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21 Abstract

22 Activated carbon (AC) has been widely applied for gold recovery and remains the most 

23 preferred adsorbent, owing to its good physicochemical and adsorption properties. Among 

24 various available activation agents, KOH is reported to produce ACs with high yields, well-

25 defined pore sizes, ultra-high specific surface areas and high reactivities. In this study, post-

26 synthesis functionalization of KOH-AC with a quaternary ammonium moiety was carried out 

27 with the aim of converting an agro waste precursor into a high-value AC and improving the 

28 adsorption efficiency for monovalent gold contained in potassium dicyanoaurate (1) complex, 

29 i.e., K[Au(CN2)], via an environmentally friendly approach. The synthesis process 

30 commenced with pre-carbonization and activation under nitrogen environment, followed by 

31 chemical functionalization. The crystallinity, pore structure, atomic energy binding states and 

32 Au(I) loading capacity were investigated through characterization and batch adsorption 

33 studies. The experimental maximum equilibrium adsorption capacity was 513.52  18.52 

34 mg/g, however, this may further reach 749.28  34.79 mg/g, according to the Langmuir 

35 isotherm model. Finally, it was possible to regenerate the spent AC with a mixture of 1 M 

36 KCN and NaOH, making it potentially suitable for application on a larger scale.

37

38 Keywords: Activated carbon; KOH activation; Amine functionalization; Characterization; 

39 Aurocyanide adsorption

40

41
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43 1. Introduction

44 Gold, Au is a chemical element which in its purest form, is bright, slightly reddish-yellow, 

45 dense, soft, malleable, and ductile. It often occurs as nuggets or grains in rocks, veins and 

46 alluvial deposits, or in a series of mixtures with silver 1-2. It also naturally alloys with copper 

47 and palladium 3. Au is very precious to the manufacturing and high-tech industries, as it finds 

48 unlimited applications in the areas of automobile, health, coinage, jewelry, catalysis, sensing, 

49 electric and corrosion resistance 4-7. Conventional Au mining from auriferous ores involves 

50 cyanidation in the presence of oxygen, carbon adsorption and leaching stages in industrial 

51 carbon-in-pulp (CIP) and carbon-in-leach (CIL) plants 8-10. Although modern separation and 

52 purification technologies, including solvent extraction using organic eluents and ion 

53 exchange using polymeric resins are being championed, recent research has shown that 

54 activated carbon (AC) is both efficient in recovering Au from cyanide complexed solutions 

55 and chloro-complex-based metallurgical leachates 7, 11. In a typical CIP plant, the pulp is 

56 made to flow through several agitated tanks where sodium cyanide and oxygen are added to 

57 dissolve the gold into solution, which is then channeled through adjoining agitated tanks 

58 containing AC. The Au, in the form of Au-cyanide complex, [Au(CN)2]– is loaded onto the 

59 AC, which flows countercurrent to the dissolved pulp, while screens are placed to separate 

60 the barren pulp from the Au-laden AC 8-10, 12. Eventually, the Au is leached in a heated 

61 mixture of sodium hydroxide and cyanide solution and recovered through an electrochemical 

62 refining or electroplating process 8, 10, 12. The adsorption stage using granular AC is thus an 

63 important phase in the Au recovery process from crushed ores. 

64 AC is described as a type of porous material that has been designed to have small, low-

65 volume internal pores that increase the surface area available for adsorption and chemical 

66 reactions 7, 12-13. It has been extensively applied in the age-long conventional CIP and CIL 
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67 processes for Au recovery and still remains the most preferred adsorbent owing to its good 

68 adsorption properties, such as high capacity, good affinity, fast kinetics and good chemical 

69 stability 14-17. It has been established that the nature of carbon precursors, activation 

70 conditions and functional groups adversely affect the textural properties and chemical 

71 reactivities of the synthesized ACs 7, 18-19. Large functional surfaces enhance the adsorbent–

72 adsorbate interactions and hence, lead to higher adsorption capacities. In addition, high 

73 structural porosities permit easy migration of adsorbates into the inner adsorption sites, 

74 consequently improving the adsorption rates 18, 20. Therefore, chemical activation using 

75 suitable activation agents, such as hydrogen peroxide, potassium hydroxide, sodium 

76 hydroxide, zinc chloride, sulfuric acid and phosphoric acid have been highly studied in 

77 efforts to augment the adsorption performances of ACs 21-23.

78 Among the afore-mentioned reagents, KOH is reported to produce ACs with high yields, 

79 well-defined pore sizes and ultra-high specific surface areas reaching over 1500 m2/g, which 

80 are comparable to those of commercial ACs 23-26. Besides, KOH activation is relatively 

81 cheaper and promising because higher activation can be achieved even at relatively lower 

82 activation temperatures, thereby encouraging environmentally sustainable production 18. 

