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9 Abstract: In this study, Titanium dioxide (TiO2) functionalized with organic groups 

10 were prepared to study the effect of carboxyl and amino groups on the adsorption 

11 behavior of TiO2 for the removal of Acid Red G (ARG) as an anionic dye from aqueous 

12 solution. TiO2 was successfully modified with carboxyl and amino groups by using the 

13 hydrolysis method with oxalic acid (OAD, with two carboxyl groups), ethylenediamine 

14 (EDA, with two amino groups) and DL-alanine (DLA, with one carboxyl group and 

15 one amino group) at low temperature (65oC) and labeled as OAD-TiO2, EDA-TiO2 and 

16 DLA-TiO2, respectively. The ARG uptake by the functionalized TiO2 samples was 

17 largely dependent on the functional groups. The interaction between ARG and the 

18 functional organic groups on the TiO2 samples plays an important role in the adsorption 

19 process, which leads to the excellent adsorption performance (higher capacity and faster 

20 adsorption rate) of the functionalized TiO2 samples than that of P25 (commercial TiO2 
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21 without modification). Furthermore, there is no obvious loss of the adsorption capacity 

22 for the functionalized TiO2 even after 5 adsorption-desorption cycles, which indicated 

23 the good reusability of the modified TiO2 samples for anionic dye removal from 

24 aqueous solution.

25 Keywords: Amino group, Carboxylic group, Titanium dioxide, ARG, Adsorption

26 1. Introduction

27 Titanium dioxide (TiO2) is a remarkable photocatalyst and numerous researches 

28 about heterogeneous photocatalysis related to TiO2 have been published [1-4].Due to 

29 the excellent photochemical property, TiO2 is also employed as a catalyst for the 

30 pollution removal from air or water [5-7]. Moreover, the adsorption ability of TiO2 

31 plays an important role in the effective photo degradation of organic matters, although 

32 TiO2 is usually used as the photocatalyst [8].

33 The pristine TiO2 has a limited adsorption capacity due to its intrinsic defects, such 

34 as low specific surface area and few surface active sites [9]. Meanwhile, the surface 

35 active sites are considered to be one of the most significant factors for the adsorption 

36 process [10]. Nowadays, an increasing number of studies focused on the approaches to 

37 enhance the adsorption property of TiO2. Introducing the functional groups onto the 

38 TiO2 surface, such as hydroxyl, carboxyl or amino groups, has been considered as one 

39 of the effective methods. In addition, the functional groups bring TiO2 not only the 

40 enhanced adsorption capacity, but also an increased adsorption rate [11].

41 The introduction of hydroxyl, carboxyl or amino groups can change the surface 

42 charge and electron distribution of TiO2 and influence the interactions between the 
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43 adsorbates and the modified TiO2. Therefore, the enhanced adsorption capacity of TiO2 

44 for organic and inorganic adsorbates could probably be achieved by the 

45 functionalization of the hydroxyl, carboxyl or amino groups [12, 13]. It was reported 

46 that the carboxyl modification could be in favor of the cations adsorption [12]. On the 

47 contrary, the amino functionalization was propitious to the adsorption of the anions 

48 contaminants [13].

49 The surface functional groups like carboxyl and amino were usually introduced 

50 onto TiO2 by two approaches. One is anchoring the relevant organic groups onto the 

51 surface of the as-prepared TiO2 particles [14]. In this method, the modified TiO2 was 

52 obtained at higher temperature to strengthen the binding force between the functional 

53 groups and TiO2
 structure. The other way is the in-situ synthesis [15], which is a 

54 reaction of titanium source (usually tetrabutyl titanate, isopropyl titanate or titanium 

55 chloride) and chemicals containing functional groups [16]. The preferable 

56 functionalized TiO2 is obtained by the latter facile method in one step hydrothermal 

57 process at lower temperature.

58 The carboxyl groups can be linked to TiO2 with the bond formation of bridging, 

59 chelating and ester-like linkage[17, 18]. Lee et al [15] found that the carboxylate groups 

60 of succinic acid could be coordinated to TiO2 in the form of bridging and chelating 

61 structure after calcined at 400˚C for 5 h. The maximum capacity of the modified TiO2 

62 for methylene blue (MB) was reported as 32.15 mg/g. The amino groups could be 

63 grafted on TiO2 by the hydrogen bonding between NH2 group and hydroxyl or carboxyl 

64 group on TiO2 surface [19, 20]. For instance, Masanobu Mori et al [13] synthesized an 
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65 amino functionalized TiO2 with 3-[2-(2-aminoethylamino) ethylamino] propyl-

66 trimethoxysilane (DETA) and the modified sample exhibited more excellent adsorption 

67 capacity for indigo carmine than that of pristine TiO2.

