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Abstract: The aim of this work was to study the use of modified multiwall carbon nanotubes 12 

(MWCNTs) for high concentration of ferric iron removal in acid mine drainage. Fourier 13 

transform infrared spectrum demonstrated that hydroxyl and carbonyl functional groups were 14 

introduced to the surface of MWCNTs after oxidation with nitric acid. The adsorption 15 

behavior of modified MWCNTs was then investigated in removing 50-200 mg/L Fe(III) 16 

through batch and continuous flow fixed bed experiments. Batch experiment results 17 

demonstrated that the Fe(III) adsorption capability of MWCNTs after oxidation had increased 18 

by 32%. Adsorption equilibrium was achieved during the first 90 min. Langmuir model can 19 

be successfully employed for the equilibrium of isotherms with R2=0.9878 and qmax=89.05 20 

mg/g. In addition, the effect of column bed depths and the influent Fe(III) concentrations were 21 

studied through the continuous fixed-bed adsorption studies. Results indicated that Fe(III) 22 

uptake favoured particularly higher bed depth and lower influent concentration. The bed 23 

uptake capacity of Fe(III) was found to be in a range of 30.30-41.51 mg/g, which was much 24 

lower than in batch experiment.  25 
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1. Introduction 28 

Along the development of industry and agriculture, heavy metal pollution of terrestrial and 29 

aquatic ecosystems seems to escalate more seriously [1]. Most of all, mining of ore deposits 30 

that contain large amounts of sulfide minerals and heavy metals pollutes the environment 31 



tremendously [2]. The oxidation of pyritic mining waste is a self-perpetuating corrosive 32 

process which continuously generates acid mine drainage (AMD). The AMD waters contains 33 

high concentrations of mineral acid, dissolved iron, and sulfates, as well as a variety of toxic 34 

chemicals such as cadmium, lead, copper, and arsenic [3]. It was known that ferric iron is 35 

predominant in the AMD waters, and the concentration can be as high as several hundred 36 

milligrams per liter [4,5]. However, the presence of total iron of more than 0.3 mg/L may 37 

cause anorexia, oliguria and diphasic shock. Iron is the AMD can give a metallic taste and 38 

odor to water [6]. It is therefore imperative that serious attention should be paid on the 39 

removal of high concentration of ferric iron from AMD waters. 40 

Heavy metals in the AMD waters are usually treated by adding alkaline materials such as 41 

lime, fly ash and alkaline industrial wastes and form precipitate as hydroxides [7-9]. Major 42 

disadvantages of this method are the need for continuous addition of the materials, low 43 

reaction rates, and the production of huge amounts of wastes [10]. Recently, adsorption onto 44 

solid adsorbent is reported to be the potential alternative technique to remove pollutant from 45 

water [11-15]. Carbon nanotubes were first discovered by Iijima in 1991 [16]. The novel and 46 

interesting graphitic carbon materials has been proven to have an ability of excellent 47 

adsorption capacity in the removal heavy metal ions and organic pollutants [17-19] from 48 

aqueous solutions, as a result of high specific surface area and strong interactions between 49 

carbon atoms and hydrogen molecules. In addition, the adsorption capacity of carbon 50 

nanotubes can be improved by surface modifications, such as oxidization [20,21] and other 51 

chemical or physical modifications [22,23]. For example, Rao et al. [24] have investigated the 52 

adsorption efficiency of carbon nanotubes towards divalent heavy metal ions, such as Ni2+, 53 

Pb2+, Cd2+, Cu2+ and Zn2+, in which their adsorption capacity was significantly improved by 54 

their oxidation with acid solutions. However, the study on the adsorption of high 55 

concentration of Fe(III) onto MWCNTs is still very limited in the literature.   56 

The efficiency of an adsorption process is usually controlled by the overall adsorption 57 

rate, which depends on transport processes outside and inside the adsorbent particles and on 58 

the kinetics of binding. Over the years, the batch experiment has become the most commonly 59 

used configuration in wastewater treatment. However, the adsorption efficiency in a fixed-bed 60 

adsorption column is a function of the liquid flow pattern (axial and radial mixing) through 61 



the porous bed of particles and the liquid residence time. Furthermore, in practical wastewater 62 

treatment process, continuous fixed-bed adsorption experiments are most likely preferable, 63 

and the experimental data obtained from the studies are important for industrial applications 64 