83 Moreover, it is relatively safer when compared to corrosive agents like ZnCl2, which can pose 

84 hazards during the activation process, and requires careful handling and energy-intensive 

85 washing step to remove the residual ZnCl2 and other impurities 27-28. The KOH activation 

86 process progresses through various phases of interaction with C (carbon), such as 

87 decomposition, gasification and etching of the carbon framework by redox reactions that lead 

88 to micro- and macro-pore formations 18, 29-30. Furthermore, KOH is known to favor the 

89 generation of surface chemical groups, particularly oxygen-containing groups on the carbon 

90 surface, which can be engineered to suit specific applications, such as decolorization and 
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91 deodorization in the purification of water, reduction of chlorine, protection of acid rain, and 

92 recovery of volatile organic compounds 12, 18, 31.

93 In previous studies, the contributions of nitrogen-containing groups, predominantly graphitic 

94 and quaternary-N groups to the overall adsorption of aurocyanide at alkaline pH were 

95 observed 7, 17. With the above observations in mind, post-synthesis functionalization of the 

96 synthesized AC with quaternary ammonium groups was expected to significantly boost the 

97 adsorption capacity, since these groups can maintain their positive charges in a wide range of 

98 pH 32-34. In fact, the modification of AC with functional moieties has been observed to 

99 markedly enhance the aurocyanide adsorption performances of synthesized ACs 35-36. For 

100 example, Vargas et al. reported the immobilization of anionic surfactant, sodium 

101 dodecylsulfate (SDS) into a granular AC and observed a 10% improvement in the 

102 aurocyanide adsorption 35. In addition, using high-sulfur petroleum coke as the raw material, 

103 Ramírez-Muñiz et al. prepared sulfur-impregnated AC (SIAC) that exhibited an improved 

104 aurocyanide adsorption capacity of 126.77 mg/g 36. 

105 In this study, therefore, orange peel AC (OPAC) was first synthesized according to the 

106 previous reports 7, 17. Next, post-synthesis functionalization of the OPAC with the quaternary 

107 ammonium moiety, (3-Chloro-2-hydroxypropyl) trimethyl ammonium chloride (CHPTAC), 

108 was carried out. Orange is one of the most favored subtropical fruits in the world, with its 

109 primary use being eating as fresh (cut) fruit or as food complement in desserts, salads, 

110 gelatins, fruit cocktails, jam or juice combinations in the citrus processing industries 29, 37. 

111 The global production of orange was projected by the Food and Agriculture Organization 

112 (FAO) to hit some 64 million metric tons in the past decade 29, 38. With the peel occupying 

113 nearly half of the total fruit weight, this figure translates into about 32 million metric tons of 

114 orange peels being generated as waste 29. Hence, orange peel (OP) as a precursor for AC 
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115 synthesis can be cheaply and readily obtained, and it offers a strategic advantage for reducing 

116 environmental pollution. CHPTAC has been widely employed in cationization reactions to 

117 chemically modify the functionalities of materials for various applications. For instance, a 

118 novel polymeric flocculant was prepared by chemical insertion of CHPTAC and used to 

119 remove both positively and negatively charged contaminant particles in suspensions 39. In 

120 addition, dye adsorption was performed on low-cost fibrous cellulose materials subjected to a 

121 cationization process using CHPTAC 40. Furthermore, CHPTAC-anchored AC was produced 

122 from commercial AC by epoxide-induced method and used for improved removal of Cr(VI) 

123 34. Nonetheless, no report exists so far for the application of CHPTAC-functionalized AC for 

124 aurocyanide adsorption.

125 The aim of this study is, therefore, to valorize low-cost waste OP into an eco-friendly 

126 adsorbent and to further improve the adsorption capacity significantly by introducing cationic 

127 functionality that could interact with and capture anionic aurocyanide complex, [Au(CN)2]–. 

128 This is to be achieved through a post-synthesis functionalization process whereby the surface 

129 hydroxyl groups of synthesized KOH-activated OPAC would react with the CHPTAC moiety 

130 via a cationization reaction in alkaline solution and under controlled heat. This chemical 

131 treatment would ultimately lead to a remarkable improvement in the physicochemical 

132 properties and aurocyanide adsorption capacity of the eventual quaternary amine-

133 functionalized OPAC. 

134 2. Materials and methods

135 2.1. Materials

136 The OP precursor was randomly collected from orange sellers in the eastern region of Ghana, 

137 cleaned, dried and stored for use. All the chemicals used in this study were of analytical 
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138 grades and were used as received without further purification. The CHPTAC reagent (60 

139 wt. % in H2O, liquid) and potassium dicyanoaurate(1), K[Au(CN)2] (purity: 98%) were 

140 purchased from Sigma–Aldrich. Besides, NaOH, KOH and HCl were procured from Daejung 

141 Chemicals and Metals Co., Ltd. (Gyonggi-do, Korea), and double distilled water (DW) was 

142 obtained from a Direct-Q UV Millipore dispenser, Merck Millipore.