68 Based on the above discussions, we focus on the influence of carboxyl and amino 

69 groups on adsorption performance of TiO2. The TiO2 samples modified by the organic 

70 chemicals with carboxyl and/or amino groups were prepared at low temperature. ARG, 

71 one of the typical anionic dyes in wastewater which could cause severe pollution[21], 

72 was employed as the target contaminant to examine the effect of functional groups in 

73 the adsorption process. It is found that the carboxyl and amino functionalization 

74 significantly affect the adsorption behavior of the TiO2 samples for anionic dye ARG. 

75 2. Experimental 

76 2.1. Materials

77 Tetrabutyl titanate (TBT, 340.36 g/mol, 98%), n-propanol(60.10 g/mol, 99%), oxalic 

78 acid (OAD, 90.04 g/mol, 99.5%), ethylenediamine (EDA, 60.10 g/mol, 99.0%) and DL-

79 alanine (DLA, 89.09 g/mol, 98.5%) were of analytical grade and got from Sinopharm 

80 Chemical Reagent Co., Ltd., Shanghai, China. Anionic dye ARG (509.42 g/mol, 99.0%) 

81 was purchased from Beijing Chemical Reagent Co. of China and used as received. The 

82 deionized water used in this study was obtained from the EPED-40TF Superpure Water 

83 System (EPED, China).

84 2.2. Synthesis of functional TiO2 samples

85 The functional TiO2 samples were prepared by the one-step hydrolysis approach 

86 at a low temperature. A typical pathway was as follows: firstly, the organic compound 
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87 (OAD, EDA or DLA) was dissolved into deionized water to form the 0.16 mol/L 

88 solution which was labeled as solution A. The mixture solution containing TBT and n-

89 propanol (the volume ratio is 5:2) was also prepared and named solution B. Then, 14 

90 mL solution B was slowly added into 200 mL solution A with magnetic stirring (300 

91 rpm) for 2 h at 65˚C, the white suspension solution was formed. And the suspension 

92 was stirred for another 12 h at the ambient temperature. After that, the white solid was 

93 collected by filtration and rinsed with water until the pH value of the filtrate was neutral. 

94 The collected white solid was dried at 60˚C for 24 h. the as-prepared samples were 

95 labeled as OAD-TiO2, EDA-TiO2 or DLA-TiO2 according to the organic compound 

96 added in the preparation process. The P25 from the Degussa was employed as the no-

97 functional group comparator.

98 2.3. Analysis and characterization methods

99 Fourier Transform Infrared spectra (FT-IR) of the samples were carried out on 

100 BRUKER TENSOR 37 FT-IR spectrophotometer in the range of 4000-400 cm-1 by the 

101 KBr pellet method. The morphology and elemental information were obtained on a 

102 scanning electron microscopy (SEM, JSM-6700F, Japan) with an energy dispersive X-

103 ray spectroscopy (EDX). The thermogravimetric analysis (TG) was performed on a 

104 Setaram Labsys Evo in N2 flow with the heating rate of 10˚C/min over a temperature 

105 within 30-800˚C. Zeta potentials were tested with NanoBrook 90Plus Analyzer. 

106 Samples for zeta potential measurement were prepared by adding 1 mg of TiO2 into 10 

107 mL NaCl solution (0.1 mmol/L) at different pH values from 2 to 12 (adjusted with 0.1 

108 mol/L HNO3 or NaOH solution). N2 adsorption and desorption isotherms were recorded 
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109 on a Builder SSA-4200 at 77K. The specific surface area is calculated using the multiple 

110 point BET method, and total pore volume and average pore radius were calculated 

111 based on the BJH (Barrett-Joyner-Halenda) method (using the desorption branch). 

112 2.4. Adsorption experiments

113 The adsorption of ARG was carried out by shaking the mixture of solution with 

114 the modified TiO2 samples (2.0 g/L) at 25˚С. Then the suspension was centrifuged at 

115 4000 rpm for 5 min. The supernatant was analyzed by the UV-Vis spectrophotometer 

116 (Agilent 8453) and the absorbance value was read at the wavelength of 531 nm, in order 

117 to evaluate the adsorption capacity of ARG onto TiO2 samples. 

118 The amount of ARG molecules adsorbed onto the TiO2 samples Qt (mg/g) at a certain 

119 time t was calculated from Eq. (1):

120                                                       (1)0 t-
t

C CQ V
m

 

121 where C0 (mg/L) and Ct (mg/L) are the initial concentration and residual concentration 

122 at time t (min) of the ARG solution, respectively; V (L) is the ARG solution volume, 

123 and m (g) is TiO2 sample mass.