[25].  65 

The objective in this present study is to evaluate the performance of oxidized MWCNTs 66 

in the removal of Fe(III) from aqueous solution through batch and continuous fixed-bed 67 

system. The specific objectives are to (1) prepare and characterize oxidized MWCNTs, (2) 68 

test the Fe(III) removal by oxidized MWCNTs in batch experiment and calculate the 69 

parameters of adsorption isotherms, (3) study the effect of bed depth and initial Fe(III) 70 

concentration on breakthrough curve in the fixed-bed system.  71 

2. Experimental work 72 

2.1 Materials and methods 73 

The pristine MWCNTs were purchased from Beijing boyu gaoke new material 74 

technology Co., Ltd, China. All the chemicals and reagents used were analytical grade. A 75 

stock solution of Fe(III) (1000 mg/L) was prepared by dissolving ferric chloride in deionized 76 

water. The solution was further diluted to the required concentrations and the pH of the 77 

solutions was adjusted by using 0.1 mol/L hydrochloric acid or sodium hydroxide solutions. 78 

2.2 Oxidation of MWCNTs   79 

The pristine MWCNTs were prepared using chemical vapor deposition method. The 80 

outer diameter was about 10-20 nm, inner diameter was 5-10 nm, and the length was 10-30 81 

µm. Its special surface area was more than 200 m2/g, and the purity was higher than 95%. The 82 

pristine MWCNTs were oxidized by using nitric acid to remove the hemispherical caps and 83 

the particles of catalyst at the tips of nanotubes. 3 g of pristine MWCNTs were immersed in 84 

50 mL concentrated nitric acid for 24 h, and then washed with deionized water until the 85 

solution pH reached 6.5, dried in the oven at 105 °C for 4 h, and used in the following 86 

experiments.  87 

2.3 Characterization of MWCNTs 88 

For characterization of the functional groups on the surface of MWCNTs, Fourier 89 

transform infrared (FTIR, 560E.S.P, Nicolet, USA) spectra of samples were measured by the 90 

standard KBr disk method.  91 



2.4 Batch experiments 92 

Adsorption experiments were carried out in serum bottles at a temperature of 25℃. The 93 

pH of Fe(III) solution was adjusted to 3.5 using 1.0 mol/L HCl solution prior to the 94 

experiment. A certain amount of pristine and oxidized MWCNTs were added to 50 mL of 95 

Fe(III) solution respectively. All reactors were agitated on a shaker at a rate of 180 96 

revolutions per minute during the experiment. Samples were withdrawn at appropriate time 97 

intervals, filtered through a 0.22 µm membrane. The samples were analyzed for total iron 98 

concentrations using 1, 10-phenanthroline spectrophotometry [26].  Duplicate tests were 99 

conducted in all the experiments. 100 

Isotherm models 101 

In order to gain a better understanding of the mechanism and to quantify the sorption 102 

data, Langmuir [27] and Freundlich [28] isotherm models are used to simulate the sorption of 103 

Fe(III) onto the oxidized MWCNTs. The equations of Langmuir isotherm model is expressed 104 

by:  105 

e L e m m
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where “qe” is Fe(III) amount adsorbed on oxidized MWCNTs surface at equilibrium (mg/g); 107 

“Ce” is equilibrium concentration or final concentration of Fe(III) ions in the aqueous solution 108 

(mg/L); ‘‘qm’’ is the maximum sorption capacity (mg/g); “KL” is the Langmuir sorption 109 

constant (L/mg) which is related to the energy of adsorption.  110 

The equations of Freundlich isotherm model can be expressed by: 111 

e f e

1
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where “Kf’’ and ‘‘n’’ are the Freundlich constants which are indicators of adsorption capacity 113 

and adsorption intensity. The slopes and intercepts of the linear Langmuir and Freundlich 114 

plots are used to calculate the Langmuir and Freundlich constants. 115 

2.5 Continuous fixed-bed adsorption study 116 

The breakthrough curve of Fe(III) was determined through continuous fixed-bed 117 

adsorption studies. The studies were conducted in a column made of glass tube with an 118 

internal diameter of 2.0 and 50 cm in length. The tube was packed with quartz sand. A layer 119 



of glass wool with 1 cm thickness was placed at the bottom of the column to prevent the 120 

adsorbent from leaching out, as well as on the top of the column to provide a uniform flow of 121 

the solution through the column. After the oxidized MWCNTs were packed in the column at a 122 

known quantity (1, 2 and 3 g) to yield the desired bed depth of 10, 20 and 30 cm, each column 123 

was flushed with 150 mg/L of Fe(III) solution. At the bed depth of 20 cm (equivalent to 2 g 124 