143 2.2. Methods

144 Grounded OPs passing through a 2 mm aperture but retaining on a 0.35 mm aperture mesh 

145 (standard testing sieves, Chung Gye Sang Gong SA., Seoul, Korea) were pre-carbonized in 

146 an automated furnace maintained at 400 oC for 1 h under constant N2 supply 17. The pre-

147 carbonized OPs were impregnated with 4 M KOH in the ratio of 2:1 (KOH:pre-carbonized 

148 OP, wt./wt.) for 3 h and activated at 800 oC for 1 h, also under N2 purging. The now OPACs 

149 were washed and oven-dried at 70 oC for 24 h. Approximately 2 g of the OPACs were 

150 dispersed in 50 mL of DW and pH adjusted to >10 using 1 M NaOH. The content in a round-

151 bottom flask was placed in an oil bath kept at 60 oC for ~2 h under stirring using a magnetic 

152 bar, and then 1 mL of CHPTAC was gently added to initiate the cationization reaction as 

153 shown in Fig. 1. After 24 h, the reaction was stopped and the quaternary amine-

154 functionalized ACs (A-OPACs) were washed thoroughly with DW and separated by means 

155 of a vacuum filter system. Finally, the filtered samples were oven-dried at 70 oC for 24 h, 

156 characterized using different instrumental analyses, and used for Au(I) adsorption from 

157 potassium dicyanoaurate(1). 

158

159 Fig. 1. Illustration of the cationization reaction between OPAC and CHPTAC.
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160 2.3. Characterization of the synthesized A-OPACs

161 The surface morphology and elemental compositions of the synthesized A-OPACs were 

162 examined using a combined field emission scanning electron microscopy and energy disperse 

163 X-ray spectroscopy system (FE-SEM/EDX, SUPRA 40VP, Carl Zeiss, Germany). The 

164 samples were sputter coated with Pt prior to observation under the microscope to prevent 

165 surface charging 41. Other instruments, including Fourier transforms infra-red (FTIR) 

166 spectrometer (PerkinElmer spectrophotometer: Spectrum GX, FTIR System), thermal 

167 analyzing equipment (TA Q600 DSC/TGA, TA Instruments, USA), X-ray diffractometer 

168 (XRD, multi-purpose high-performance X-ray diffractometer, X’pert Powder, PANalytical, 

169 the Netherlands), surface area and pore size analyzer (BELSORP-max BET equipment) and 

170 X-ray photoelectron spectroscopy, XPS equipment (AXIS-NOVA spectrometer, Kratos 

171 Analytical, Ltd., UK) were employed to fully analyze the physicochemical properties and 

172 mechanisms of aurocyanide adsorption.

173 2.4. Aurocyanide adsorption and regeneration studies

174 Adsorption isotherm and kinetic experiments were conducted to estimate the possible 

175 maximum capacity and rate of the A-OPAC for attaining adsorption equilibrium 42. All the 

176 experiments were conducted in triplicates and the average values with standard errors are 

177 presented. The adsorption isotherm experiments were carried out in 50 mL falcon tubes with 

178 0.02 g A-OPAC doses in 30 mL aurocyanide solutions of different concentrations ranging 

179 from 0–2000 mg/L. The contents were placed in a multi-shaking incubator maintained at 25 ± 

180 2 oC and 140 rpm for 24 h. The pH of each solution was adjusted within the range of pH 

181 10.5–11 to avoid formation of the toxic gas, HCN that often emits at acidic pH. 

182 Alternatively, regeneration and reuse experiments were run to test potential recyclability of 
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183 the A-OPAC in multiple adsorption-desorption cycles. First, adsorption was conducted using 

184 50 mg/L Au(I) solution, then the Au-loaded A-OPAC was separated from the residual 

185 solution by filtration and re-suspended in a 1 M mixture of KCN and NaOH (dosage: 0.02 g 

186 A-OPAC per 30 mL eluent solution) for desorption and regeneration as described for the 

187 adsorption step. 

188 In the case of the kinetic experiment, 0.2 g of A-OPAC was added to 250 mL of 100 mg/L 

189 solution in a glass bottle placed on a magnetic stirrer with a bar at room temperature and 300 

190 rpm. Aliquots of the solution were withdrawn at predetermined time intervals from the bulk 

191 for a period of 24 h. The drawn solutions were centrifuged and diluted for residual 

192 concentration analyses using an inductively coupled plasma-atomic emission spectrometer, 

193 Thermo Scientific, iCAP 7000 series, ICP Spectrometer, USA. The equilibrium uptakes, q 

194 were calculated using the expression in Eq. (1).

195 𝑞 =  
(𝐶𝑖 ― 𝐶𝑒)𝑉

𝑀                                                                                                          (1)

196 where Ci and Ce are the initial and equilibrium concentrations in mg/L, V is the volume in L, 

197 and M is the dry mass in g. In situations where there was significant change in the volume, 

198 the difference between the final and initial volumes were considered.

199 3. Results and discussion

200 3.1. Characterization analysis

201 3.1.1 Morphological and elemental characterization

202 Surface morphologies of the OP and A-OPACs (before and after adsorption) were observed 

203 on the FE-SEM/EDX system at 20.00 KX (i.e., 20,000 magnifications). As evident from Fig. 