124 Adsorption kinetic experiments were carried out in a conical flask by contacting 

125 0.1 g of the TiO2 samples and 50 mL solution with certain concentration (100, 200, 300 

126 mg/L in this study) of ARG solution at 25˚C. In various contact time from 0 to 120 min, 

127 2 mL samples were withdrawn and filtered to evaluate the adsorption capacity of the 

128 TiO2 samples. The Pseudo-first order and Pseudo-second order models (please see Eqs. 

129 (2) and (3)) were employed to fit the kinetic experiment data. 

130                                                      (2)1(1 )K t
t eQ Q e 
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131                                                      (3)
2

2

21
e

t
e

K Q tQ
K Q t




132 where t is the adsorption time (min); K1 (min-1) and K2 (g/(mg·min)) are the rate 

133 constants for the pseudo-first-order and pseudo-second-order models, respectively; Qt 

134 and Qe (mg/g) are the adsorption capacity at t min and equilibrium time, respectively.

135 The adsorption isotherms of ARG onto the TiO2 samples were obtained by mixing 

136 different initial concentrations (10-500 mg/L) of ARG solution with 2 g/L of the TiO2 

137 samples, and then the solution was shaken for 120 min in dark at 25˚С. The Langmuir 

138 and Freundlich isotherm models were described according to Eqs. (4) and (5), 

139 respectively:

140                                                      (4)
max

1+
L t

t
L t

Q K CQ
K C



141                                                    (5)1/n
e F eQ K C

142 where Qmax (mg/g) is the maximum monolayer molecular adsorption capacity onto the 

143 adsorbent in Langmuir isotherm model; KL (L/mg) and KF ((mg/g)/(mg/L)n) are the 

144 constant of Langmuir and Freundlich isotherm model, respectively. 1/n represents the 

145 degree of adsorption dependence on equilibrium concentration in Freundlich isotherm 

146 model.

147 In addition, the dimensionless separation factor RL, an essential characteristic of the 

148 Langmuir model to reflect the favorability of an adsorption process, is expressed as:

149                                                       (6)
1

1L
L m

R
K C




150 where Cm (mg/L) is the maximum initial concentration of ARG in solution.
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151 In the regeneration study, 200 mg/L ARG solution was being contacted with the 

152 TiO2 sample for 120 min. Then, the exhausted TiO2 sample was immersed in 0.1 mol/L 

153 NaOH solution for 20 min to release ARG from the TiO2 sample, and further immersed 

154 in 0.1 mol/L HNO3 solution to activate. The regenerated TiO2 sample was again used 

155 as the adsorbent to remove ARG from the aqueous solution. And the adsorption 

156 capacity of the regenerated TiO2 was recorded to evaluate the regeneration property of 

157 the functional TiO2 samples and P25.

158 3. Results and Discussion

159 3.1. Characterizations of TiO2 samples 

160 The FT-IR spectra (please see Fig. 1) of P25 and the modified TiO2 samples were 

161 analyzed to examine the existence of the functional groups. For P25, the wide peak 

162 between 900-400 cm-1 belongs to the Ti-O-Ti stretching vibration [22]. The other wide 

163 peak at 3600-3200 cm-1 is very weak and ascribed to the stretch of hydroxyl groups on 

164 the surface of TiO2 (P25). The peaks for the copious groups in the functionalized TiO2 

165 samples appear in the FT-IR spectra. The broad peak in the range of 3600-2500 cm-1 is 

166 attributed to the vibration of -OH in carboxylic group. The peaks for -NH2 stretching 

167 vibration (3450-3220 cm-1) and strong peak of -OH group are overlapped in this broad 

168 range of the spectra of EDA-TiO2 and DLA-TiO2. A broad and strong peak at 1690 

169 cm-1 in the spectrum of OAD-TiO2 is ascribed to the C=O stretching vibration of 

170 saturated dicarboxylic acid. The peaks at 1620 and 1430 cm-1 are related to the 

171 asymmetric and symmetric bending vibrations of COO- group, respectively. The value 

172 of Δν (COO-) for the OAD-TiO2 sample is approximate 190 cm-1, which illustrates a 
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173 bridging structure between OAD and TiO2 [23-25]. The peak at 1288 cm-1 corresponds 

174 to the stretching vibration of C-O bond. While for the EDA-TiO2 and DLA-TiO2 

175 samples, N-H bending vibration of primary amine are observed at around 1620 cm-1. 

176 The peak at 1510 cm-1(only for EDA-TiO2, which is not found in the spectrum of DLA-

177 TiO2)is ascribed to the deformation vibration of N-H in the secondary amine, which 

178 indicates there is hydrogen bonding between the amino group and TiO2 [19]. The bond 

179 at 1326 cm-1 (for EDA-TiO2) is assigned to the stretching vibration of C-N [26]. At the 

180 spectrum of DLA-TiO2, the peak belonging to C=O disappears, which might be caused 

181 by the binding of the carboxyl in the DLA and the TiO2 with chelation [23]. The 

182 analysis of FT-IR results demonstrates the existence of carboxyl and amino groups and 

183 success of TiO2 functionalization.

