many high-performing 
 

80 adsorbents have been developed for the removal of dyes. In this review, characteristics 
 

81 effluent coming from dyehouses that process various types of fibers, and various types of 
 

82 biomass feedstocks investigated to produce carbonaceous adsorbents have been discussed. 
 

83 The optimum conditions for adsorption by various carbon adsorbents and their maximum 
 

84 dye-binding capacities, their dye-binding mechanisms are compiled, critically reviewed, and 
 

85 the future directions of dye adsorbent development are outlined. 

 
86 

 

87 2. Characteristics of effluent from dyehouse processing various fibers 

 
88 

 

89 2.1. Cellulosic fiber 

 
90 
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91 For the manufacturing of woven fabrics, various sizing agents including starch, polyvinyl 
 

92 alcohol (PVA), and carboxymethylcellulose are applied to warp yarns, and they are removed 
 

93 before dyeing preferably by enzymatic treatments. They are also pre-treated with a cocktail of 
 

94 strong alkali, detergents, and wetting agents at a boil to remove oils, fats, and other 
 

95 contaminants, to improve their wettability and to enable uniform dyeing (Hassan and 
 

96 Hawkyard, 2002b). In some cases, the fabric is also bleached using hydrogen peroxide at a 
 

97 boil. The most popular class of dyes used for the dyeing of cellulosic fibers is reactive dyes. 
 

98 Therefore, cellulosic processing industry effluent contains sizing materials, wetting agents, 
 

99 detergents, enzymes, hemicellulose, alkali, salts, and dyes. 

 
100 100 

 

101 2.2. Protein fiber 

 
102 102 

 

103 Animal fibers contain fat, suint, and minerals, and these are removed from fibers by the 
 

104 scouring treatment in an aqueous solution of a non-ionic detergent, a wetting agent, and a 
 

105 dispersing agent at 60 °C. Sometimes pesticides are used on animals (especially on lambs and 
 

106 sheep) to protect them from flystrike and they end up in the scouring effluent. The detergents 
 

107 used in animal fiber scouring are mainly non-ionic based-on nonylphenol ethoxylate (NPEO), 
 

108 a known endocrine inhibitor (Ahel et al., 1994a; Ahel et al., 1994a). It was reported that male 
 

109 fish exposed to NPEOs had lower testicular weight, lower fertility, and decreased survival of 
 

110 young fishes (Soares et al., 2008). Wool fibers are frequently treated with chlorine and a 
 

111 polyamide resin to make them shrink-proof. The most popular classes of dyes for the dyeing 
 

112 of protein fibers are acid and reactive dyes. Therefore, animal fiber processing industry 
 

113 effluent contains fats, detergents, resins, chlorine, pesticides, salt, acid and reactive dyes, and 
 

114 dyeing auxiliaries. 
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115 115 

 

116 2.3. Synthetic fiber 

 
117 117 

 

118 Synthetic fiber processing effluent is comparatively clean as no sizing agent is used for the 
 

119 weaving of synthetic fiber-made textiles. Of the synthetic fibers, polyester fibers are dyed 
 

120 with water-insoluble disperse dyes. The level of exhaustion of dyes into the fiber is so high 
 

121 that any treatment of effluent is redundant. Acrylic fibers are dyed with basic dyes and 
 

122 therefore the effluent coming from the acrylic fiber dyeing industry contains mainly basic 
 

123 dyes and auxiliary chemicals. Polyamide fibers (such as nylon fiber) are dyed with mainly 
 

124 acid dyes and therefore the effluent produced contains acid dyes and several dyeing 
 

125 auxiliaries. All fibers and fabrics are undergone with various chemical finishing processes 
 

126 and therefore the dyehouse effluent not only contains dyes but also contains salt, various 
 

127 dyeing auxiliaries, starch, PVA, and finishing agents that may interfere with dye adsorption 
 

128 by carbonaceous adsorbents. 

 
129 129 

 

130 3. Biomass feedstocks for carbonaceous adsorbents 

 
131 131 

 

132 Because of low cost and abundant availability, biomass-based feedstocks became popular 
 

133 to produce carbonaceous adsorbents. They can be classified into the following categories: 

 
134 134 

 

135 3.1. Plant and crop residues 

 
136 136 
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137 Plant and crop residues remaining after harvesting could be an excellent feedstock to 
 

138 produce carbonaceous adsorbents. They are composed of cellulose, hemicellulose, and lignin 
 

139 that may include stems, leaves, and roots. These are abundantly available feedstock to 
 

140 produce carbonaceous adsorbents that don’t compete with food crops for arable land. The 
 

141 investigated crop residue-based feedstocks are rice stalk and husk (Liu et al., 2016), wheat 
 

142 straw (Li et al., 2016; Han et al., 2018), rice straw (Sangon et al., 2018), weeds (Güzel et al., 
 

143 2017), bamboo (Yang et al., 2014), corn stover and cobs (Fang, 2012), cassava (Beakou et 
 

144 al., 2017a; Beakou et al., 2017b), swiss grass (Mahmoud et al., 2016), sugarcane bagasse pith 
 

145 (Amin, 2008), jute fiber (Senthilkumar et al., 2006), and sorghum stalk (Khalil et al., 2017). 
 

146 They are quite low-density feedstock and therefore the yield is low. 

 
147 147 

 

148 3.2. Tree and fruit residues 

 
149 149 

 

150 They are a byproduct of the forest and wood processing industries, such as waste timber, 
 

151 lignin, sawdust, shavings, off-cuts, trims, and wood pulp. These are a major source of 
 

152 biomass for carbonaceous adsorbent production. They are of comparatively higher density 
 

153 than the crop residues, low value, and a waste product. The forest residues, such as Ashe 
 

154 juniper wood (Choi et al., 2019), wood waste (Kelm et al., 2019), poplar catkins (Liu et al., 
 

155 2017a), lignin (Hayashi et al., 2000), and sawdust (Dos Santos et al., 2016; Gan et al., 2004), 
 

156 have been studied as a carbonaceous adsorbent precursor. The investigated fruit waste 
 

157 feedstocks may include orange peel (Bayrak and Uzgör, 2013; Galán et al., 2013), pine cone 
 

158 (Özhan et al., 2014; Dawood et al., 2017 ), coconut shell (Gupta and Khatri, 2019; Zheng et 
 

159 al., 2017; Islam et al., 2017; Senthilkumaar et al., 2006; Furlan et al., 2010; Lee et al., 2006), 
 

160 coconut flower (Senthilkumaar et al., 2006), Brazilian pine fruit shell (Calvete et al., 2010; 



8  

161 Cardoso et al., 2011), coconut coir (Sharma et al., 2010), coir pith and almond shell (Thitame 
 

162 and Shukla), cocoa pod husk (Bellow et al., 2011), coffee waste (Dos Santos et al., 2015), 
 

163 pomegranate peel (Ahmad et al., 2014), carob (Sayğili and Güzel, 2018), date palm rachis 
 

164 (Daoud et al., 2017), Persea americana nut (Regti et al., 2017), mangosteen skin (Hong et al., 
 

165 2017), and macadamia shell (Du et al., 2017). 

 
166 166 

 

167 3.3. Animal and fishery waste 

 
168 168 

 

169 They are mostly of proteinous materials and fat harvested from slaughtering houses, and 
 

170 fish processing industries. They are waste products and therefore could be a cheap carbon 
 

171 feedstock. Various animal and fishery waste investigated as a feedstock for the 
 

172 manufacturing of AC may include animal manure (Li et al., 2018), crab shell (Dai et al., 
 

173 2018), leather hide shavings (Huang et al., 2018), scallop (Shirzad-Siboni et al., 2014), fishery 
 

174 waste (Fadhil et al., 2017; Marrakchi et al., 2017b), marine shell (Hopkins and Hawboldt, 
 

175 2020) and fish scales (Achieng et al., 2019). Most of them are usually thrown out but they are 
 

176 rich in elemental carbon and nitrogen, which may positively affect the carbon yield. 

 
177 177 

 

178 3.4. Municipal organic solid wastes 

 
179 179 

 

180 These biomasses may include organic house-hold waste and similar commercial, industrial 
 

181 and institutional wastes. They could be various types, oil and fat, used textiles, organic 
 

182 solvents, food waste, paper, and cardboard packaging, etc. The accumulated municipal 
 

183 organic solid wastes have caused a series of environmental issues including the uncontrolled 
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184 release of greenhouse gases. These wastes usually go to landfills but there is a shortage of 
 

185 landfills for waste disposal, which made the waste management system non-sustainable. 
 

186 Their use as a feedstock for carbonaceous adsorbent production will solve the waste disposal 
 

187 issues and will limit contamination of lands. The studied feedstocks may include laundry 
 

188 sewage sludge (Silva et al., 2016), textile sludge (Sonai et al., 2016), waste scrap tire Tuzen 
 

189 et al., 2018), cotton denim waste Silva et al., 2018), refined olive pumice oil (Marrakchi et 
 

190 al., 2017b), refuse-derived fuel (Nagano et al., 2000), coffee residue (Jung et al., 2017), 
 

191 municipal sewage sludge Guo et al., 2017, cellulose carbamate (Zhou et l., 2017), and sucrose 
 

192 (Galán et al., 2013). 

 
193 193 

 

194 3.5. Marine and freshwater biomasses 

 
195 195 

 

196 They may include aquatic photosynthetic eukaryotic organisms, such as microscopic 
 

197 unicellular microalgae (e.g. chlorella, diatoms, etc.) to macroscopic multicellular organisms 
 

198 (such as giant kelp, phytoplankton, and brown alga). They produce oxygen in the aquatic 
 

199 environment and contain chlorophyll pigment produced by photosynthesis but lack a sterile 
 

200 covering of cells around their reproductive cells. These photosynthetic organisms have 
 

201 several advantages over land-based plants, such as higher yields, do not need arable land for 
 

202 production, and utilize nutrients from water/wastewater without competing for fertilizers with 
 

203 food crops (Brune et al., 2009). The microalgae investigated to produce carbonaceous 
 

204 adsorbents may include Spirulina platensis (Nautiyal et al., 2016)), chlorella sp. (Chang et 
 

205 al., 2015), Sargassum longifolium and Hypnea valentiae (Aravindhan et al, 2009), Gelidium 
 

206 sesquipedale (Ferrera-Lorenzo et al., 2014), and Enteromorpha prolifera (Sun et al., 2013). 