204 2, the surface of the OP looked tender-rough and gummy without any noticeable pores. 
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205 However, the presence of numerous visible pores could be confirmed in the images of the A-

206 OPAC before interaction with the aurocyanide solution. Filling of the Au(I) complex into the 

207 porous structures appeared to have marginally narrowed the pore sizes after adsorption (Fig. 

208 2c and e). Expectedly, the carbon content increased considerably owing to escape of volatile 

209 components during the pyrolysis process which led to creation of the porous frameworks that 

210 were observed. EDX potentially confirms metal adsorption by detecting the presence of metal 

211 ions on the surface of the adsorbent both before and after the adsorption process 43-44. That is, 

212 the presence of Au and K peaks in the EDX spectrum after adsorption showed evidence of 

213 adsorbed K[Au(CN)2] and [Au(CN)2]– onto the A-OPAC. This observation is consistent with 

214 recent studies examining the adsorption of Cr(VI) onto activated charcoal synthesized from 

215 Sida Acuta plant leaves 43, and the removal of other heavy metal ions from aqueous solutions 

216 45. It must be noted, however, that the appearance of the Pt peaks in all the EDX patterns 

217 were due to the Pt used in sputter coating the surfaces before the analysis 41.  
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218
219

220 Fig. 2. Respective FE-SEM images and EDX elemental peaks of (a and b) OP, (c and d) A-

221 OPAC and (e and f) gold loaded A-OPAC.

222 3.1.2 Crystallinity, textural and functional group characterization

223 The crystallinity of the A-OPAC was analyzed in the 2θ range of 10o – 80o (before and after 

224 adsorption). A broad hunch-like reflection attributable to the (002) reflection of a graphitic-

225 type lattice was observed at 2θ = 24.5o, with a corresponding weak reflection centered around 

226 43.5 o (Fig. 3(a)). This may correspond to a superimposition of the (100) and (101) reflections 

227 of the graphitic-type carbon structure and thus indicate a limited degree of graphitization 46-49. 
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228 Noteworthily, the graphitic structure was not altered or destroyed even after the vigorous 

229 interactions of the ACs with the aurocyanide solution. Moreover, the non-appearances of 

230 characteristic face centered cubic lattice peaks representative of reduced Au indicate that the 

231 aurocyanide was potentially adsorbed in its monovalent state of [Au(CN)2]– without any 

232 chemical changes 17, 50. 

233 Furthermore, physical adsorption of gases is the most applied technique for the 

234 characterization of porous materials 51. Therefore, the BET surface area and pore size 

235 distributions of the AC samples were examined through N2 adsorption measurements. The 

236 adsorption isotherm plot in Fig. 3(b) shows a sharp uptake at very low relative pressure, 

237 followed by an early plateau with a closure at P/P0 near 0.2. This is characteristic of a type-I 

238 isotherm curve and suggests the existence of micropores in the A-OPAC structures 52-53. The 

239 inset of Fig. 3(b) shows the pore size distribution plot with a base covering 0.5–2.0 nm and a 

240 mean pore diameter at ~1.0 nm, confirming the presence of micropores in the structures of 

241 the A-OPAC. 

242 Moreover, the surface functional groups were analyzed using the KBr disc technique in the 

243 wavelength range from 4000–400 cm–1. The surface complexity of the pristine OP was 

244 identified with several absorption bands (Fig. 3(c)). Specifically, the peaks appearing at 3437, 

245 2948, 2869, 1764, 1647, 1451, 1274, 1069 and 638 cm–1 were assigned to O–H stretching, C–

246 H (–CH2 and –CH3) stretching of hydrocarbons, C=O stretching of carboxylic acids or esters, 

247 symmetric C=O stretching in COOH, asymmetric COO– bending, C–H stretching, C–O 

248 stretching of esters or ethers and N–H deformation of amines, respectively 54-55. Evidence of 

249 reduction in the surface complexity of the virgin biomass after burning off the volatile 

250 organic components was manifested by decrease in the number of absorption bands observed 

251 in the spectra of the ACs. The peaks emerging at 3457 cm−1 corresponded to pyrrolic-N and 
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252 O–H stretching, those at 1774 cm−1 were allocated to carboxyl stretching, and those at 1626 

253 cm−1 were attributed to C=C stretching mode of the skeletal framework of sp2 carbons and C–

254 N stretching vibrations 41, 56. These observations suggested effective carbonization, activation 

255 and amine-functionalization of the agro waste biomass sample.

256

257 Fig. 3. (a) XRD patterns, (b) BET surface area and pore size distribution, and (c) FTIR 

258 spectral plots. 