184

185 Figure 1. FT-IR spectra of (a) P25, (b) DLA-TiO2, (c) EDA-TiO2 and (d) OAD-TiO2.

186 The morphologies of the TiO2 samples are observed by SEM (Fig. S1 with EDX 

187 results). The particle size of P25 is so small that the image is not so clear even the 

188 magnification is 10000 times. The functional TiO2 samples are composed of the micro-

189 particles. And the particle size of OAD-TiO2 is significantly larger than that of EDA-
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190 TiO2 and DLA-TiO2. In addition, it is obvious that there are certain amounts of pore 

191 existing in the structure of EDA-TiO2 and DLA-TiO2. These results suggested that the 

192 difference of amino acid used in functional synthesis could cause effect on the 

193 morphology of the prepared materials. Furthermore, the group species and number 

194 contained in amino acid might be the main factor and amino groups are probably more 

195 beneficial to the porous and granular morphology than carboxy groups.

196 The surface content of each element was also obtained by EDX and listed in Table 

197 1. The functionalization degree may be described by the atom molar C/Ti because C is 

198 primarily associated with organic matter in the samples. The C/Ti ratio for the 

199 functional TiO2 samples (C/Ti=0.137, 0.207 and 0.547 for OAD-TiO2, EDA-TiO2 and 

200 DLA-TiO2 respectively) was much higher than that of P25 (C/Ti=0.065), which 

201 suggests that these samples contain a great amount of organic residues. The above result 

202 indicates certain original organic structures were successfully introduced to these 

203 functional TiO2, which is consistent with the results of FT-IR spectra. 

204 Table 1. The surface molar ratio of different atoms for the TiO2 samples.

Sample C/atom% Ti/ atom % O/ atom % C/Ti
P25a) 4.19 63.69 32.12 0.065

OAD-TiO2
b)

 8.18 59.90 28.57 0.137
EDA-TiO2

c) 11.93 57.61 30.47 0.207
DLA-TiO2

d) 24.68 45.09 30.23 0.547
205 a) P25: commercial bare TiO2; b) OAD-TiO2: Oxalic acid modified TiO2; c) EDA-TiO2: 
206 Ethylenediamine modified TiO2; d) DLA-TiO2: DL-Alanine modified TiO2.

207 The TG results were also analyzed to prove the organic groups existence in the 

208 functional TiO2 samples (Fig. 2). For the P25, there is no weight lost at all TG test 

209 temperature except for very little loss of adsorbed water. For all the functional TiO2 
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210 samples, the first thermal degradation step losing of around 15.0 wt% below 200˚C is 

211 attributed to the loss of adsorbed water. The second thermal degradation step after 

212 200˚C is possibly ascribed to the decomposition of the organic groups on the TiO2 

213 samples [15]. For the OAD-TiO2 and DLA-TiO2, the second step is a simple and similar 

214 weight loss about 5.0%, however, the EDA-TiO2 exhibits different weight loss (9.0 

215 wt%) at the same range of temperature (200-540˚C). The above results are attributed to 

216 the thermal decomposition of the organics from the hydrolysis of titanium (IV) butoxide 

217 precursor, carboxylic and hydroxyl groups on the functional TiO2 surface. The weight 

218 loss results reveal the different organic contents in different samples. The weight loss 

219 step over 540˚C is considered as the loss of amino groups on the surface of EDA-TiO2. 

220 The TG result indicates that there are several functional groups on the modified TiO2 

221 surface and the interaction between organic groups and TiO2 in EDA-TiO2 is different 

222 from that of OAD-TiO2 and DLA-TiO2, which is similar with the result of FT-IR test.

223

224 Figure 2. TG spectra of the TiO2 samples.
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225 The zeta potential of the modified TiO2 samples under different solution pH is 

226 shown in Fig. 3. The isoelectric point (pHiep) is the pH value of the solution when the 

227 zeta potential is zero. The pHiep values of the functional TiO2 samples decreased 

228 intensely after modified by carboxyl and amino groups. The OAD-TiO2 sample 

229 exhibited lower pHiep value than others. This can be deduced that the carboxyl group in 

230 OAD make its surface negatively charged easily. The TiO2 samples are gradually more 

231 positively charged while the increasing number of amino groups were introduced into 

232 the functional TiO2 samples like DLA-TiO2 and EDA-TiO2. In addition, the pHiep of 

233 functionalized samples are all less than that of P25. The value of zeta potential of 

234 adsorbents materials should be focused on because this parameter could affect the 

235 interaction between TiO2 samples and contaminants[27]. In fact, lower pHiep for sample 

236 is not favorable to enhance the adsorption efficiency of anions such as ARG. Therefore, 

237 the adsorption capacity of modified TiO2 will be compared with that of P25 in the 

238 “adsorption mechanism” to find the role of electrostatic attraction in the adsorption 

239 process.