MWCNTs), known concentration of Fe(III) solutions (150, 200 and 300 mg/L) was pumped 125 

in a upward flow mode at a flow rate of 3 mL/min, respectively. The effluent samples at the 126 

outlet of the column were collected and analyzed for total iron concentrations at regular time 127 

intervals, and the column was operated until the concentration of Fe(III) exceeded 99.5 % of 128 

its initial concentration. The experiments were carried out at room temperature, and the 129 

solution pH was adjusted to 3.5. 130 

3. Results and discussion 131 

3.1 Characterization of pristine and oxidized MWCNTs 132 

Figure 1 shows the FTIR spectra of pristine and oxidized MWCNTs. As shown in Figure 133 

1, the spectrum of pristine MWCNTs displayed three main bands at 1380, 1620, and 3440 134 

cm-1. However, these peaks became sharper after oxidation with nitric acid especially at 1380 135 

cm-1. The peak at 3440 cm-1 can be assigned to the stretching vibration of O–H band. The 136 

signature of C=O functional groups was evident at 1620 cm-1. The peak at 1380 cm-1 was 137 

associated with C–H deformation vibration from aliphatic –CH3 and –CH2. New bands at 830 138 

cm−1 appeared in oxidized MWCNTs due to the bending of –C=O in carboxylic acid [29]. 139 

These peaks implied that oxidation by nitric acid was an effective process to introduce a lot of 140 

oxygen containing functional groups on the surfaces of MWCNTs.  141 



 142 

Fig. 1 FTIR spectra of pristine and oxidized MWCNTs 143 

3.2 Comparison of Fe(III) adsorption on pristine and oxidized MWCNTs 144 

The objective of adsorption experimental exercise was to investigate the adsorption 145 

capacity of oxidized MWCNTs for Fe(III) ion. The adsorption of Fe(III) on the pristine and 146 

oxidized MWCNTs as a function of contact time (Figure 2) showed that the adsorption ratio 147 

of Fe(III) onto MWCNTs after oxidation was improved significantly. The adsorption ratio of 148 

pristine Fe(III) was 43% while the adsorption capacity increased to 75% for the oxidized 149 

MWCNTs at the same reaction condition. This significant adsorption improvement was due to 150 

the increasing oxygen-containing functional groups and the total number of acid site on 151 

MWCNTs, which provided a large number of chemical adsorption sites [17]. It is apparent 152 

that the specific surface area, the pore volume and average pore diameter of MWCNTs 153 

increased after oxidation was also a factor, which is in agreement with Perez-Aguilar’s study 154 

[30]. 155 



 156 

Fig. 2 Comparison of Fe(III) adsorption ratio on pristine and oxidized MWCNTs. Initial MWCNTs dose: 1 157 

g/L, initial Fe(III) concentration: 50 mg/L. 158 

The adsorption percentage of Fe(III) on MWCNTs increased rapid in the first 1 h, and 159 

then slowed down as equilibrium was approached. The contact time to reach equilibrium was 160 

about 90 min. The high initial adsorption rate may be attributed to the existence of large 161 

number of adsorption sites on the surface of MWCNTs. As the sites filled up gradually, the 162 

adsorption became slow and the mechanism of kinetics became more dependent on the rate at 163 

which the adsorptive was transported from the bulk phase to the actual adsorption sites. The 164 

adsorption reached equilibrium very quickly, which also indicated that the chemical 165 

adsorption or surface complexation rather than physical adsorption was the main sorption 166 

mechanism of Fe(III) on MWCNTs.  167 

3.3 Adsorption Isotherms 168 

Figure 3 shows the removal of 50 mg/L Fe(III) ions using different dosages of oxidized 169 