 
207 207 
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208 4. Types of carbonaceous adsorbents 

 

209 
 

 

210 Various types of carbonaceous adsorbents, such as biochar, AC, graphite, graphene, and 

211 CNTs, have been investigated for the decolorization of dyehouse effluents. Fig. 1 shows the 

212 feedstocks, activation methods, and modifications investigated for the manufacturing of 

213 various carbonaceous adsorbents. 

214 
 

215 

 
 

Fig. 1. Feedstocks, activation methods, and modifications investigated for the manufacturing 

216 of various carbonaceous adsorbents from biomasses. 

217 
 

218 

 
 

4.1. Biochar 
 
 

219 

 

220 Biochar is a porous, cheap, and carbon-rich black product produced by pyrolyzing 
 

221 biomasses. Biochar initially received attention for the carbon sequestration, soil fertility 
 

222 enhancement (Novak et al., 2009), bio-oil and bioenergy production (Gaunt and Lehmann, 
 

223 2008), and environmental remediation through the disposal of solid waste (Mohan et al., 
 

224 2014). However, their application has already been realized for the removal of heavy metals 
 

225 (Qian et al., 2016), and dyes from potable water and effluent (Dai et al., 2018). Biochar 
 

226 prepared from different feedstocks, such as Ashe juniper (Juniperus ashei) (Choi et al., 
 

227 2019), pine cone (Dawood et al., 2017), cassava waste (Beakou et al., 2017a), wheat straw 
 

228 (Li et al., 2016), switchgrass (Mahmoud et al., 2016), wood waste (Kelm et al., 2019), etc., 
 

229 have been investigated for the removal of dyes from dyehouse effluent. Biochar derived from 
 

230 chicken bone, rice husk, and other feedstocks modified with magnetic nanoparticles by 
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231 embedding Fe2O3 nanoparticles into the AC particles (Akbarnezhad and Safa, 2018; Oladipo 
 

232 et al., 2017; Han et al., 2015), and CNTs (Inyang et al. 2014), also has been investigated for 
 

233 the same purpose. Not only biochar prepared by the carbonization method used for the 
 

234 removal of dyes from their effluent but also biochar prepared by the hydrothermal method 
 

235 has also been investigated for the same purpose (Islam et al., 2017). 

 
236 236 

 

237 4.1.1. Manufacturing of biochar 

 

238 Biochar is manufactured by using the similar methods used for the manufacturing of AC 
 

239 or by hydrolytic method, but carbonization is usually carried out under the air environment. 
 

240 The process starts with the drying of the biogenic materials in a woven at 60–90 °C and then 
 

241 chopping into small pieces. The chopped pieces are slowly heated, and pyrolysis and 
 

242 gasification of the chopped biomass are carried out in a furnace at 400 to 1000 °C under the 
 

243 nitrogen atmosphere followed by slow cooling. The organic compound of the biomass is 
 

244 broken down into methyl ester, methyl indole, oxalic acid, acetic acid, and volatile gasses. 
 

245 Mainly three kinds of products are produced, gaseous volatiles, liquid oily compound, and 
 

246 black solids. The residue left is mainly carbon with small organic residues, which is ground 
 

247 to a fine powder by a milling machine. To achieve high carbon content, the feedstock needs 
 

248 to be pyrolyzed at 1000 °C or over, which is possible if the carbon content of the feedstock is 
 

249 high but for agriculture residues, pyrolysis is carried out at below 700 °C (even 300 °C) to 
 

250 increase the biochar yield and also to preserve the mechanical properties of the biomass to 
 

251 ease grinding (Weber and Quicker, 2018). The produced biochar becomes porous due to the 
 

252 release of the volatiles. The pore size and chemical characteristics of the produced biochar 
 

253 depend on the type of feedstocks used, pyrolysis temperature, rate of heating, and residence 
 

254 time in the furnace. To enhance their adsorption capability, biochar is chemically activated by 
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255 treating with strong acids or modified by in situ production of magnetic nanoparticles. Strong 
 

256 acids, alkali, and salts are used as an activating agent. Chemical activation induces the 
 

257 formation of pores and increases the surface area of the produced biochar. Fig. S1 
 

258 (Supplementary Material) shows the SEM micrographs of a biochar precursor, golden shower 
 

259 (GS), and biochar derived from it by carbonization (GSB) and also by hydrolytic oxidation 
 

260 (GSH). The produced biochar was activated by impregnating in K2CO3 followed by pyrolysis 
 

261 at 800 °C (Tran et al., 2018). It is evident that before chemical activation, the precursor and 
 

262 the biochar produced by the hydrolytic method hardly had any pores but after the chemical 
 

263 activation, they became highly porous, and their BET surface area reached 1413 and 1238 
 

264 m2/g respectively. 

 
265 265 

 

266 Table 1. Adsorption conditions and adsorption capacity of various anionic dyes by biochar 
 

267 derived from various feedstocks. 

 
268 268 

 

269 4.1.2. Dye binding capacity of activated and modified biochar 

 

270 Table 1 shows the dye-binding capacities of various anionic and cationic dyes by the 
 

271 activated and modified biochar, and also conditions used to assess their dye-binding 
 

272 performance. Of them, CNT-modified biochar showed a very poor dye-binding capacity for 
 

273 the C.I. Basic Blue 9 (6.2 mg/g), a cationic dye. Rice husk-derived AC showed moderate 
 

274 removal of C.I. Basic Violet 10 (96.5 mg/g) and C.I. Acid Orange (98.5 mg/g), respectively. 
 

275 Conversely, some of the activated biochar showed excellent removal of dyes, such as the 
 

276 biochar derived from crab shell showed a dye-binding capacity of 12502 and 20317 mg/g for 
 

277 the removal of cationic C.I. Basic Green 4 and anionic C.I. Direct Red 28 dyes respectively. 
 

278 Leather shaving derived biochar produced at 900 °C also showed excellent binding of C.I. 
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279 Direct Red 28. However, the leather shavings contain chromium which is used as a tanning 
 

280 agent, and its hexavalent form is a carcinogen. Biochar is equally effective for the removal of 
 

281 anionic and cationic dyes. Magnetic modification of biochar eases their recovery from the 
 

282 treated water but had a seriously detrimental effect on their dye adsorption capacity. 

 
283 283 

 

284 4.1.3. Merits and demerits of biochar as a dye adsorbent 

 

285 Biochar-based adsorbents are quite cheap as the feedstocks used for their manufacturing 
 

286 are various wastes and they are prepared by carbonizing at lower temperatures compared to 
 

287 the AC. The high dye-binding capacity of cationic and anionic dyes and cheaper production 
 

288 costs may make them a serious contender to replace AC adsorbents. 

 
289 289 

 

290 4.2. Activated carbon 

 
291 291 

 

292 AC is a microporous carbon granule with low to the high surface area, which is the most 
 

293 popular adsorbent. The surface area, pore size, and surface characteristics of AC very much 
 

294 depend on the pyrolysis temperature, duration, and carbonization conditions. The dye 
 

295 adsorption capacity of AC also depends on its surface area, pore size, pore size distribution, 
 

296 and surface characteristics. The dye adsorption properties by carbonaceous adsorbents are 
 

297 greatly affected by the specific surface area and pore structure of the adsorbents (Wu et al., 
 

298 2017; Li et al., 2017). Commercial AC has been investigated as adsorbents for basic, acid, 
 

299 and reactive dyes (Machado et al., 2011). Fig. 2 shows the typical manufacturing process of 
 

300 AC by a schematic diagram.  AC is commercially produced from various precursors 
 

301 including lignocellulosic biomasses, wood, lignite, coal, coconut husk, bamboo, and 
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302 petroleum pitch by a process called gasification/carbonization. Compared to biochar 
 

303 production a higher carbonizing temperature is used in the case of AC production. AC has 
 

304 much higher carbon content compared to the biochar. 

 
305 305 

 

306 Fig. 2. Production of ACs from various types of biomasses. 

307 307 

 

308 4.2.1. Manufacturing 

 

309 The manufacturing process is similar to biochar production but the carbonization is carried 
 

310 out preferably under an inert atmosphere, unlike biochar. The carbonization is a process by 
 

311 which various carbon-rich precursors are converted into pure carbon by heating at 600–2000 
 

312 °C. Initially, the absorbed moisture and volatiles are released, and then the degradation of the 
 

313 surface occurs followed by the skeletal breakdown of biomass. The release of volatiles 
 

314 creates pores in the carbon materials. The produced carbonaceous materials still are not much 
 

315 porous and have a low surface area. To increase their porosity and surface area they undergo 
 

316 a process called activation that converts them to adsorbents (Gamby et al., 2001). The 
 

317 produced adsorbents are activated either by physical or by chemical activation processes. In 
 

318 the physical activation process, the carbonaceous materials are heated at 600–1200 °C in 
 

319 combination with an activating agent, such as steam, carbon dioxide, oxygen, and sulfur 
 

320 dioxide. Physical activation affects the pore size, pore size distribution, surface area, and 
 

321 oxygen content of the produced carbon. The physical activation process is simple and cheap, 
 

322 but the yield is compromised. The increase in activation temperature and time changes pore 
 

323 size distribution and increases the pore size, and surface area but also negatively affects the 
 

324 yield. The surface area, pore size distribution pore size and pore volume of AC are measured 
 

325 by nitrogen absorption test using the Brunauer–Emmett–Teller model. The higher the 
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326 nitrogen adsorption, the higher the surface area. For example, in the case of AC production 
 

327 from coconut shell by steam activation method showed that the nitrogen adsorption (i.e. 
 