240
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241 Figure 3. Zeta potential of the TiO2 samples. (The numbers in blue mean isoelectronic 
242 point)

243 The BET surface area (SBET), pore volume (Vp) and pore diameter parameters of 

244 the TiO2 samples are listed in Table 2. The SBET and pore diameter were calculated from 

245 the corresponding nitrogen adsorption-desorption isotherms and the desorption branch 

246 of the nitrogen isotherms by the BJH (Fig. S2). It can be seen from the data that the 

247 SBET of the OAD-TiO2 and EDA-TiO2 are smaller than that of the P25, while the SBET 

248 of the DLA-TiO2 is larger than the value of P25. The phenomenon can be explained by 

249 the fact that the SBET of the TiO2 samples greatly depends on the size of the aggregated 

250 TiO2 particles, which is consistent with the result of SEM (Fig. S1). The Vp value also 

251 exhibits the similar variation tendency. The agglomeration of the organic components 

252 might cause the collapse of the porous structure and then led to the decrease of pore 

253 volume [28]. Furthermore, the hysteresis between the adsorption and desorption curves 

254 for OAD-TiO2 illustrates the diffusion bottleneck in its tissue, probably owing to 

255 heterogeneous pore size. The pore radius of the samples calculated by the BJH method 

256 was in a narrow range of 1.0-9.0 nm, which indicates that all the TiO2 samples have 

257 mesoporous and microporous structures. Such structures are attributed to the pores 

258 which are formed between TiO2 particles[29]. From the result, it can be seen that the 

259 specific surface area of DLA-TiO2 is much larger than that of OAD-TiO2 and EDA-

260 TiO2, which is probably relative to the microporous structure [30]. These results 

261 indicate that the functional groups dramatically influence the surface texture of the 

262 functional TiO2 samples.

263 Table 2. Textural properties of the TiO2 samples.

Page 13 of 35

http://www.springer.com/journal/11705

Front.Chem.Sci.Eng.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



FCSE FCSE FCSE FCSE FCSE

14

Sample SBET/m2·g-1 Vp/cm3·g-1 R/nm
P25a) 48.48 0.258 1.07

OAD-TiO2
b) 30.47 0.043 2.88

EDA-TiO2
c) 25.56 0.188 8.92

DLA-TiO2
d) 401.26 0.366 1.83

264 a) P25: commercial bare TiO2; b) OAD-TiO2: Oxalic acid modified TiO2; c) EDA-TiO2: 
265 Ethylenediamine modified TiO2; d) DLA-TiO2: DL-Alanine modified TiO2.

266 3.2. Effect of pH

267 The initial solution pH is one of the most important factors for the adsorption 

268 process. The interaction between adsorbent and adsorbate could be effectively affected 

269 by the solution pH variation due to the change of surface characteristics for the 

270 adsorbent or the change of the form of adsorbates [31]. In this study, the ARG 

271 adsorption capacity onto the TiO2 samples is dramatically influenced by the initial 

272 solution pH value (Fig. 4). The adsorption capacity is higher at low pH value and 

273 exhibits a sharp decline when the pH value is over the pHiep. The positively charged 

274 surface of the samples and anionic nature of ARG indicate that the electrostatic 

275 interaction between ARG and the TiO2 samples might play a meaningful role in 

276 adsorption process. However, it is obvious that P25 exhibits much lower adsorption 

277 capacity than other functional samples even it possesses a higher pHiep value. This result 

278 suggests that electrostatic attraction is an important factor for the adsorption capacity 

279 of the modified samples but not the decisive reason for the enhanced adsorption 

280 performance.
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281
282 Figure 4. Influence of the solution pH on the ARG adsorption onto the TiO2 samples.

283 Experimental conditions: initial ARG C0 200 mg/L, dosage 2 g/L.

284 3.3. Adsorption kinetics

285 The adsorption kinetics of ARG onto the TiO2 samples were studied by employing 

286 the initial ARG concentrations in the range of 100, 200 and 300 mg/L. The correlation 

287 between adsorption time and adsorption capacity of ARG at different initial 

288 concentrations are shown in the Fig. 5. As expected, the adsorption capacity increases 

289 as the time goes on and finally reaches a plateau, which indicates that the dynamic 

290 equilibrium between the adsorption and desorption was reached and no more molecules 

291 would be adsorbed even though the contact time prolonged. A very interesting result 

292 can be announced that the functional TiO2 samples have a shorter equilibrium time than 

293 that of P25. The adsorption equilibrium of the functional TiO2 samples can be reached 

294 within 20 min in all the used concentrations while the value for P25 is more than 40 

295 min. This phenomenon indicates that the functional carboxyl and amino groups on the 
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296 surface of the TiO2 samples possesses a very obvious effect on the adsorption kinetics 

297 of ARG, which is consistent with the result of ‘the reports’. [32-34]. The adsorption 

298 kinetics of ARG onto P25 and the functional TiO2 samples are also displayed in Fig. 5 

299 and the corresponding parameters fitted by the pseudo-first-order and pseudo-second-

300 order model are listed in Table 3. The adsorption behavior of ARG onto the four TiO2 

301 samples can be well described by the pseudo-second-order model (R2=0.9919-0.9997). 