259 3.1.3 XPS characterization and mechanisms of aurocyanide adsorption

260 High resolution XPS spectra of the core-level C, N and Au atoms were separated and 

261 analyzed to assess the surface chemical composition of the samples and to understand the 
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262 mechanisms of aurocyanide adsorption. The core-level spectra for each of the pristine OP and 

263 A-OPAC (before and after adsorption) were deconvoluted into sub-components (Fig. 4). The 

264 most intense peaks for the C1s spectra were found at the binding energy of ca. 284 eV, which 

265 correspond to C=C and C–C in the carbon framework or C–H bonds in methyl and methylene 

266 (hydrocarbon) groups (Fig. 4(a)) 55, 57. The rest of the peaks centered between 285 – 289 eV 

267 were respectively assigned to C–O, C–N, C=O, and O–C=O of carboxylic acids, alcohols, 

268 phenols, ethers and ester groups 55, 57-58. Interestingly, a π–π* shake-up satellite peak had 

269 emerged at 290.63 eV in the spectrum of the A-OPAC. This peak had slightly shifted to 

270 291.24 eV after adsorption, indicating its likely involvement in the adsorption process. In 

271 other words, the presence of π bonds in both the aurocyanide complex and the AC make 𝜋-𝜋 

272 interaction a significant contributor to the adsorption process 7-8.  This observation also 

273 confirmed the non-destructive nature of the formed graphitic structure which was earlier 

274 spotted in the XRD diffraction patterns (Fig. 3(a)). 

275 In the deconvoluted N1s spectra of the pristine OP, two peaks representing primary (–NH2) 

276 and secondary (–NH–) amines from the amino acid groups in proteins were identified at 

277 399.27 and 400.66 eV (Fig. 4(b)) 57, 59-60. Conversely, the N1s spectra of the A-OPAC 

278 showed completely different sets of nitrogen-containing groups, suggesting successful pre-

279 carbonization and activation, with an added advantage of N doping into the carbon 

280 framework. These N-bearing groups include amino-N (397.81/398.08 eV), pyrrolic-N 

281 (399.84/400.11 eV), graphitic-N/quaternary-N (402.21/402.23 eV) and nitrite, –NO2 

282 (404.44/405.72 eV) groups 17, 33, 41, which possibly stemmed from the nitrogen environment 

283 and amine-functionalization. It is purported that in the adsorption of aurocyanide in alkaline 

284 pH, O-containing functional groups do not have any positive effects due to the strong 

285 repulsive forces that exist between them and the anionic aurocyanide complex 50, 61-63. It is 
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286 thus worthwhile to assume that the prevalence of the enormous N-containing groups may 

287 likely act as the main active sites for the adsorption of [Au(CN)2]– via electrostatic 

288 interactions. Thus, the interactive interplay is proposed to be sequential, i.e., electrostatic 

289 interaction that draws the [Au(CN)2]– complex onto the A-OPAC due to its positively 

290 charged surface, followed by 𝜋-𝜋 interaction between the 𝜋 bonds existing in both the A-

291 OPAC and [Au(CN)2]– complex. 

292 It must be noted that in analyzing the presence of adsorbed gold, the Au4f spectra was 

293 deconvoluted. An alternative approach would be to determine the signals of C≡N bond in the 

294 C1s and N1s spectra; however, the peak position of the C≡N bond is so close to the C=N and 

295 C–N peaks at around 285 – 286 eV for C1s and 399 – 400 eV for N1s, leading to possible 

296 overlapping of peaks 64-66. Hence, the option of exploring the Au4f signals was found to be 

297 more reliable and straightforward. Consequently, the Au4f spectra of the OP and A-OPAC 

298 revealed no obvious peaks characteristic of adhering Au prior to adsorption (Fig. 4(c)). 

299 However, a pair of spin-orbit peaks were observed in the spectra of A-OPAC at Au4f7/2 

300 (84.89 eV) and Au4f5/2 (88.54 eV) after adsorption, indicating successful adsorption and 

301 retention of the aurocyanide complex onto the A-OPAC 67. Gold mainly exists in three 

302 oxidation states of 0, +1 and +3, with corresponding XPS binding energies close to 84.0, 85.0 

303 and 86.0 eV (Au4f7/2) 68-70. Since the binding energy at 84.89 eV is closer to 85.0 eV, the 

304 adsorbed gold likely represents the monovalent species of Au(I). This result corroborates the 

305 XRD spectral analysis of the post-adsorption A-OPAC, which showed no traces of reduced 

306 gold, i.e., Au(0). 
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307
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308 Fig. 4. Deconvoluted XPS of (a) C1s, (b) N1s and (c) Au4f core level spectra of OP and A-

309 OPAC samples.

310 3.2. Adsorption studies

311 3.2.1 Design and reaction process of A-OPAC

312 Cationization of AC with CHPTAC occurs when CHPTAC reacts with the surface hydroxyl 

313 (–OH) groups on AC. Under alkaline conditions, the CHPTAC forms a reactive epoxide 

314 intermediate, glycidyltrimethylammonium chloride (GTAC), also known as 2,3-

315 epoxypropyltrimethylammonium chloride (EPTAC), which then undergoes nucleophilic 

316 attack by the –OH groups on the surface of the AC (in this case A-OPAC). This opens the 