328 surface area) increased with an increase in the carbonization time and temperature (Fig. S2 in 
 

329 Supplementary Materials). At different temperature zone, different types of reactions take 
 

330 place. In the conversion of wool fiber to carbon fiber, it was observed that the pore volume 
 

331 increased from 0.43 cm3/g for the 300°C to 1.81 cm3/g at 500°C (Li et al., 2008). 

 

332 Fig. S3 (Supplementary Materials) shows the effect of carbonization temperature on the 
 

333 pore volume of AC produced from the Arundo donax plant (Üner and Bayrak, 2018). The 
 

334 pore volume increases with an increase in the carbonization temperature. The impregnation 
 

335 ratio also affected the formation of micropores and mesopores. In the case of 300 °C, the 
 

336 formation of micro and mesopores increased with an increase in the impregnation ratio of 1.5, 
 

337 and after which the formation of micro and mesopores started decreasing. Conversely, at 500 
 

338 °C carbonization temperature, the formation of micropores decreased but the formation of 
 

339 mesopores increased with an increase in the impregnation ratio. 
 

340 In the chemical activation process, the carbonaceous material is impregnated with a strong 
 

341 acid, strong base, or salt and then carbonized at much lower temperatures compared to the 
 

342 temperatures used for the physical activation process. Carbonaceous materials produced by 
 

343 carbonization is impregnated in strong acids, such as nitric acid (Moreno-Castilla et al., 
 

344 2010), sulfuric acid (Kolur et al., 2019), and phosphoric acid (Yakout and El-Deen, 2016), 
 

345 strong bases (e.g. sodium hydroxide), and their salts such as calcium nitrate, zinc chloride, 
 

346 and cuprous chloride (Hu et al., 2009; Liou, 2010; Boutillara et al., 2019; Xu et al., 2019). 
 

347 They are then dried and then activated by heating at 450–900 °C from 1 h to 4 h under a 
 

348 nitrogen atmosphere. After cooling down, they are again washed with a diluted strong acid, 
 

349 filtered, and dried. The processing parameters, such as the activation temperature and time, 
 

350 types of activating agents used, impregnating ratio of carbon materials and the activating 
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351 agents, and the medium in which the activation is carryout play a great role in determining 
 

352 the surface area, pore volume, and pollutant adsorption capacity of the prepared AC. For 
 

353 example, Lua and Yang investigated the effect of chemical activation temperature on the pore 
 

354 size and BET surface area of AC produced from peanut shell using potassium hydroxide as a 
 

355 chemical activating agent, which shows that BET surface area and pore volume increased 
 

356 with an increase the in the activation temperature up to 800 °C but beyond that temperature 
 

357 the BET surface area and pore volume both decreased. Similarly, Li et al. investigated the 
 

358 effect of activation temperature on the surface area, degree of graphitization, lattice layer 
 

359 distance, and yield of the AC produced from petroleum coke using potassium hydroxide as an 
 

360 activating agent (Li et al., 2019) and results are tabulated in Table S1 (Supplementary 
 

361 Material). They found that the BET surface area, carbon content, and layer spacing of 
 

362 graphite increased and the degree of graphitization and yield decreased with an increase in 
 

363 the activation temperature. 

 

364 The redox reaction of K2CO3 with elemental carbon of the AC during activation leads to 
 

365 the removal of elemental carbon which increases defects in the carbon layers (Wang et al., 
 

366 2012). When the activation temperature exceeds 700 °C, the yielded potassium can 
 

367 intercalate into the carbon layers of AC and distort the carbon layers (Liu et al., 2015). Fig. 
 

368 S4 (Supplementary Material) shows the effect of activation temperature on the BET surface 
 

369 area and morphology of AC produced from the pistachio shell (Lua and Yang, 2004). BET 
 

370 surface area and micropore volume increased with an increase in activation temperature up to 
 

371 800 °C and beyond that temperature both BET surface area and micropore volume started 
 

372 decreasing. Of the ACs investigated for the removal of reactive dyes, only the AC produced 
 

373 from coir pith and almond shell produced a high surface area, 1210.60 and 1133.30 m2/g 
 

374 respectively. However, it was reported that the surface area of AC could be as high as 3000 
 

375 m2/g (Al-Degs et al., 2008; Hilton et al., 2012; Zhang et al., 2017). 
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376 Porous AC has many different uses and they are commercially available in two forms, 
 

377 granular GAC) and powdered (PAC). AC is purified and milled to powdered form with a 
 

378 particle diameter of a couple of hundred microns. Depending on the carbon precursors used, 
 

379 the apparent density of AC is ranging from 0.39 to 0.73 g/cm3. PAC is added to the effluent 
 

380 as a powder by a dry feed system or as a slurry by a metering pump. After the treatment, the 
 

381 PAC is removed through the sedimentation process or by the filter beds during backwashing. 
 

382 Because of their small size, the removal of PAC from the treated effluent is cumbersome. 
 

383 PAC dosage could be 10 to 100 mg/L depending on the dye concentration of the effluent. On 
 

384 the other hand, GAC has a larger particle size compared to the PAC, which allows their 
 

385 separation from the treated water comparatively easy than the PAC. The diameter of GAC is 
 

386 between 1.2 to 1.6 mm with an apparent density between 0.4 and 0.5 g/cm3. Instead of direct 
 

387 addition of GAC to effluent, they are used in the filtration column. Several factors are 
 

388 involved in the designing of a GAC adsorption column, such as type of GAC, surface loading 
 

389 rate (l/min/m2), empty bed contact time (in min), type of contaminants and their 
 

390 concentration in the effluent, and carbon depth and usage. The typical empty bed contact time 
 

391 (EBCT) in between 10 and 15 min and the surface loading rate between 81.8 to 408.0 
 

392 l/min/m2 is effective for the removal of most of the contaminants. The effluent is pumped 
 

393 through the GAC filter media and clean water comes out through the outlet of the column. 

 
394 394 

 

395 4.4.2. Dye-binding capacities 

 

396 In Table S2 (Supplementary Material), the reactive dye removal performance of AC 
 

397 produced from various biomass-based precursors are compared to several commercial ACs. 
 

398 Filtrasorb-400, a commercial AC produced by Calgon Carbon Corporation (USA), showed 
 

399 quite a high removal of C.I. Reactive Red 120 as its dye-binding capacity reached 400 mg/g 
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400 (Khraisheh et al., 2002), considerably higher compared to the AC marketed by Merck, 267.2 
 

401 mg/g (Cardoso et al., 2012). AC derived from cocoa pod husk ((Bello et al., 2011), orange 
 

402 peel (Bayrak and Uzgör, 2013), and scallop Shirzad-Siboni et al., 2014) showed very meager 
 

403 level dye-binding capacity. However, AC produced from some biomasses offered 
 

404 considerably higher dye-binding capacity compared to even high-performing commercial 
 

405 ACs, such as Filtrasorb-400. For example, an AC produced from coir pith showed very high 
 

406 dye-binding capacity at 30 °C as high as 1791.2 and 1428.4 mg/g for the C.I. Reactive Red 2 
 

407 and C.I. Reactive Yellow 145 dyes respectively, that increased to 2022.9 and 1694.3 mg/g 
 

408 when the dye adsorption was carried out at 60 °C ((Thitame and Shukla, 2016)). The second 
 

409 highest reactive dye binding was shown by the AC produced from the almond shell, which 
 

410 showed the C.I. Reactive Red 2 and C.I. Reactive Yellow 145A dye-binding was as high as 
 

411 1639.9 and 1397.4 mg/g respectively (Thitame and Shukla, 2016). AC derived from 
 

412 mangosteen skin and coffee residue also showed a couple of times higher dye-binding 
 

413 capacity compared to the commercial ACs. The ACs derived from coconut shell had a very 
 

414 high surface area (2200 m2/g) but the dye-binding performance was near to the dye-binding 
 

415 capacity shown by commercial Filtrasorb-400 adsorbent (Gupta and Khatri, 2019). 
 

416 Conversely, AC derived carbon had an even higher surface area, twice of AC derived from 
 

417 coir pith, but the dye-binding capacity was much lower than the AC derived from coir pith 
 

418 (Zhou et al., 2017), which shows that the dye-binding is not only related to the surface area of 
 

419 the adsorbent but also depends on other factors. The high dye-binding capacity shown by 
 

420 some biomass-derived ACs suggests that biomass could be an ideal feedstock for the 
 

421 development of high performing dye adsorbent. 

 
422 422 

 

423 4.3. Nanostructured carbon 



19  

424 424 

 

425 Various nanostructured carbon, such as CNTs, graphite, and graphene, have been 
 

426 investigated as an adsorbent for the removal of textiles dyes from effluent. Graphite is a 
 

427 crystalline form of elemental carbon with its atoms arranged in a hexagonal shape. CNTs are 
 

428 one of the most popular and important one-dimensional (1D) nanomaterials and they could be 
 

429 single-walled (SWCNT) or multiwalled (MWCNT). On the other hand, graphene is a two- 
 

430 dimensional (2D) nanomaterial, which is an atomically thin layer of elemental carbon. 
 

431 Graphite oxide (Travlou et al., 2013), MWCNT (Machado et al., 2011; Dehghani et al., 2013; 
 

432 Ferreira et al., 2017), SWCNT (Machado et al., 2014), graphene (Liu et al., 2012; Elsagh et 
 

433 al., 2017), graphene oxide (Mao et al., 2020), and functionalized MWCNT (Karimifard et al., 
 

434 2016), have been studied for the removal of several cationic reactive dyes. 