302 Furthermore, the calculated values of Qe from the pseudo-second-order model are 

303 approximately equal to the experimental values (Qexp). This indicates that the 

304 adsorption kinetics of ARG onto the TiO2 samples corresponds well with the pseudo-

305 second-order model and the adsorption process is mainly dominated by chemical 

306 reaction [35].

307

308

309 Figure 5. Kinetics plots of ARG adsorbed onto (a) P25, (b) DLA-TiO2, (c) EDA-TiO2 
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310 and (d) OAD-TiO2. Experimental conditions: initial C0 100, 200, 300 mg/L, solution 

311 pH 3.0, dosage 2 g/L.

312 Table 3. Kinetics parameters for ARG adsorption at different initial concentrations.

pseudo-first-order model pseudo-second-order model

Sample
C0

/mg·L-1

Qexp

/mg·g-1 kl/l·min-1
Qe/mg·g-

1

R2 k2/g·(min·mg)-1
Qe/mg·g-

1

R2

100 15.83 0.208 15.04 0.9894 0.018 16.22 0.9919
200 18.82 0.273 18.53 0.9926 0.020 19.09 0.9947P25a)

300 22.72 0.229 21.86 0.9714 0.014 23.15 0.9953
100 39.24 0.605 38.07 0.9832 0.024 39.78 0.9989
200 42.17 0.640 40.81 0.9766 0.023 42.70 0.9975

OAD-
TiO2

b)

300 45.55 0.905 44.62 0.9904 0.036 46.08 0.9992
100 48.71 1.791 47.46 0.9923 0.101 48.28 0.9986
200 61.78 1.195 60.93 0.9773 0.042 62.40 0.9996

EDA-
TiO2

c)

300 74.77 1.430 71.42 0.9810 0.043 73.21 0.9997
100 44.98 1.511 43.59 0.9952 0.084 44.45 0.9983
200 53.93 1.610 53.33 0.9963 0.079 54.24 0.9994

DLA-
TiO2

d)

300 60.69 0.923 58.71 0.9637 0.027 60.77 0.9929

313 a) P25: commercial bare TiO2; b) OAD-TiO2: Oxalic acid modified TiO2; c) EDA-TiO2: 
314 Ethylenediamine modified TiO2; d) DLA-TiO2: DL-Alanine modified TiO2.

315 3.4. Adsorption isotherms

316 The adsorption isotherm study plays an important role in understanding the 

317 adsorption mechanism. The surface stacking of the adsorbates onto the adsorbent could 

318 be considered as a monolayer or multilayer state due to the isotherm models [36]. 

319 Herein, two common adsorption isotherm models, Freundlich and Langmuir models, 

320 were used to fit the experimental data at 25˚C. The corresponding experimental data 

321 and fitting curves of Langmuir and Freundlich models are shown in Fig. 6 (the isotherm 

322 fitting models at different temperature are shown in Fig. S3), the fitting parameters are 

323 listed in Table 4 (the isotherm fitting parameters at different temperature are list in 

324 Table S1). It is obvious that Langmuir model is more reasonable to describe the 
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325 adsorption process of ARG onto P25 and the functional TiO2 samples than Freundlich 

326 model according to the value of correlation coefficient (R2), which significantly 

327 indicates that the adsorption sites on the surface of the TiO2 samples are uniform and 

328 the adsorption of ARG onto the surface of the TiO2 samples is monolayer [37]. The 

329 adsorption capacity of the functionalized TiO2 samples for ARG obtained from the 

330 Langmuir model is larger than that of P25. Meanwhile, the adsorption capacity of DLA-

331 TiO2 is not higher than that of EDA-TiO2, although DLA-TiO2 has the larger specific 

332 surface area. The above result could be explained as follows: the partial specific surface 

333 area of DLA-TiO2 comes from the microporous structure, while the ARG molecule is 

334 too large to enter the nanoscale pore structure for adsorption [38]. Moreover, the values 

335 of RL are from 0.0143-0.1538 (in the range of 0-1.0), the values of 1/n are 0.122-0.323, 

336 which suggests that the adsorption of ARG onto the functional TiO2 surface is favorable. 