317 epoxide ring and covalently attaches the quaternary ammonium cation, (R4N+) onto the AC 
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318 surface 32, 71-72. The result is a positively charged, cationic AC capable of enhanced 

319 adsorption of anionic species such as [Au(CN)2]– (Fig. 1). Thus, the design process of the A-

320 OPAC was such that the CHPTAC dosage for the cationic reaction was systematically varied 

321 at 0.2, 0.5 and 1 mL for a fix mass of 2 g OPAC. The preliminary adsorption evaluation 

322 showed increasing adsorption capacity with increasing CHPTAC dosage; however, this 

323 increment did not exactly commensurate with the changing dosage as depicted in Fig. 5(a). In 

324 other words, between 0.2 and 0.5 mL CHPTAC dosage, the aurocyanide uptake almost 

325 doubled, i.e., from ~65 to 115 mg/g. However, further increase in the dosage up to 1 mL, 

326 only led to a corresponding uptake of ~160 mg/g. Considering that doubling the CHPTAC 

327 dosage did not necessarily lead to a 2-fold increase in the aurocyanide uptake, the 1 mL 

328 CHPTAC was adopted as the limit dosage. With this dosage, the OP and pre-carbonized OP 

329 (OPC) were also functionalized with CHPTAC. The results in Fig. 5(b) show that the amine 

330 incorporation was markedly visible, reflecting in a corresponding increase in the adsorption 

331 capacities of the samples in the order of A-OP < A-OPC < A-OPAC. Moreover, all the 

332 CHPTAC-functionalized samples recorded appreciable boosts in their adsorption capacities 

333 as compared to their non-functionalized counterparts, i.e., OP, OPC and OPAC. This 

334 observation was not surprising since previous reports have shown improved adsorption 

335 affinity of modified ACs 35-36. In fact, in the study involving sulfur impregnation of AC, it 

336 was explained that the sulfur on the surface of the modified AC had a strong linkage with the 

337 aurocyanide ions, hence demonstrating an enhanced aurocyanide adsorption capacity from 

338 56.17 to 126.77 mg/g 36. The role of AC surface functional groups in adsorption of cyano-

339 complexes of Au and Cu was also investigated through density functional theory (DFT) and it 

340 was concluded that the presence of functional groups such as OH and COOH increased the 

341 adsorption tendency for both Au and Cu 73.

342
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343

344 Fig. 5. Design process of A-OPAC. (a) Functionalization of OPAC with different doses of 

345 CHPTAC and corresponding aurocyanide adsorption evaluation. The values in braces show 

346 the volume of CHPTAC used. (b) Comparison of adsorption capacities of functionalized and 

347 non-functionalized samples. Experimental conditions: initial concentration: (a) ~250 mg/L 

348 and (b) ~500 mg/L; 0.02 g adsorbent dose /30 mL aurocyanide solution, time: ~48 h; pH: 

349 ~10.5-11.

350 3.2.2 Adsorption kinetics and intra-particle diffusion studies

351 Adsorption kinetic study is necessary for the design of adsorption systems for possible large-

352 scale applications 74-75. In this study, the kinetics experiment was conducted from 0–24 h 

353 during which sample solutions were timely drawn from the bulk phase, centrifuged and 
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354 diluted for analyses. From Fig. 6 (a), it could be seen that the adsorption rate was fast and 

355 reached equilibrium within ~1 h. For an AC, this is a commendable adsorption kinetics since 

356 most AC-based adsorption equilibria are reached in longer hours (Table 1). The obtained data 

357 were regressed in a SigmaPlot software (version 12.0, SPSS, USA) and fitted with the 

358 pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models given by Eq. (2) and 

359 Eq. (3) 76-77:

360 Pseudo-first-order (PFO): 𝑞𝑡 = 𝑞𝑒1(1 ―  𝑒𝑥𝑝 ( ― 𝑘1 𝑡))

361                                                                (2)

362 Pseudo-second-order (PSO): 𝑞𝑡 = 𝑞2
𝑒2𝑘2𝑡

1+ 𝑞2𝑘2𝑡
                                                                                    (3)

363 where qe1 and qe2 are the equilibrium uptakes (mg/g); qt is the adsorption amount at a given 

364 time, t (mg/g); k1 is the first-order equilibrium rate constant (min-1), and k2 is the second-

365 order equilibrium rate constant (g/mg min). The model results are summarized in Table 2. 

366 The PSO model presented better fitting of the data with a very high coefficient of 

367 determination, R2 value of 0.997, as compared to the PFO model with an R2 value of 0.973. 

368 Moreover, the equilibrium uptake, qe2 estimated from the PSO model was much more 

369 comparable to the experimental uptake, qexp’t (Table 2). 

370 Furthermore, the kinetic data were examined with the intra-particle diffusion (IPD) model 

371 expressed in Eq. (4).