 
435 435 

 

436 436 

 

437 4.3.1. Manufacturing 

 

438 Currently, CNTs are synthesized by three processes: arc discharge, laser ablation, and 
 

439 chemical vapor deposition. Although gaseous hydrocarbons are the preferred feedstock to 
 

440 produce CNTs, various biomasses, such as plant materials (Xie et al., 2009), potato peel 
 

441 waste (Osman et al., 2019), and chitosan (Zhang et al., 2018) also have been investigated as 
 

442 an alternative renewable feedstock. Biomasses are also popular feedstocks to produce 
 

443 graphite and graphene (Das et al., 2017; Purkait et al., 2017; Sams et al., 2015). Graphene is 
 

444 produced by several methods including micromechanical exfoliation, liquid-phase 
 

445 exfoliation, chemical vapor deposition (CVD), flame synthesis, pyrolysis, and pulsed laser 
 

446 deposition (PLD). Of the methods investigated, the CVD method is the most popular because 
 

447 by this method high-quality graphene can be produced but the flame synthesis is popular for 
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448 the liquid feedstocks. It is quite difficult to produce nanostructured carbon from biomasses by 
 

449 pyrolysis unless a catalyst is used. Barin et al. managed to produce highly curved graphitic 
 

450 nanostructured carbons with a high degree of crystallinity from the hydrothermally pre- 
 

451 treated coconut coir dust by the pyrolysis method (Barin et al. 2014). Nickel salt was used as 
 

452 a catalyst to form graphitic carbon nanostructures from cellulose via pyrolysis (Sevilla and 
 

453 Fuertes, 2010). Biomasses are converted to graphite by a process called graphitization, which 
 

454 is a kind of pyrolysis, but the materials are heated above 2000 °C. However, the application 
 

455 of a catalyst enables graphitization at a moderately low temperature (1000 °C). Group 4-7 
 

456 metals, such as Fe, Co, Mn, and Ni, are popular catalysts for the graphitization (Ōya and 
 

457 Marsh, 1982). 

 
458 

 

459 4.3.2. Dye binding capacity of CNT, and graphene 

 

460 Table S3 (Supplementary Material) shows the dye-binding capacities of nanostructured 
 

461 carbon adsorbents. Graphene showed a quite good removal of cationic dyes as the dye- 
 

462 binding capacity of C.I. Basic Blue 9 at 20 °C was 153.9 mg/g, which reached 204.1 when 
 

463 the adsorption temperature was increased to 60 °C (Liu et al., 2012). Graphite oxide was also 
 

464 showed comparable dye removal as the C.I. Reactive Black 5 dye-binding capacity reached 
 

465 275 mg/g when the adsorption temperature was increased to 65 °C. On the other hand, CNTs 
 

466 showed better dye sorption capacity compared to graphite oxide and graphene. The binding 
 

467 capacity of C.I. Reactive Blue 4 by SWCNT was 502.5 mg/g and MWCNT showed better 
 

468 dye removal than the SWCNT (Ferreira et al., 2017). Of them, graphene oxide showed the 
 

469 highest removal of cationic dyes as the removal of C.I. Basic Violet 1 reached 686.6 mg/g 
 

470 (Elsagh et al., 2017). However, some ACs derived from biomasses considerably showed a 
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471 couple of times higher dye-binding capacity compared to the nanostructured carbon 
 

472 adsorbents. Moreover, they are quite expensive compared to ACs. 

 
473 473 

 

474 5. Carbonaceous composite adsorbents 

 
475 475 

 

476 5.1. Carbonaceous composite adsorbents 

 
477 477 

 

478 To further increase the dye-binding capacity of carbonaceous adsorbents, they were 
 

479 modified with various metal doping, converting to a hydrogel and modifying with various 
 

480 synthetic and natural polymers. The composites of CNT with bagasse (Inyang et al., 2014), 
 

481 graphene oxide (GO) with chitosan and calcium alginate (Travlou et al., 2013; Guo et al., 
 

482 2016; Li et al., 2013), MWCNT with xanthan gum crosslinked polyacrylic acid (Guo et al., 
 

483 2018), and AC with magnesium oxide (MgO2) (Zheng et al., 2018) or alginate (Nasrullah et 
 

484 al., 2018), have been investigated for the removal of dyes from their aqueous solutions. 
 

485 Nickel nanoparticles encapsulated with C and CNT also have been studied as a dye adsorbent 
 

486 (Jin et al., 2018). The other composite adsorbents may include graphene sponge modified 
 

487 with ionic liquid (Zambare et al., 2017), heteroatom-doped AC (Liu et al., 2017), chitosan 
 

488 beads immobilized on AC (Filipkowska et al., 2017), GO and CNT with zeolitic imidazole 
 

489 framework (Abdi et al., 2017), AC/bentonite composite (Liang et al., 2017), N-doped AC 
 

490 (Hou et al., 2020; El-Mahdy et al., 2020), CNT/chitosan hydrogel (Goncalves et al., 2020), 
 

491 Zn-doped AC (Li et al., 2020), graphene-like carbon hydrogel (Yang et al., 2020), laccase 
 

492 immobilized on CNT (Zhang et al., 2020), lanthanide and iron-modified AC (Cheng et al., 
 

493 2017), hydrochar functionalized with triethylenetetramine (TETA) (Tran et al., 2017), 
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494 AC/zeolite (Wang et al., 2018), xanthan gum-cl-poly(acrylic acid)/o-MWCNT composite 
 

495 hydrogel (Makhado et al., 2018), and AC/polyaniline composites (Hasan et al., 2017). 

 
496 496 

 

497 Table 2. Dye-binding performance of various modified/composite carbonaceous adsorbents 
 

498 studied by the batch process. 

 
499 499 

 

500 Table 2 shows the dye-binding performance of various modified and composite 
 

501 carbonaceous adsorbents. Of them, CNT/bagasse, and GO/chitosan composites showed very 
 

502 poor dye-binding capacity, which was 6.2 and 32.2 for the C.I. Basic Blue 9 (Inyang et al., 
 

503 2014) and C.I. Reactive Red 120 (Guo et al., 2016) dyes respectively. However, Guo et al. 
 

504 achieved quite a good dye-binding capacity for the removal of C.I. Reactive Black 5 by 
 

505 GO/chitosan composites (Travlou et al., 2013). Laccase immobilized onto CNT also showed 
 

506 very poor dye-binding capacity (Zhang et al., 2020). Nickel nanoparticles encapsulated in 
 

507 porous carbon and carbon nanotube hybrids showed a quite good dye-binding capacity for 
 

508 C.I. Basic Green 4 and C.I. Direct Red 28 dyes but for other cationic and anionic dyes, the 
 

509 dye-binding capacity dropped to less than half of the removal achieved for the C.I. Basic 
 

510 Green 4 and C.I. Direct Red 28 dyes. Of the modified and composite carbonaceous 
 

511 adsorbents studied, graphene-like carbon hydrogel showed excellent dye removal capacity as 
 

512 the removal of C.I. Basic Blue 9 13381.62 mg/g (Yang et al., 2020), which is considerably 
 

513 better than any other carbonaceous adsorbents. On the other hand, GO/ zeolitic imidazolate 
 

514 framework and CNT/ zeolitic imidazolate framework composites showed a quite good dye- 
 

515 binding capacity which reached 3300 and 2034 mg/g for the C.I. Basic Green 4 dye 
 

516 respectively. The dye-binding capacity of modified AC and their composites show that they 
 

517 are a serious contender for the replacement of AC for the removal of dyes. 

 
518 518 
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519 Table 2. Dye-binding performance of various modified/composite carbonaceous adsorbents 

520 studied by the batch process. 

521 
 

522 

 
 

5.2. Carbonaceous material/magnetic nanoparticle composites 

 

523 
 

524 The high dye-binding capacity is not only enough to commercialize a dye adsorbent as the 

525 removal of adsorbents from the treated water is cumbersome. Therefore, recent research 

526 emphasized the ease of separation of adsorbent from the treated effluent resulting in the 

527 development of magnetic nanoparticles. By using a strong magnet, the used adsorbent can be 

528 easily separated from treated effluent. Magnetic nanoparticles are embedded inside the 

529 adsorbent particle or in-situ formed so that the adsorbent particles become magnetic. Mainly 

530 F2O3 or Fe3O4 nanoparticles are formed inside carbonaceous adsorbents to make them 

531 magnetic. The investigated magnetic carbonaceous carbon composites may include Fe3O4 

532 embedded biochar (Akbarnezhad and Safa, 2018), chicken bone-derived (CBD) biochar 

533 (Oladipo et al., 2017), rice-husk derived RHD) biochar (Han et al., 2015), AC (Saroyan et al., 

534 2017), GO/MWCNT (Long et al., 2017), reduced GO (Sharif et al., 2017), CNT (Duman et 

535 al., 2016), graphene/polypyrrole (PPy) composite (Bai et al., 2015), carboxyl functionalized 

536 GO (CO-f-GO) (Guo et al., 2018), dodecyl sulfate GO (DDS-f-GO (Yakout and Shaker, 

537 2016), PAC (Jafari et al., 2016), AC (Kyzas et al., 2014), and AC derived from Nigella sativa 

538 L. waste (AC-NS) (Abdel-Ghani et al., 2019). 

539 
 
540 

 
Table 3. Adsorption of anionic and cationic dyes by magnetic AC adsorbents studied by the 

541 batch process. 
 
 

542 
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543 
 

544 Table 3 shows the dye-binding capacity of magnetic carbonaceous adsorbents. Of the 
 

545 magnetic nanoparticles investigated, only a few of them show some levels of potential as 
 

546 adsorbents. Magnetic AC good reactive dye removal as the dye-binding capacity reached 
 

547 445.3 mg/g (Saroyan et al., 2017), but still was very inferior to even unmodified biochar and 
 

548 AC. Magnetic Fe3O4-modified biochar derived from chicken bone showed poor cationic dye 
 

549 removal capacity, 96.5 mg/g (Duman et al., 2016. Magnetic CNT-Fe3O4  nanocomposite and 
 

550 magnetic CNT-κ-carrageenan-Fe3O4 nanocomposite showed very poor dye-binding capacity 
 

551 and the maximum removal was achieved at highly acidic conditions (pH 2), which is not 
 

552 favorable as the pH of the effluent will need to be reduced to that level by using strong acids 
 

553 and after the dye removal again will need to raise the pH to neutral by adding alkali. They are 
 

554 not practical for the removal of dyes as the cost of production of these adsorbents will be 
 

555 relatively high and the levels of removal achieved are only one-third of the dye-binding 
 

556 capacity shown by AC. The challenges of magnetic nanoparticles are the non-availability of 
 

557 these adsorbents at an economical price, low reactive dye-binding capacity, poor 
 

558 decolorization efficiency, and the economic regeneration of the adsorbents. 