337 Furthermore, the values of RL and 1/n for the functional TiO2 samples are smaller than 

338 that of P25, indicating that the modified TiO2 samples are prone to be the adsorption of 

339 ARG.
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340

341 Figure 6. Adsorption isotherms for ARG adsorbed onto the TiO2 samples at 25˚C.
342 Experimental conditions: initial ARG C0=10-500 mg/L, solution pH 3.0, contact 

343 time 120 min.

344 Table 4. Langmuir, and Freundlich isotherm parameters for ARG adsorbed onto the 

345 TiO2 samples.

Langmuir model parameters Freundlich model parameters

Samples RL
Qm,cal/mg·g-1

KL/L·mg-

1

R2 KF/(mg/g)·(

mg/L)-n

1/n R2

P25a) 0.1538 28.78 0.011 0.9903 3.42 0.323 0.9293
OAD-TiO2

b) 0.0392 48.11 0.049 0.9969 18.86 0.153 0.9036
EDA-TiO2

c) 0.0143 78.15 0.138 0.9840 35.79 0.139 0.9078
DLA-TiO2

d) 0.0180 59.07 0.109 0.9567 29.01 0.122 0.9484

346 a) P25: commercial bare TiO2; b) OAD-TiO2: Oxalic acid modified TiO2; c) EDA-TiO2: 
347 Ethylenediamine modified TiO2; d) DLA-TiO2: DL-Alanine modified TiO2.

348 3.5. Regeneration performance of TiO2 samples

349 To study the regeneration performance of the functional TiO2 samples, NaOH 

350 solution(0.1 mol/L) and HNO3 solution(0.1 mol/L) were employed as the desorption 

351 agent and the regeneration agent respectively because the adsorption capacity of ARG 

352 onto the TiO2 samples is strongly pH dependent. The regenerated adsorbent (2 g/L) was 
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353 reused to adsorb ARG (200 mg/L) at 25˚C, and the results of the adsorption capacity 

354 change versus the recycles are presented in Fig. 7. It is obvious that there is little loss 

355 of the adsorption capacity of the functional TiO2 samples for ARG after five adsorption-

356 desorption cycles. It is illustrated that the interactions between the fuanctional TiO2 

357 samples and ARG can be destroyed by dilute NaOH solution and the adsorption ability 

358 of the functional TiO2 samples can be easily regenerated. The above results of the 

359 regeneration suggest functional TiO2 is a promising adsorbent in the removal of ARG 

360 dye.

361

362 Figure 7. Recycle performance of the TiO2 samples with the initial concentrations of 

363 200 mg/L of ARG, contact time of 120 min, at the temperature of 25˚C.

364 3.6. Adsorption mechanism

365 The result of the isotherm and kinetics experiments reveals the adsorption capacity 

366 of three functionalized TiO2 samples were at the order of EDA (with two amino 

367 groups)-TiO2> DLA(with one amino group and one carboxyl group)-TiO2>OAD(with 
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368 two carboxyl groups)-TiO2, which is consistent with the result of the pHiep test. OAD 

369 with two carboxyl groups in the molecule structure makes the TiO2 negatively charged 

370 easily. With the amino group introduced, the pHiep of samples is much larger than that 

371 of OAD-TiO2 because the amino group is easy to protonate so that it carries more 

372 positive charges on the surface of TiO2. Meanwhile, ARG is a typical anionic dye, 

373 which is easily adsorbed by the adsorbent with more positive charge. Therefore, the 

374 adsorption capacity of the functional TiO2 samples is in accordance with the above 

375 order. However, it is also obvious that the adsorption capacity of P25 is less than all of 

376 the functional samples though the pH(iep) of P25 is largest in the samples. This result 

377 illustrate that though electrostatic attraction makes contribution to the impact for the 

378 adsorption capacity, there are also some more important factors for the adsorption 

379 mechanisms. Therefore, the FTIR analysis were used to find more precise conclusion.

380 The FT-IR spectra of the three TiO2 samples before and after the adsorption of 

381 ARG are presented in Fig. 8. It is illustrated that the obvious shifting of peaks occurred, 

382 and some new peaks related to ARG appeared after adsorption process. In detail, the 

383 peaks of 1496 cm-1(νC=C for benzenoid rings in ARG molecule), 1218 cm-1 (v =N-C 

384 connect with phenyl), and 1045 cm-1(v-S=O for the -SO3
- in ARG molecule) [39, 40] 

385 appeared after adsorbed by all the three functional TiO2 samples, respectively. These 

386 peaks illustrate that ARG was successfully adsorbed onto the functional TiO2 samples. 