372 IPD model: 𝑞𝑡 = 𝑘𝑖𝑡0.5 + 𝐶𝑖                                                                                          (4)

373 where ki corresponds to the IPD rate constant and Ci represents the thickness of the boundary 

374 layer 75, 78-79. IPD follows film diffusion and involves the diffusive migration of adsorbate 

375 from the adsorbent’s surface deeper into the internal pores of the adsorbent. Film and particle 
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376 diffusion are thus the two main factors that control the rates of adsorption from liquid media 

377 by porous ACs 78. Eq. (4) assumes that if IPD is involved in the adsorption process, then the 

378 plot of qt versus t0.5 must be linear 75, 78-79. The plot shown in Fig. 6(b) with parameters in 

379 Table 3 revealed that two types of mechanisms may exist. In other words, there were two 

380 linear lines; the first line representing the initial rapid adsorption phase facilitated by the film 

381 diffusion and subsequent external surface coverage by the aurocyanide, and the second part 

382 being characterized by transportation of the adsorbate from the surfaces of the A-OPAC into 

383 the internal pores. Because the relationship plot of qt versus t0.5 was not linear for the full 

384 range of the contact time, IPD could not be considered the rate-limiting step for the entire 

385 kinetic regime, but only for the initial period of the adsorption process 78, 80. Therefore, the 

386 aurocyanide adsorption onto the A-OPAC consisted of surface adsorption and IPD 

387 mechanisms; the surface adsorption functionality being likely enhanced by the amine 

388 modification of the AC surface with CPHTAC. 

389

390

391

392

393

394

395

396

397
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398 Table 1 Comparison of aurocyanide adsorption performances of reported ACs.

Precursor/brand Activation method Activation 
temperature

Textural properties (surface 
area, pore volume)

Adsorption 
capacity (mg/g)

Kinetics Ref.

Orange peel Chemical activation with KOH 800 oC 1135.55 m2/g, 244.95 cm3/g 749.28 34.79 PSO, R2 
0.997, 1 h

This 
work

Palm kernel shells Physical activation with steam 900 oC - - 5 h 81

Commercial 
carbon

Solvothermal treatment using 
Fe3O4

- 249.7 m2/g, 0.14 cm3/g 45.2 PSO, R2 
0.999, 2 h

82

Norit C-Gran AC Chemical activation with 
H3PO4

- 1565.2 m2/g 362.11 ± 31.07 PSO, R2 
0.970, 2 h

7

Granular activated 
carbon

Surfactant impregnation using 
sodium dodecyl sulfate (SDS)

- 807.8 m2/g, 0.39 cm3/g - PFO, ~80% 
in 10 h 

35

Orange peel Chemical activation with ZnCl2 800 oC 1439.5 m2/g 660.72 ± 51.64 PSO, R2 
0.990, 4 h

7

Palm nut shells Physical activation using steam 900 oC 903.1 m2/g, 0.542 cm3/g 63.04 12 h 81

Orange peel Chemical activation with KOH 450–650 oC - 97.8 - 83

Peach stone Chemical activation with ZnCl2 300–800 oC 503–805 m2/g 13.1 PSO, R2 
0.997, 2 h

84

Macadamia nut 
shells

Physical activation using CO2 800–1100 oC 173–602 m2/g, 0.402 cm3/g - 40 h 12

Coal Physical activation using steam 700–850 oC 427–773 m2/g 9.35 - 85

Orange peel Physical activation using KOH 535 oC 1098.80 m2/g, 0.637 cm3/g 186.95 PSO, R2 
0.988, 20 h

17

Haycarb AC Physical activation with steam - 1056.7 m2/g 429.14 ± 44.53 PSO, R2 
0.950, 20 h

7

NORIT GAC 1240 Physical activation with steam - 0.65 mm (effective size) 4406 g/ton 24 h 3

399

400
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401 Table 2 Parameters of the pseudo-1st-order and pseudo-2nd-order kinetic models.

Pseudo-1st-order Pseudo-2nd-order

qexp’t (mg/g) q1 (mg/g) k1 (1/min) R2 q2 (mg/g) k2 (g/mg min) R2

56.021.48 53.011.19 8.011.02 0.973 55.210.42 0.230.01 0.997

402

403 Table 3 Parameters of the intra-particle diffusion model of the kinetics data.

Phase ki (mg/g min0.5) Ci R2

1st 64.294.91 5.400.46 0.934

2nd 1.060.12 51.280.68 0.963

404

405 3.2.3. Adsorption isotherm and reuse studies

406 Adsorption isotherm experiments are useful for determining the amounts of adsorbents 

407 needed to effectively capture targeted amounts of adsorbates 75, 86. Hence, the adsorption 

408 isotherm of the A-OPAC was conducted by adjusting the aurocyanide solutions of different 

409 concentrations to alkaline pH until equilibria were attained. The plot of equilibrium uptake, qe 

410 verses equilibrium concentration, Ce showed that the amount of Au(I) adsorbed increased as 

411 the equilibrium concentration increased (Fig. 6(c)). As is the case for most adsorption 

412 processes, the adsorption affinity, b, was high at lower concentrations and diminished 

413 gradually with increasing equilibrium concentration. The adsorption capacity was, however, 

414 higher at higher concentrations and although the usual plateau-like shape was not achieved, 

415 equilibrium was fairly predicted by fitting the data through the Langmuir 87 and Freundlich 88 

416 isotherm models. The equations for these models are presented in Eq. (5) and Eq. (6). From 

417 the models, the maximum adsorption capacity and dynamics of adsorption were estimated.