 
559 559 

 

560 6. Dye adsorption process 

 
561 561 

 

562 The dye adsorption process involves the dye-binding mechanism, the factors affecting the 
 

563 dye sorption process, and dye sorption isotherm and adsorption kinetics. 

 
564 564 

 

565 6.1. Dye binding mechanisms 

 
566 566 



25  

567 The understanding of the dye-binding on carbonaceous adsorbent is crucial for the 
 

568 designing of a dyehouse effluent treatment plant. The functional groups of carbonaceous 
 

569 materials play an important role in the adsorption of dyes on these adsorbents. The biochar 
 

570 has surface acidic groups (hydroxyl, carboxyl, and phenolic groups) that are formed by 
 

571 thermal decomposition of the hemicellulose, cellulose, and lignin of the biomasses (Mohan et 
 

572 al., 2015), which may provide active sites for the binding of cationic basic dyes. Therefore, 
 

573 the biochar shows better cationic dye sorption capacity compared to anionic acid, reactive 
 

574 and direct dyes (Liu et al., 2017b). Little is known about the nature of the anion exchange 
 

575 sites on biochar surfaces and the pH-independent oxygen-containing functional groups 
 

576 contribute anion exchange sites in biochar (Lawrinenko and Laird, 2015). 

 

577 The dye-binding mechanism of AC could be quite complex as the dye-binding could be 
 

578 physical and or chemical adsorption. Depending on the activation processes and 
 

579 carbonization temperatures used, they may have anionic hydroxyl, carboxyl, and sulfonate 
 

580 groups (Mao et al., 2020; Pengthamkeerati and Satapanajaru, 2015; Tessmer et al., 1997). 
 

581 Depending on the dye classes, the dye-binding mechanism of carbonaceous adsorbents could 
 

582 be different as different dyes have different functional groups. Fig. 3 shows the dye-binding 
 

583 mechanisms of cationic dyes by various carbonaceous adsorbents. Cationic dyes have amino, 
 

584 or quaternary ammonium cationic groups but may also have hydroxyl and hydrophobic 
 

585 methyl functional groups enabling their binding by electrostatic bonding, hydrogen bonding, 
 

586 or Van der Waal’s force, and π–π stacking, as shown in Fig. 3. 

 
587 587 

 

588 Fig. 3. Mechanism of binding of C.I. Basic Blue 9 (BB) and C.I. Basic Violet 3 (BV) with 
 

589 AC (left) and CNT (right) respectively. 

 
590 590 
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591 The mechanisms of binding of anionic dyes by AC and CNTs are shown in Fig. 4. Direct, 
 

592 acid, and reactive dyes are anionic as they have sulfonate groups that confer their water 
 

593 solubility. Unmodified AC also can bind anionic dyes by hydrogen bonding and π–π stacking 
 

594 but that types of bonds are weak compared to the electrostatic bonding. ACs are porous and 
 

595 when dye molecules pass through them, the dye molecules simply trapped inside the porous 
 

596 structure of the AC irrespective of the ionic character of the dye. Therefore, the adsorption of 
 

597 dyes by AC could be described as a combined physical and chemical adsorption. However, to 
 

598 enhance the anionic dye removal capacity of carbonaceous adsorbents, cationic amino groups 
 

599 are introduced in ACs by nitration followed by amination (Abe et al., 2000; Mahaninia et al., 
 

600 2015), so that they can electrostatically bind anionic dyes. 

 
601 601 

 

602 Fig. 4. Binding mechanism of anionic C.I. Acid Blue 25 (AB), C.I. Reactive Blue 4 (RB) and 
 

603 C.I. Reactive Red 2 (RR) dyes with AC (left) and CNT (right). 

 
604 604 

 

605 In the case of graphene and CNTs, not only surface functional groups of them but also the 
 

606 defects of their surface also play a great role in binding dye molecules. CNTs are composed 
 

607 of graphene or graphitic sheets rolled up into a cylindrical shape and possess a π-conjugative 
 

608 structure with a highly hydrophobic surface (Rajabi et al., 2017). Depending on the functional 
 

609 groups on the surface of graphene and CNTs, dye molecules can be attached to them by ionic 
 

610 interactions, π-π stacking, van der Waal’s force, and hydrogen bonding individually or 
 

611 simultaneously. Aberration corrected transmission electron microscopy, X-ray photoelectron 
 

612 spectroscopy, and the density functional studies revealed that oxygen-containing hydroxyl 
 

613 and epoxy functional groups are distributed in the form of the island (Shin et al., 2017). 

 
614 614 
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615 6.2. Factors affecting dye sorption 

 

616 
 

 

617 The conditions at which dye adsorption is carried out determines the final dye sorption 

618 capacity of AC. The dye sorption is affected by various factors, such as the pH, temperature, 

619 concentration of dyes in the effluent, and the chemical structure of dyes. 

620 
 

621 

 
 

6.2.1. Effect of pH on dye sorption capacity 

 

622 It is necessary to identify the optimum pH at which the maximum dye adsorption takes 

623 place for a particular carbonaceous adsorbent. In the case of dye binding by electrostatic 

624 interaction, the pH of dye solution plays a great role in the dye sorption and the maximum 

625 dye sorption occurs at the pH at which the affinity between the adsorbent and the dye 

626 molecules are the highest. The maximum affinity can be identified by measuring the zeta 

627 potential of the adsorbent. To absorb the cationic dye, the carbonaceous material will need to 

628 be negatively charged or for the binding of anionic dyes, the adsorbent will need to be 

629 positively charged. In the case of dye binding by Van der Waal’s force, hydrogen bonding, or 

630 hydrophobic-hydrophobic interaction, the pH of the effluent may not play a great role and 

631 adsorption occurs at wider pHs. The optimum pH for dye binding by AC varies depending on 

632 the activation processes used and also on the carbon precursors types. Depending on the 

633 precursors and activation process used, the optimum pH of reactive dye removal by AC could 

634 be 1–6. Table 1 shows that in the case of biochar, the maximum binding of cationic basic dye 

635 occurred at neutral to the alkaline side of the pH (except the CI. Basic Green 4 adsorption by 

636 biochar derived from Manihot esculenta Crantz waste) but the anionic direct, reactive and 

637 acid dyes were favorably removed at the acidic side of the pH. The zeta potential 

638 measurement of biochar derived from various agricultural wastes (straw of wheat, rice, corn, 
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639 fava bean, soybean, peanut, rice hull, etc.) shows that the negative charge of biochar 
 

640 increased with an increase in the pH from 2.5 to 7.0, suggesting the increase of cationic dye- 
 

641 binding capacity with an increase in the dye solution pH (Yuan et al., 2017). On the other 
 

642 hand, Qi et al. reported that the biochar derived from wood shaving and combusted wood 
 

643 shaving, and AC showed an increase in positive charge at pH below 5.7, 7.3, and 6.0 
 

644 respectively, i.e. the anionic dyes are adsorbed at those pHs and the cationic dyes are 
 

645 absorbed above those pHs (Qi et al., 2017). Fig. S5 (Supplementary Material) shows the 
 

646 effect of pH on the binding capacities of various cationic and anionic dyes by carbonaceous 
 

647 adsorbents. The binding of cationic and anionic dyes is favored at the alkaline and acidic side 
 

648 of the pH respectively. It was found that AC produced from the almond shell, coir pith, 
 

649 sawdust, textile sludge, and pomegranate peel showed the highest anionic dye-binding 
 

650 capacity at pH 1–2. On the other hand, the AC produced from marine algae, pine-fruit shell, 
 

651 and scallop showed the highest removal as high as pH 6. The adsorption capacity of AC is 
 

652 increased if the adsorption is carried out at a relatively high temperature, which is not 
 

653 desirable as it will increase the energy cost of the treatment. The installation costs of AC- 
 

654 based filtrations are not expensive, and they show the best hydrodynamic properties and can 
 

655 be easily regenerated. 

 
656 656 

 

657 6.2.2. Effect of temperature 

 

658 The temperature at which the adsorption is carried out also plays a great role in the dye 
 

659 adsorption capacities of carbonaceous materials. The reaction of dye molecules with 
 

660 carbonaceous adsorbents could be endothermic or exothermic. The diffusion and binding of 
 

661 dye molecules into carbonaceous adsorbents occurs due to the constant thermal motion of 
 

662 atoms, and molecules depending on the energy available. The temperature increase provides 



29  

663 heat energy, which increases the molecular motion of dye molecules and drives their 
 

664 diffusion into the adsorbent. 

 
665 665 

 

666 6.2.3. Effect of dye concentration 

 

667 The dye adsorption capacity also depends on the concentration of dyes in the effluent. If 
 

668 the dye concentration is too low, the dye adsorption may not reach the saturation point and 
 

669 the adsorbent will be underused. The dye adsorption capacity increases with an increase in 
 

670 the concentration of dye in the effluent up to the point of saturation of dye binding sites of the 
 

671 adsorbent beyond which no increase in dye-binding capacity is observed as the dye-binding 
 

672 sites are fully occupied by the dye molecules. Conversely, the dye adsorption efficiency 
 

673 decreases with an increase in the concentration of dye in the effluent because of the saturation 
 

674 of the adsorption sites on the surface of the adsorbent. Travlou et al found that the removal of 
 

675 C.I. Reactive Black 5 by graphite oxide increased from 205–275 mg/g when the adsorption 
 

676 temperature was increased from 25 to 65 °C (Travlou et al., 2013). Similarly, the binding 
 

677 capacity of C.I. Basic Blue 9 by graphene increased from 153.9 to 204.1 mg/g when the 
 

678 adsorption temperature was increased from 20 to 60 °C (Liu et al., 2012). 