387 Meanwhile, the peak 1690 cm-1 (v C=O) in OAD-TiO2 and the peak 1510 cm-1(v N-H in 

388 the secondary amino) in DLA-TiO2 and EDA-TiO2 disappeared, which indicates that 

389 there are interactions between ARG and the carboxyl or amino groups in the TiO2 
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390 samples during the adsorption. In addition, the adsorption performance of EDA-TiO2 

391 is better than DLA-TiO2 and OAD-TiO2 according to the experimental data. The above 

392 results demonstrate that functional groups, especially amino groups play an important 

393 role in the adsorption of ARG, which could also account for the poor adsorption 

394 capacity of P25. 

395

396

397 Figure 8. FTIR spectra of (a) OAD-TiO2, (b) EDA-TiO2, and (c) DLA-TiO2 before 
398 and after adsorption of ARG. (the data before and after adsorption of ARG are 
399 represented by black and red curves, respectivelly)

400 According to the previous analysis and literatures [41, 42], the interaction between 

401 ARG and functional groups especially amino group made the main contribution to the 

402 adsorption of organic dye onto the modified TiO2 samples, and electrostatic interaction 

403 is also involved in this process. In the desorption process, these interactions could be 
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404 destroyed easily in the alkaline solution, which results in the desorption of ARG from 

405 the modified TiO2 samples. 

406 4. Conclusions

407 The interfacial functionalized TiO2 samples with carboxyl and amino groups were 

408 successfully prepared at lower temperature by using hydrolysis method and exhibited 

409 an enhanced adsorption performance for removal of anionic dye ARG from aqueous 

410 solution. The carboxyl group combined into the TiO2 with bridging and chelating 

411 structure, while the amino group anchored into the TiO2 with hydrogen bonding. The 

412 introduction of carboxyl and amino groups had a significant effect on the 

413 physicochemical properties of the functional TiO2, such as surface charge, thermal 

414 stability, surface texture, and further influenced the adsorption performance of the 

415 functionalized TiO2 samples for anionic dye ARG. The functionalized TiO2 displays a 

416 higher adsorption capacity, faster adsorption rate and better regeneration than that of 

417 P25. The EDA modified TiO2 has the maximum adsorption capacity for ARG as 78.15 

418 mg/g, while that of DLA-TiO2 is 59.07 mg/g, and the OAD-TiO2 is 48.11 mg/g. We 

419 find that the main adsorption mechanism is the interaction between ARG and amino 

420 groups or carboxyl groups and the surface charge is also related to this process. In 

421 summary, the carboxyl and amino groups in the functional TiO2 have dramatic 

422 influence on the physicochemical properties of TiO2, and further impact the adsorption 

423 performance. This discovery could provide a powerful proof for the design of some 

424 specific adsorbent for organic dyes removal.
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Fig. S1. SEM images and EDX spectra of the TiO2 samples.
Fig. S2. Nitrogen adsorption-desorption isotherms (Inset are the pore size distribution) of the 
TiO2 samples.
Fig. S3. Adsorption isotherms for ARG adsorbed onto the TiO2 samples at different temperature 
fitting with Langmuir and Freundlich models.

Table S1. Langmuir, and Freundlich isotherm parameters for ARG adsorbed onto the 
TiO2 samples at different temperature.
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Figure S2. Nitrogen adsorption-desorption isotherms (Inset are the pore size 

distribution) of the TiO2 samples.
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Figure S3. Adsorption isotherms for ARG adsorbed onto the TiO2 samples at 

different temperature fitting with Langmuir and Freundlich models.

Table S1.  Langmuir, and Freundlich isotherm parameters for ARG adsorbed onto the 

TiO2 samples at different temperature.

Langmuir model parameters Freundlich model parameters

Samples Temp/℃
Qm(mg/g) KL(L/mg) R2

KF((mg/g)

/(mg/L)n)
1/n R2

15 35.28 0.0049 0.9975 0.425 0.680 0.9645

25 28.78 0.0047 0.9905 0.232 0.726 0.9611

35 27.11 0.0032 0.9838 0.108 0.792 0.9707
P25

45 20.07 0.0020 0.9931 0.895 0.579 0.9456

15 51.64 0.213 0.9963 28.96 0.10 0.9293

25 48.11 0.128 0.9983 31.46 0.06 0.9627

35 35.61 0.123 0.9943 22.00 0.08 0.9416
OAD-TiO2

45 30.86 0.066 0.9940 15.44 0.11 0.9722

15 89.51 0.326 0.9991 48.85 0.11 0.7317

25 78.15 0.148 0.9955 39.37 0.12 0.7130

35 61.28 0.091 0.9982 29.53 0.12 0.7848
EDA-TiO2

45 51.65 0.040 0.9991 17.10 0.18 0.9320

15 63.60 0.257 0.9975 37.64 0.09 0.9369

25 59.07 0.250 0.9965 29.01 0.12 0.9484

35 39.10 0.202 0.9991 28.28 0.05 0.9917
DLA-TiO2

45 31.26 0.109 0.9949 24.38 0.04 0.6866
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