418 Langmuir model: 𝑞𝑒 = 𝑞𝑚
𝑏𝐶𝑒

1+𝑏𝐶𝑒
                                                                                             (5)
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419 Freundlich model: 𝑞𝑒 = 𝐾𝐶𝑒
1 𝑛                                                                                             (6)

420 where qe (mg/g), Ce (mg/L) and b (L/mg) have already been defined, qm is maximum uptake 

421 at equilibrium (mg/g), K and n are the Freundlich constants denoting the relative adsorption 

422 capacity and adsorption intensity, respectively. The model results are summarized in Table 4. 

423 Compared to the Langmuir model, the data was less fitted to the Freundlich model; however, 

424 the K and n values obtained indicated a very good adsorptive interaction between the Au(I) 

425 solution and A-OPAC 78, 89. From the Langmuir model, the maximum equilibrium uptake was 

426 calculated to be 749.28 34.79 mg/g at an R2 value of 0.994, significantly higher than the 

427 experimental uptake of 513.5218.52 as would be expected. As can be seen from Table 1, a 

428 comparison of the aurocyanide adsorption performances of reported ACs revealed that both 

429 the experimental and predicted adsorption capacities of the present study are higher than most 

430 of the reported cases.

431 Table 4 Experimental and modeled isotherm data for the aurocyanide adsorption.

Langmuir Model Freundlich Model

qexp’t (mg/g) qmax (mg/g) b (L/mg) R2 k (L/g)1/n N R2

513.5218.52 749.2834.79 0.0040.0003 0.994 8.240.78 1.750.04 0.998

432

433 Regeneration and reuse of spent ACs is a key step in the CIP/CIL processes, as it cuts down 

434 the amount of AC required to feed into new streams. This is important for reducing the 

435 operational costs and hence, boosting economic returns. Therefore, the A-OPAC was 

436 subjected to repeated adsorption-desorption cycles using 50 mg/L aurocyanide solution and 1 

437 M eluent mixture of KCN and NaOH. After adsorption, the solution was gently filtered to 

438 separate the Au-loaded A-OPAC from the residual solution. Re-immersion was then done for 

439 desorption and regeneration in a multi-shaking incubator kept at 25 ± 2 oC and 140 rpm for 
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440 24 h. Overall, the regeneration and reuse efficiencies were good, and while the adsorption 

441 capacity decreased slightly to about 95% of the initial value due to potentially unavoidable 

442 adsorbent losses, 100% desorption efficiency was achieved throughout the four cycles (Fig. 

443 6(d)).

444

445 Fig. 6. Adsorption kinetics fitted to (a) PFO and PSO models and (b) IPD model. 

446 Experimental conditions: initial concentration: ~100 mg/L; time: ~0–24 h. (c) Adsorption 

447 isotherm evaluation, experimental conditions: initial concentration: ~0-2000 mg/L; 0.02 g A-

448 OPAC dose/30 mL aurocyanide solution, time: ~48 h; pH: ~10.5-11 and (d) adsorption-

449 desorption cycles of A-OPAC: ~50 mg/L, 0.02 g A-OPAC dose/30 mL 1 M KCN/NaOH 

450 mixture.

451

452 4. Conclusions
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453 OP-derived KOH-AC was successfully synthesized and further functionalized with 

454 quaternary ammonium-containing CHPTAC via a cationization reaction. Successful amine 

455 incorporation was confirmed through instrumental analysis and aurocyanide adsorption 

456 experiments. The adsorption capacity of the A-OPAC towards Au(I) showed marked 

457 improvement from the pristine samples. The improvement in the adsorption capacity was 

458 attributed to the ability of the quaternary amine groups in CHPTAC to remain positively 

459 charged over a wide range of pH, including alkaline pH, thereby effectively undergoing 

460 electrostatic interactions with the anionic [Au(CN)2]− complex. Thus, the adsorption process 

461 proceeded through surface adsorption and IPD mechanisms mainly via electrostatic and π‒π 

462 interactions. The PSO model better described the kinetic data, and the Langmuir model fitted 

463 well to the isotherm data with an estimated maximum equilibrium Au(I) uptake of 749.28 

464 34.79 mg/g at 0.994 R2 value. The significantly higher adsorption capacity and relatively fast 

465 kinetics (approx. 1 h equilibrium time), indicates that only a small amount of the A-OPAC is 

466 required to recover large amount of aurocyanide, thus connoting high efficiency and better 

467 economic boost. Finally, the Au-loaded A-OPAC was regenerated in a four-cycle adsorption-

468 desorption studies using 1 M mixture of KCN and NaOH, making it potentially suitable for 

469 large-scale applications. 
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