 
679 679 

 

680 Table 4. Chemical structure and molecular weight of several basic and reactive dyes. 

 
681 681 

 

682 6.2.4. Effect of functional groups of dyes 
 

683 The functional groups (especially the number of ionic groups), molecular weight, and the 
 

684 substituent groups of dyes play a great role in the dye-binding capacities of various textile 
 

685 dyes. Low molecular weight dyes are readily absorbed into carbonaceous adsorbents 
 

686 compared to the high-molecular-weight dyes. Table 4 shows the chemical structure of dyes 
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687 with their molecular weight. In the removal of reactive dyes by a commercial AC (Supelco) it 
 

688 was found that the dye-binding capacity for the C.I. Reactive Blue 2 was 4.9 mg/g but for the 
 

689 C.I. Reactive Yellow 2 was only 3.17 mg/g. Both of them have a similar number of sulfonate 
 

690 groups but the molecular weight of the former dye was lower compared to the later dye (Low 
 

691 and Lee, 1997). The molecular weight of C.I. Reactive Blue and C.I. Reactive Red 23 are 
 

692 nearer and also have a similar number of anionic sulfonate groups but the presence of the 
 

693 diethylene group in the C.I. Reactive Red 2 drastically reduced its adsorption into the Supelco 
 

694 adsorbent. Sun et al. observed that in the removal of three reactive dyes by AC derived from 
 

695 marine algae, C.I. Reactive Blue 4 showed the highest dye-binding capacity and C.I. Reactive 
 

696 Blue 4 (Mw 681.39) dye-binding capacity was almost double of the dye-binding capacity 
 

697 observed for the C.I. Reactive Blue 171 (Mw 1418.93) (Sun et al., 2013). Although the later 
 

698 dye had a triple number of anionic sulfonate groups than the former dye, the molecular 
 

699 weight of the later dye was more than double of the former dye, which restricted its 
 

700 adsorption into the adsorbent. In the case of AC derived from coir pith and almond shell, in 
 

701 both cases, lower molecular weight reactive dye (C.I. Reactive Red 2, Mw=615.34 ) showed 
 

702 higher dye-binding capacity than the higher molecular weight reactive dye (C.I. Reactive 
 

703 Yellow 145, Mw=1026.25) although the higher molecular weight dye had double anionic 
 

704 groups compared to the lower molecular weight dye (Thitame and Shukla, 2016). In the case 
 

705 of the removal of C.I. Basic Blue 9 and C.I. Basic Violet 3 dyes by biochar derived from corn 
 

706 cob, it was found that the former dye showed higher removal compared to the latter. The 
 

707 former three amino groups and the later had three dimethyl quaternary ammonium groups. 
 

708 The presence of dimethyl groups in the later dye considerably reduced its removal by the 
 

709 biochar, which suggests that the substituent groups of a dye also affect the dye-binding 
 

710 capacity of carbonaceous adsorbents. 

 
711 711 
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712 6.2.5. Effect of pore volume of adsorbent 
 

713 The pore volume of adsorbent plays a great role in the adsorption of dyes as the pore 
 

714 volume allows the binding of the highest number of dye molecules to it. Al-Degs et al. 
 

715 studied the effect of the surface area of microporous and mesoporous AC on the adsorption of 
 

716 several reactive dyes from solution (Al-Degs et al., 2004). They found that the correlation 
 

717 between the surface area of AC and the dye adsorption is quite poor, rather the adsorption of 
 

718 dyes is better related to their pore volume (Al-Degs et al., 2004). It was reported that when 
 

719 the pore size of a porous material is smaller than 1.7 times the size of the adsorbate molecule, 
 

720 the repulsion between the adsorbate molecules significantly increases resulting in requiring 
 

721 higher adsorption energies (Lawrence, 2014). The most effective pore sizes are in the range 
 

722 of 1.7–6 times of the adsorbate molecule size (Branton and Bradley, 2010). Therefore, not the 
 

723 surface area of the adsorbents but their pore volume governs the dye sorption. 

 
724 724 

 

725 6.3. Dye adsorption isotherm and kinetic modeling 

 
726 726 

 

727 6.3.1. Dye adsorption isotherm models 
 

728 The adsorption of anionic and cationic dyes by carbonaceous adsorbents can be expressed 
 

729 by various isotherm models, but the most common are Langmuir, Freundlich, Temkin, and 
 

730 Liu models. They are important tools to understand the distribution of dye molecules at the 
 

731 solid adsorbent and the liquid phases at equilibrium. Adsorption isotherms are used to 
 

732 describe the dye molecule interaction with the carbonaceous adsorbent, adsorption 
 

733 equilibrium, and the dye-binding active sites of the adsorbents (Cao et al., 2014). Adsorption 
 

734 isotherm expresses the amount of adsorbate on the carbonaceous adsorbent surface as a 
 

735 function of its concentration at a constant temperature. They are used to predict the 
 

736 adsorption capacities of a dye by a particular carbonaceous adsorbent and also to fit the 
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737 experimental equilibrium data. A comparison of the R2 values obtained from the adsorption 
 

738 models indicates which model provides the best fit for the adsorption of dyes by the 
 

739 carbonaceous adsorbents. 
 

740 The Langmuir model is based on four assumptions: all of the adsorption sites are 
 

741 equivalent, and each site can only accommodate one molecule, the surface is energetically 
 

742 homogeneous and adsorbed molecules do not interact, there are no phase transitions, and at 
 

743 the maximum adsorption, only a monolayer is formed (Langmuir, 1916). The Langmuir 
 

744 model presumes constant adsorption energy and independent of surface coverage. When a 
 

745 monolayer of dye molecules covers the adsorption surface, maximum adsorption is observed. 
 

746 Adsorption only occurs on localized sites on the surface, not with other adsorbates. The linear 
 

747 form of the Langmuir model can be represented as: 
 

748 748  𝐶𝑒  = 
1 

+ 
𝐶𝑒 [1] 

𝑞𝑒    𝑞𝑚𝐾𝐿 𝑞𝑚 

 

749 where qe represents equilibrium dye concentration on carbonaceous adsorbent (mg/g), Ce 
 

750 represents equilibrium dye concentration in solutions (mg/L), KL is the Langmuir adsorption 
 

751 constant (L/mg) and qm is the complete monolayer adsorption capacity (mg/g). The 
 

752 separation factor RL can identify the favorability of the adsorption process, which can be 
 

753 calculated by the following formula: 
 

754 754 𝑅𝐿 = 
1 

[2] 
1+𝐾𝐿𝐶𝑖 

 

755 Where RL = 1 suggests linear adsorption, RL = 0 irreversible adsorption, 0<RL<1 favorable 
 

756 adsorption, and RL>1 unfavorable adsorption. 
 

757 According to the Freundlich model, adsorption takes place at the heterogeneous surfaces of 
 

758 758 
 

759 759 

varied affinities. The linear form of this model is represented as (Freundlich, 1906): 
 

1 
ln 𝑞𝑒 = ln 𝐾𝐹 + 

𝑛 
ln 𝐶𝑒 (1) 



33  

𝑇 𝑒 

760 where KF (l/g) and n (dimensionless) are Freundlich isotherm constants which represent the 
 

761 adsorption and the degree of nonlinearity between solution concentration and adsorption, 
 

762 respectively. A plot of ln qe vs ln Ce would result in a straight line with a slope of 1/n and 
 

763 intercept of ln KF. The Temkin isotherm model, like the Freundlich model, is one of the 
 

764 earliest isotherm models, which was developed to describe the adsorption of hydrogen atom 
 

765 onto platinum electrodes in an acidic aqueous solution. In the Temkin adsorption isotherm 
 

766 equation, the energy of adsorption is a linear function of surface coverage. This adsorption 
 

767 model is only valid for medium ion concentrations. The linear form of the model is as follows 
 

768 (Vijayaraghavan et al., 2006): 
 

 
769 7

6
9 

 

𝑞𝑒 = 
𝑅𝑡 

ln 𝐾 + 
𝑏 

𝑅𝑇 
ln 𝐶 (2) 

𝑏 

 

770 where b is a Temkin constant which is related to the heat of sorption (J/mol) and KT is a 
 

771 Temkin isotherm constant (l/mg) (Samarghandi et al., 2009). 

 
772 772 

 

773 The adsorption of reactive dyes by AC can be described by using Freundlich and 
 

774 Langmuir models. For example, the adsorption of reactive dyes by AC mainly is represented 
 

775 by the Langmuir isotherm model and the kinetic data usually follows the pseudo-second- 
 

776 order model. Dos Santos et al. found that adsorption of C.I. Reactive Orange 107 onto AC 
 

777 made from sawdust followed the Langmuir model (Dos Santos et al., 2016). In the removal of 
 

778 C.I. Reactive Blue 19 by the AC produced from sewage sludge by carbonizing at 750 °C, 
 

779 Silva et al. found that the adsorption followed the isothermal parameters of the Freundlich 
 

780 model, but the kinetic data followed the pseudo-second-order model (Silva et al., 2016). For 
 

781 example, Fig. S6 (Supplementary Materials) shows Freundlich, Langmuir, and Temkin 
 

782 isotherm models for the adsorption of C.I. Reactive Yellow 145 onto AC derived from the 
 

783 almond shell and coir pith (Thitame and Shukla, 2016). It was reported that the adsorption of 
 

784 a cationic dye (C.I. Basic Blue 9) by graphene adsorbent can be described by the Langmuir 
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𝑡ℎ 

785 isotherm model (Liu et al., 2012). It was reported that the adsorption of a cationic and an 
 

786 anionic dye by activated carob derived from coconut husk followed the Langmuir and 
 

787 Freundlich isotherm models (Aljeboree et al., 2017). Liu et al. developed a new model for the 
 

788 adsorption of heavy metals by microbial aggregates, known as aerobic granules, which is a 
 

789 combination of Langmuir and Freundlich isotherm models by eliminating the monolayer 
 

790 assumptions of the Langmuir model and the infinite adsorption assumption of the Freundlich 
 

791 model (Liu et al., 2003). The Liu model predicts that all the active sites of the adsorbent 
 

792 cannot have the same energy. In the linear, form the equation can be expressed as: 
 

793 𝑙𝑛𝑄𝑒/(𝑄𝑒    −  𝑄𝑒) =  𝑛 ln  𝐶𝑒  − ln 𝐾𝑎𝑑𝑠 (9) 

 

794 Values of Kads and n can be easily determined from the slope and intercept of Eq. 9. Liu 
 

795 isotherm model can also be is utilized to describe the adsorption of anionic dyes by AC and 
 

796 magnetic AC adsorbents as shown in Fig. 5. 