MWCNTs. The removal percentage increased sharply while the adsorption capacity decreased 170 

with a rise in MWCNT mass. The removal ratio reached 96 % at the MWCNTs dosage of 1.6 171 

g/L as a result of increasing number of the adsorption site in the MWCNTs adsorbent. 172 



 173 

Fig. 3 Fe(III) adsorption to MWCNTs with increasing adsorbent dose. Initial Fe(III) concentration: 50 174 

mg/L, adsorbent dose: 0.2, 0.4, 0.8, 1.0, 1.6 g/L.  175 

 176 

Fig. 4 Fe(III) adsorption to MWCNTs with increasing equilibrium aqueous Fe(III) concentration. Initial 177 

Fe(III) concentration: 50, 80, 120, 150, 200 mg/L, MWCNTs dose: 1 g/L. 178 

The effect of initial Fe(III) concentrations (50, 80, 120, 150 and 200 mg/L) on Fe(III) 179 

adsorption percentage was studied. As shown in Figure 4, the Fe(III) equilibrium 180 

concentration and adsorption capacity increased by increasing initial Fe(III) concentration 181 

under the specific experimental conditions. However, the adsorption percentage of Fe(III) 182 

decreased with increasing initial concentration when the MWCNTs mass was same. For 183 

example, the removal percentage was 75 % at initial Fe(III) concentration of 50 mg/L, while 184 

it was 37 % at initial Fe(III) concentration of 200 mg/L. This phenomenon can be explained 185 

by the fact that, at the same MWCNT dosage, there was constant number of functional groups 186 

available on MWCNT surface. Therefore, the increase of Fe(III) concentration caused a 187 



decrease in the adsorption percentage of Fe(III). 188 

The equilibrium adsorption data of Fe(III) for oxidized MWCNTs was approximated by 189 

Langmuir and Freundlich isotherm models. The Freundlich model assumed that different sites 190 

with several adsorption energies were involved, whereas the Langmuir model predicts that 191 

there was no interaction between the adsorbate molecules and the adsorption was localized in 192 

a monolayer [31]. The linear plot of 1/qe versus 1/Ce is shown in Figure 5. According to the 193 

slope and intercepts (Figure 5), the maximum adsorption capacity of Fe(III) and Langmuir 194 

adsorption constant of oxidized MWCNTs are calculated in Table 1 and the linear plot of lnqe 195 

versus lnCe is shown in Figure 6. The calculated Freundlich parameters, KF and 1/n, from the 196 

slope and intercepts (Figure 6) were also tabulated in Table 1.  197 

As shown in Table 1, the adsorption data of Fe(III) for oxidized MWCNTs were fitted to 198 

the Langmuir equation. The correlation coefficients of the linear regressions (R2) were found 199 

to be 0.9878. Freundlich model showed no correlation with the experimental data. That it 200 

indicated that the Langmuir model fitted the adsorption equilibrium data better than the 201 

Freundlich model. At the same time, the Fe(III) adsorption to oxidized MWCNTs was based 202 

on chemical adsorption and that is supported by the FTIR analysis. 203 

 204 

Fig. 5 Langmuir isotherm of Fe(III) adsorption to MWCNTs  205 



 206 
Fig. 6 Freundlich isotherm of Fe(III) adsorption to MWCNTs  207 

Table 1 Langmuir and Freundlich isotherm parameters of Fe(III) adsorption to MWCNTs 208 

Langmuir Freundlich 
Qmax 

mg/g 

KL 

L/mg 

R2 1/n KF R2 

89.05 0.059 0.9878 0.30 19.21 0.8545 

3.4 Column Experiments 209 

The breakthrough characteristics from column experimental results revealed information 210 

about adsorption behavior and adsorbent capacity. The effluent Fe(III) concentration was a 211 

function of time and can be presented in the form of a breakthrough curve. Figure 7 shows the 212 

breakthrough curves obtained for 150 mg/L Fe(III) adsorption onto different column bed 213 

depths of 10 cm (1 g), 20 cm (2 g), and 30 cm (3 g) at a constant flow rate of 3 mL/min. Ct/C0 214 

is the ratio of the outlet and inlet Fe(III) concentration as a function of time. Figure 7 showed 215 

that the breakthrough curves exhibited a characteristic S shape with varying degrees of 216 

steepness under three different operating conditions. The position of the breakpoint was 217 

different. The first few layers of fresh oxidized MWCNTs were able to adsorb the Fe(III) 218 

rapidly and effectively during the initial stages of operation. However, after 175 min of 219 

adsorption the removal rate of Fe(III) dropped to 0 in the 10 cm long fixed-bed column. As 220 

the bed depth increased to 30 cm, the exhaustion time increased to 350 min. The increase of 221 