 
797 

 

798 Fig. 5. Isotherm models of adsorption of C.I. Reactive 120 and dyes removed by AC (a) and 
 

799 magnetic-AC (d). Reproduced with permission from refs. (Cardoso et al., 2012; Liu et al., 
 

800 2019). 

 
801 

 

802 6.3.2. Kinetic models 

 
803 

 

804 Kinetic models are utilized to determine the mechanism of the sorption process including 
 

805 the rate of adsorption, diffusion control, and mass transfer. Depending on the rate of 
 

806 adsorption, reaction kinetics could be first order and second order. Legergen proposed a first- 
 

807 order rate of reaction to describe the kinetic process of liquid-solid phase adsorption of oxalic 
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2.303 

𝑑𝑡 

808 acid and malonic acid onto charcoal (Lee et al., 1986), which is probably the first model to 
 

809 describe the rate of adsorption. The equation as: 
 

810 8
1
0 

 

811 811 

 
𝑑(𝑞𝑡) 

= 𝑘
 

 
 

 

 
(𝑞 

 

 
− 𝑞 ) (9) 

𝑑𝑡 1 𝑒 𝑡 

 

812 812 
 

813 Where qe and qt are the amounts of dye adsorbed (mg/g) at the equilibrium and at the time t 
 

814 (min), respectively, and k1 is the pseudo-first-order rate constant (/min). If the eq. 1 is 
 

815 integrated with the boundary conditions of qt = 0 at t=0 and qt=qt at t=t, then the equation can 
 

816 be written as: 
 

817 817 

 
818 818 

 
819 819 

 
ln ( 𝑞𝑒

 

𝑞𝑒−𝑞𝑡 

 
 
) = 𝑘1𝑡 (10) 

 

820 By rearranging equations 1 and 2, the pseudo-first-order equation can be expressed as 

 
821 821 

 
822 log(𝑞𝑒 − 𝑞𝑡) = log  𝑞𝑒  −   𝑘1     𝑡 (11) 

 

 
823 In 1995, a new kinetic model was proposed to describe the kinetics of divalent metal ion 

 

824 uptake onto peat as the uptake followed the second-order of reaction (Rodríguez et al., 2009). 
 

825 The equation can be written as: 

 
 𝑑𝑞𝑡 

826 = 𝑘2(𝑞𝑒 − 𝑞𝑡)2 (12) 
 

 

827 where qe and qt are the numbers of active sites occupied at the equilibrium and at the time t 
 

828 (min), respectively, and k2 is the pseudo-second-order rate constant (g/mg/min). If the eq. 11 
 

829 is integrated with the boundary conditions of qt = 0 at t=0 and qt=qt at t=t and rearranging, the 
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t e 

𝑡 𝑒 

 
831 

𝑡 
=

 

𝑞𝑡 

1 
+ 

1 

𝑘 𝑞2 𝑞 

 
(13) 

 

832 where k2 is the pseudo-second-order rate constant (g/mol/min), and the initial sorption rate 
 

833 (h) is equal to k q 2 (g/mol/min). These two equations are mostly used to describe the 
 

834 adsorption of reactive dyes by various adsorbents. For example, it was reported that the 
 

835 adsorption of basic dyes by thermochemically activated carbonaceous adsorbent showed the 
 

836 pseudo-second-order adsorption model (Fig. 6). 

 
837 837 

 

838 Fig. 6. Pseudo-second-order kinetic models the removal of C.I. Basic Blue 9 (Methylene 
 

839 Blue) and C.I. Basic Green 4 (Malachite Green) by thermochemically activated carbonaceous 
 

840 material. Reproduced with permission from ref. (Gupta and Khatri, 2019). 

 
841 841 

 

842 7. Conclusions and future directions 

 
843 843 

 

844 The carbonaceous adsorbent development in the last decade mainly emphasized the 
 

845 enhancement of dye-binding capacity by novel activation methods, development of carbon 
 

846 hydrogel, and composite carbon adsorbents. However, the dye-binding mechanisms of the 
 

847 carbonaceous adsorbents remained the same as the conventional ACs. The carbonaceous 
 

848 adsorbent preparation conditions show great effects on the surface area, porosity, pore 
 

849 volume, chemical characteristics, and dye-binding capacity of the produced carbon 
 

850 adsorbents. It is not the greater surface area of the adsorbent but its pore volume governs the 
 

851 high adsorption of dyes. Some of the biomass-derived carbonaceous adsorbents may become 
 

852 a serious competitor for the commercially available coal and petroleum-derived conventional 
 

853 ACs as they exhibited a couple of times higher dye-binding capacity compared to the 

𝑒 
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854 conventional ACs. For example, the graphene-like carbon hydrogel showed excellent cationic 
 

855 dye-binding capacity, 13381.62 mg/g, compared to the commercial Filtrasorb-400 AC. As the 
 

856 removal of carbon particles from treated effluent is cumbersome, recent research emphasized 
 

857 the development of magnetic carbonaceous adsorbents by embedding magnetic nanoparticles 
 

858 (mostly Fe3O4) into the carbonaceous adsorbent particles. However, the magnetic 
 

859 modification of carbonaceous adsorbent drastically reduced their dye adsorption capacity as 
 

860 the porosity of the adsorbent decreased. The magnetic modification may not be necessary as 
 

861 the carbon adsorbent can be easily separated from the treated water by suspension or 
 

862 secondary filtration. The dye-binding capacity is affected by the molecular weight, the 
 

863 number of ionic groups, and the presence of other substituent groups of the dye. There is a 
 

864 strong correlation between the dye-binding capacity and the pore volume of the carbonaceous 
 

865 adsorbent. 

 

866 The modification of carbonaceous materials that increases the pore volume of the 
 

867 adsorbent and the introduction of high-charge ionic functional groups will need to be further 
 

868 researched and optimized to achieve the highest adsorption capacity. Almost in all of the dye 
 

869 adsorption studies used only dye solutions instead of a real dyehouse effluent but the actual 
 

870 dyeing effluent contains salt, starch, and various dyeing auxiliaries, other than the dyes and 
 

871 these admixtures may compete with dye molecules in the adsorption of dyes and may bind to 
 

872 the adsorbents reducing the sites available for anchoring dye molecules. Therefore, future 
 

873 studies for the development of dye adsorbents should use real dyehouse effluent for their 
 

874 adsorption studies or at least needs to study the effect of these admixtures in effluent on the 
 

875 dye adsorption behavior. 
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Table 1. 

 
Absorption conditions and adsorption capacity of various anionic dyes by biochar derived 

from various feedstocks. 

 

Feedstocks Dye type Treatment 
 

BET 
 

Operating conditions Absorption 
 

Ref. 
methods Surface   capacity 

area of Temp. of Optimum Dosage Agitation Dye Contact (mg/g) 
carbon treatment 
(m2/g) (°C) 

pH of 
sorbent 

speed 
(rpm) 

conc. 
(mg/ 

time 
(min) 

 

      (g/L)  L)  

Ashe Juniper C.I. Basic Batch 433–511 25 6.0 0.5 200 550 4320 420.86 Choi et 
 Blue 9         al., 2019 

Pinecone C.I. Basic 
Blue 9 

Batch 335 35 11.3 0.4 – 10– 
70 

210 106.4 Dawood 
et al., 

          2017 

Cassava C.I. Basic 

Green 4 

Batch 2.38 25 4.0 0.05 300 150 120 933.00 Beakou 

et al., 
          2017a 

Wheat straw 

biochar 

C.I. Basic 

Blue 9 

Batch n/a 25 11.0 0.5 n/a 10– 
100 

1440 46.6 Li et al., 

2016 
Wheat straw         62.5  

biochar under 
magnetic field 

          

Switchgrass Reactive Red Batch  25±1 7 1 150 90 30 1288.4 Mahmou 

 195A         d et al., 
2016 

Corn cob C.I. Basic Batch - 25     126.58 Fang, 

 Blue 9 
C.I. Basic 

        
81.96 

2012 

 Violet 3          

 C.I. Basic 
Red 9 

       75.18  

Wood waste C.I. Direct Batch 350.4 28 2.0 4.0 200 50 180 185 Kelm et 

 
Crab shell 

Black 22 
C.I. Basic 

 
Batch 

 
81.57 

 
25 

 
7.0 

 
0.5 

 
- 

 
6000 

 
350 12502 

al., 2019 
Dai et al., 

 Green 4         2018 

 C.I. Direct 
Red 28 

   4.0   1500 20317  

Weeds C.I. Basic Batch 40.46 50 7.4 2.0 120 100 480 39.7 Güzel et 

Oxidized Blue 9  17.56      161.3 al, 2017 

weeds 
Spirulina 

 
C.I. Direct 

 
Batch 

 
- 

  
2.0 

 
2.0 

 
- 

 
90 

 
37.17 

 
Nautial et 

platensis algae Red 28         al., 2016 

Leather 

shavings 

C.I. Direct 

Red 28 

Batch 2365 30 8.0 0.4 - 900 1440 1916.56 Hunag et 

al., 2018 
Bamboo C.I. Acid Batch 517.28 30 1.0 0.4 200 500 480 215.50 Yang et 

 
Poplar Catkins 

Black 170 
C.I. Basic 

 
Batch 

 
351.4 

 
30 

 
6.0 

 
0.04 

 
- 

 
60 

 
1440 534.00 

al., 2014 
Liu et al., 

 Blue 9         2017b 

 C.I. Acid 
Orange 52 

       154.00  

 C.I. Direct 
Red 28 

       350  

Coconut shell C.I. Basic Batch 876.14 30 7.0 1.0 120 100 1500 200 Islam et 
 Blue 9         al., 2017 
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Table 2. 

 
Dye-binding performance of various modified/composite carbonaceous adsorbents studied by 

the batch process. 

 

Adsorbents Dye type Operating conditions   Dye-binding Ref. 
capacity 

      (mg/g) 
  Temp. Optimu Dosage Agitation Dye Contact  

  (°C) m pH of speed conc. time  

   sorbent (rpm) (mg/l) (min)  

   (mg/l)    

CNT/bagasse C.I. Basic 22±0.5 7.0 2.0 - 20 1440 6.2 Inyang et al., 
biochar composite Blue 9     2014 

Chitosan/ 
Graphene Oxide 

C.I. Reactive 
Red 120 

60 3 2.8 n/a 100 480 32.2 Guo et al., 
2016 

Composite C.I. Reactive 25 2 1 160 300 1440 277.0 Travlou et al., 
 Black 5 45    377.0 2013 
  65    425.0 

Graphene C.I. Basic 25 7 2.0 n/a 30-80 300 181.8 Li et al., 2013 

oxide/calcium 
alginate 

Blue 9      

composite       

Xanthan gum-cl- 
poly(acrylic 

C.I. Basic 
Blue 9 

30 7 2.5 180 200 120 521.0 Guo et al., 
2018 

acid)/oxidized-       

MWCNTs 
hydrogel 

      

nanocomposite       

MgO/carbon 
nanocomposites 

C.I. Acid 
Orange 52 

20 10.2 0.75 n/a 70 180 101.4 Zheng et al., 
2018 

Mesoporous C.I. Basic 25 8 0.333 n/a 100 1440 230.6 Nasrullah et 

activated carbon- 
alginate beads 

Blue 9     al., 2018 

Nickel C.I. Basic n/a n/a 0.25 n/a 20-350 60 898.0 Jin et al., 

nanoparticles 
encapsulated in 

Green 4 
C.I. Direct 

    2018 
818.0 

porous carbon and Red 28      

carbon nanotube 
hybrids 

C.I. Basic 
Violet 10 

    395.0 

 C.I. Basic     312.0 

 Blue 9 
C.I. Acid 

     
271.0 

 Orange 52      

Ionic Liquid- 

Graphene Oxide 

C.I. direct 

Red 80 

23 2.0 0.1–1.0 150 25–100 90 501.3 Zambare et 

al., 2017 
Sponge       

Heteroatom- 
doped porous 

C.I. Acid 
Orange 7 

25 n/a 1.0 n/a 40-360 25 440.5 Liu et al., 
2017 

carbon 
AC immobilized 

 
C.I. Basic 

  
6 0.1 

 
150 

 
10– 1440– 

 
50.7 Filipkowska 

on chitosan beads Violet 10    2000 4320 et al., 2017 

 C.I. Reactive 
Black 5 

 4   639.8 

GO-zeolitic C.I. Basic 20 7 0.018 600 50 240 3300.0 Abdi et al., 

imidazolate 
framework 

Green 4     2017 

CNT-zeolitic   0.031   2034.0 

imidazolate 
framework 

      

AC/bentonite C.I. Basic 25 0.1 160 20 65 270.1 Liang et al., 

composites Blue 9     2017 

AC /bentonite/ 
lime 

C.I. Reactive 
Blue 19 

25 2 1 200 200 120 110.6 

N-doped AC 
derived from 

C.I. Basic 
Violet 10 

25 - 1.0 - 2-300 300 140.0 Hou et al., 
2020 

 C.I. Acid     100.0 
 Orange 52      
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N-doped AC 

derived from 

functionalized 
cresol 

C.I. Basic 

Violet 10 
C.I. Basic 
Blue 9 

- - 0.12 500 25 1440 204.1 

 

308.6 

El-Mahdy et 

al., 2010 

CNT/chitosan 
hydrogel 

C.I. Acid 
Blue 9 

25 3 - 50 50-400 1440 1508.5 Gonçalves et 
al., 2020 

 C.I. Acid Red 55      1482.3  

 
Zn-doped AC 

40 
C.I. Acid 

 
50 

 
- 

 
- 

 
- 

 
- 

 
- 

 
255.1 

 
Li et al., 2020 

 Blue 9         

Graphene-like 
carbon hydrogel 

C.I. Basic 
Blue 9 

30 4 1.0 - 20 240 13381.62 Yang et al., 
2020 

Laccase- C.I. Acid   0.08 250 10-60 180 86.0 Zhang et al., 

modified-CNT 
Fe-La modified 

Orange 7 
C.I. Basic 

 
30 

 
n/a 

 
1.0 

 
300 

 
200– 

 
60 

 
261.1 

2020 
Cheng et al., 

AC Blue 9     600   2017 

Hydrochar 

functionalized- 

C.I. Basic 

Green 5 

30 5.0 4.0 180 100– 
1000 

2880 175.0 Tran et al., 

2017 
TETA          

Zeolite/AC 
composites 

C.I. Basic 
Blue 9 

25 - 0.11 - 595 - 754.75 Wang et al., 
2018 

AC/polyaniline C.I. Acid - 6.5 1440 200 20-120 1440 285 Hasan et al., 

 Orange 52        2019 
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Table 3 

 

Absorption of anionic and cationic dyes by magnetic AC adsorbents studied by the batch process. 
 
 

Adsorbents Dye type Operating conditions Absorption Ref. 

Temp. of Optimum Dosage Agitation Dye Contact capacity 

 treatment pH of speed conc. time (mg/g) 

(°C)  sorbent (rpm) (mg/L) (min)  

  (g/L)     

Mesoporous C.I. 25 10.0 0.5 140 250– 4320 445.3 Saroyan et 
AC/Fe3O4 Reactive     1300  al., 2017 

Black 5        

GO/MWCNT/ C.I. Basic 25±1 9.0 0.5 n/a 10-90 1440 69.4 Long et 
Fe3O4 Blue 9 
rGO/ Fe3O4 C.I. Basic 

 

25 
 

n/a 
 

0.5 
 

n/a 
 

25 
 

60 
al., 2017 

39.0 Sharif et 

Blue 9       al., 2017 

CNT/carrageenan/ C.I. 25 2 0.4 150 19.84 1440 29.6 Duman et 
Fe3O4 Reactive       al., 2016 

Black 5        

Biochar/Fe3O4 C.I. 

Mordant 

25 3.4 2.3 - 50 50 27.85 Akbarnezh 

ad and 
Black 11       Safa, 2018 

CBD biochar/Fe3O4 C.I. Basic 26±2 10 10 150 100 1440 96.5 Oladipo et 

Violet 10       al., 2017 
RHD biochar/Fe3O4 C.I. Acid 

Orange 52 
25.0 4.06 0.6 - 60 30 98.5 Han et al., 

2015 
Graphene/PPy/Fe3O4 C.I. Basic 30 7 0.33 150 100- 60 270.3 Bai et al., 

Blue 9     200  2015 
CO-f-GO/ Fe3O4 C.I. Basic 25  0.132 n/a 5 200 36.0 Guo et al., 
GO/Fe3O4 Violet 10     10  2018 

C.I. Basic   0.07    21.0 

Blue 9        

DDS-f-GO/Fe3O4 C.I. Basic 25 7.0 0.04- n/a 25 60 714.3 Yakout 

Green 4   2.0    and 
       Shaker, 
       2016 

PAC/Fe3O4 C.I. 
Reactive 

25± 1 4±0.50 1.5 200 150 n/a 175.4 Jafari et 

al., 2016 
Black 5        

C.I. 35      172.4 

Reactive        

Red 120        

AC/Fe3O4 C.I. 25 10 0.8 160 100 3000 54.8 Kyzas et 

Reactive       al., 2014 

Black 5        

AC-NS/Fe3O4 C.I. Acid - 2 0.03 50 80 180 78.25 Abdel- 
Blue 90       Ghani et 

  al., 2019  
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Table 4. 

 

Chemical structure and molecular weight of several basic and reactive dyes. 
 
 

Name of dye Chemical structure Molecular 

weight 

 

(g/mol) 

 
 

C.I. Reactive Blue 2 SO3Na 

H 
SO3Na 840.11 

 

NaO3S N 

     N 

H2N N N N 

   H N H 

O  O Cl 

 

 
 

C.I. Reactive Yellow 

2 

 

 

 

 
 

C.I. Reactive Blue 4 

 

 

 
 

NaO3S 

 
 

   

 

 

 

 

 
 

Cl 

 
SO3Na 

H 

 
 

a 

H O 
 

N 
N 

N 

H3C 

Cl 

SO3Na 

 

 
 

Cl 

872.97 

 

 

 

 

 

 
681.39 

 

 

     N 

H N Cl 

N 

 

 

 

 

C.I. Reactive Blue 

171 

Na N 
OH NH2 

 
  

1418.93 

 
 
 

H 
 

N N Cl 

 

H 

Cl N N 

 
 

 

 
C.I. Reactive Red 23 

SO3Na 
 

 

HO SO3Na 

NaO3S  

 
678.53 

 

OH 
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NaO3SOCH2CH2CO2S 

 
SO3Na 
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C.I. Reactive Red 2 
Cl 

615.34 
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OH N Cl 
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NaO3S SO3Na 

 

 

 

 
 

N N NH 

CONH2 
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