MWCNTs mass at higher bed depth led to an increase in the volume of treated effluent. In 222 

general, Fe(III) ions adsorption in a fixed-bed column system was highly associated with the 223 

quantity of oxidized MWCNTs [32, 33]. In essence, the mass transfer zone in a column 224 



moved from the entrance of the bed and proceeded to the top of the column. Therefore, an 225 

increase in bed depth, broadened the mass transfer zone and enlarged the distance to reach the 226 

exit resulting in an extended breakthrough time. 227 

In addition, Fe(III) uptake capacity in column experiment was in a range of 30.30-41.51 228 

mg/g, which was much lower than in batch experiment. It was because the MWCNTs 229 

dispersion was not effective, which then reduced the effective area. In addition to that the 230 

flow rate of water in the column experiment was much lower, thus causing a reduction in 231 

mass transfer. 232 

 233 

Fig. 7 Breakthrough curves for adsorption of Fe(III) onto oxidized MWCNTs at different bed depths.  234 

Figure 8 shows the effect of Fe(III) influent concentrations on the breakthrough curves 235 

by varying the concentrations to 150, 200 and 300 mg/L and bed depth of 20 cm. In this study, 236 

high-range concentration of metal solution was employed to obtain a breakthrough curve as 237 

acid main drainage was found within this range [5]. As illustrated in Figure 8, the MWCNTs 238 

beds reached faster saturation with the increasing influent Fe(III) concentration. The 239 

breakthrough curves were steeper as the influent concentration increased, indicating that 240 

higher influent concentrations led to higher driving force for mass transfer; hence, the 241 

adsorbent achieved saturation faster, which also resulted in a decreasing exhaust time [34]. 242 

However, the adsorption capacity for Fe(III) increased with higher influent metal 243 

concentration. The highest bed capacities of oxidized MWCNTs for adsorption of Fe(III) were 244 

35.3 mg/g, at influent metal concentration of 200 mg/L. 245 



 246 

Fig. 8 Breakthrough curve for adsorption of Fe(III) onto the oxidized MWCNTs at different influent 247 

concentrations 248 

3.5 Comparison of adsorption capacity for the removal of Fe(III) using various adsorbents 249 

Table 2 Comparison of adsorption capacities of Fe(III) with other adsorbents 250 

Type of adsorbent pH 
Temperature 

°C 

qmax 

mg/g 
Reference 

Natural feldspar 1.15 30 °C 25 [35] 

Chitosan 3.0 25 °C 90.09 [36] 

Acid activated clays 3.0 30 °C 30.00 [37] 

Eggshells 6.0 20 °C 5.99 [38] 

Modified resin 2.5 20 °C 179 [39] 

Oxidized MWCNTs 3.5 25 °C 89.05 This study 

The adsorption capacities of different adsorbents used for the removal of Fe(III) ions are 251 

listed in Table 2. It was found that the oxidized MWCNTs undoubtedly contained high 252 

adsorption capacity, indicating it is potential to be utilized as a natural adsorbent for heavy 253 

metal removal from wastewater effluent. 254 

Conclusions 255 

The modification of MWCNTs by nitric acid was verified by FTIR and it indicated that 256 

different functional groups such as carboxylic and hydroxyl were formed. In batch studies, the 257 

adsorption of Fe(III) was dependent on initial Fe(III) concentration, adsorbent dose. The 258 

Langmuir model fitted the adsorption equilibrium data better than the Freundlich model. 259 

Fe(III) removal in a fixed bed confirmed a faster approach to saturation when the mass of the 260 

MWCNTs was low and initial concentrations of Fe(III) were high. This study demonstrated 261 

that the oxidized MWCNTs could be utilized as an effective adsorbent for the removal of high 262 



concentration Fe(III) from aqueous solution in batch experiment or a fixed-bed column 263 

system.  264 
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