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1 Removal of High-Concentration Fe(l11) by Oxidized M ultiwall Carbon

2 Nanotubesin a Fixed Bed Column

4 Abstract: The aim of this work was to study the use of medifmultiwall carbon nanotubes
5 (MWCNTs) for high concentration of ferric moremoval in acid mine drainage. Fourier
6 transform infrared spectrum demonstrated that hgdirand carbonyl functional groups were
7 introduced to the surface of MWCNTs after oxidatiith nitric acid. Fhea+The adsorption

8 behavior of modified MWCNTs wash e n investigated in removing high concentration of
Fe(l)

9 through batch and continuous flow fixdsed experiments. Batch experiment results
10 demonstrated that the Fe(lll) adsorption cdpalof oxidized MWCNTs was better than
11 pristine MWCNTs. Adsorption equilibrium was achidvduring the first 90 min. Langmuir
12 model can be successfully employed for the eqiiiiibrof isotherms with &0.9878 and

13 gma=89.05 mg/g. In additionthe effect of column bed depths atied influent
Fe(ll)

14 concentrations were studied through the caontis fixed-bed adsorption studies. Results

15 indicated that Fe(lll) uptakéavoured was particularly favering-higher bed depth and
lower influent

16 concentrationAnrd-tThe bed uptake capacity of Fe(lll) was found toilbpea range of
30.30-41.51 mg/q,

17 which was much lower than in batch experiment.

18
1819 Key word: Adsorption, Ferric lons, Fixed-bed column systebxidized multiwall carbon

20 Nanotubes
1921

22 1. Introduction

2123 Along theA/ith development OH indusdm] and agriculture, heavy metal pollution of terrestr
and aquatic

2224 ecosystemseems to escalabecanes more seriodg [1]. Most of all, mining of ore
deposits that contain large

2325 amounts of sulfide minerals and heavy metals pediubhe environment

tremendouslgeaicudy [2]. The

2426 oxidation of pyritic mining waste is a self-perpating corrosive process which continuously

2527 generates acid mine drainage (AMO)he AMD waters contairs high concentrations of
mineral



UNDER PEER REVI EV

2628 acid, dissolved iron, and sulfates, as well as rietyaof toxic chemicals such as cadmium,
2729 lead, copper, and arsenic [3]. It was known thaidéron is predominant in the AMD waters,
2830 and the concentration can be as high as severarédimmilligrams per liter [4,5]. However,

2931the presence of total irasf more than 0.3 mg/L may cause anorexia, oliguriadiptasic shock.
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3032 And2z1-lron is the AMDit can give a metalligs) taste and odor to water [8}.is tFherefore
imperative that serioysa-spedgdl attention should be

2133 paid on the removal of high concentration of feiram from AMD waters.

3234 Heavy metals ithe AMD waters are usually treated by adding alkalinatemials
such as

2335 lime, fly ash and alkaline industrial wastes andrfqrecipitate as hydroxides [7-9]. Major

3436 disadvantages of this method are the need for raamtis addition of thé amendrﬂm}t
low

3537 reaction rates, and the production of hugemunts of| secondgeg) wastes [10].
Recently,

3638 adsorption onto solid adsorbent is reported tohleepbtential alternative technique to remove

3739 theheawt metals from water. Carbon nanotubes were firstadiered by lijima in 1991 [11].
Then

3840 this novel and interesting graphitic carbon materiads been proven tbave an
ability of pesess excellent

3941 adsorption capacity in the removal heavy meias and organic pollutants [12-14] from
4042 aqueous solutions, as a result of high specifiasararea and strong interactions between
4143 carbon atoms and hydrogen molecules. In iadditthe adsorption capacity of carbon
4244 nanotubes can be improved by surface modificatisash as oxidization [15,16] and other
4245 chemical or physical modifications [17,18]. For ey#e, Rao et al. [19] have investigated the
4446 _adsorption efficiency of carbon nanotubes towarivslent heavy metal ions, such as*Ni
4547 PH*, Cd*, C#* and zA*, in which the adsorption capacitpf-cabon—nandubes was
4648 significantly improved by the exidation-of—carben—-ranetubes with acid solutions. However,

4749 the stugies on the adsorption of high concentration of Fe(dhto MWCNTsisare still
very

4850 limited in the literature.

4951 The efficiency of an adsorption process is usuetiptrolled by the overall adsorption
5052 rate, which depends on transport processes outsidanside the adsorbent particles and on
5153 the kinetics of binding. Over the years, the bagperiment has become the most commonly
5254 used configuration in wastewater treatment. Howetver adsorption efficiency in a fixed-bed
5355 adsorption column is a function of the liquid flgeattern (axial and radial mixing) through
5456 the porous bed of particles and the liquid residaimoe. Furthermore, in practical wastewater
5557 treatment process, continuous fixed-bed adsorptiperiments are most likely preferable,
5658 and the experimental data obtained from the stualiesimportant for industrial applications

57 [20].
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58 The objective in this preseBroady-the-geal-of-this study is to evaluate the performance
of oxidized MWCNTSs inthe

59 remowalngof Fe(lll) from aqueous solution through batch andticwmous fixed-bed system.
The
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60 specific objectives are to (1) prepare and chanaet®xidized MWCNTSs, (2) test the Fe(lll)
61 removal by oxidized MWCNTs in batch experitneand calculate the parameters of
62 adsorption isotherms, (3) study the effect of begtld and initial Fe(lll) concentration on

63 breakthrough curve in the fixed-bed system.

65 2. Experimental work

64
66 2.1 Materials angnethodshemieals
6567
6668 The pristine MWCNTs were purchased frdBeijing boyu gaoke new material

gzgtechnology Co., Ltd, China. All the chemicals arghgents used were analytical grase
69 higher. A stock solution of Fe(lll) (1000 mg/L) was preed by dissolving ferric chloride in
70  deionized water. The solution was further dilutedhe required concentrations and the pH of
71 the solutions was adjusted by using 0.1 Imdiydrochloric acid or sodium hydroxide

72 solutions.

23

74 2.2 Oxidation of MWCNTs

375

7476 The pristine MWCNTs were prepared using cleamiapor deposition method. The

7577 outer diameter was about 10-20 nm, inner diamets 10 nm, ait the length was 10-30
7678 _um. Its special surface area was more than 206, mnd the purity was higher than 95%. The
7779 pristine MWCNTs were oxidized by using nitric adml remove the hemispherical caps and

7830 andthe particles of catalyst at the tips of nanotubes. & gristine MWCNTs were immersed
in

7981 50 mL concentrated nitric acid for 24 h, and thesshed with deionized water until the
8082 solution pH reached 6.5nd-dried in the oven at 105 °C for 4 &nd used in the following

83 experiments.

8184

85 2.3 Characterization of MWCNTs

8286

8387 For characterization of the functional groups the surface of MWCNTSs, Fourier

8488 transform infrared (FTIR, 560E.S.P, Nicolet, USA)estra of samples were measured by the

89 standard KBr disk method.
8590

91 2.4 Batch experiments
92

8793 Adsorption experiments were carried out in serurtildm at a temperature of 25 The

&
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8894 pH of Fe(lll) solution was adjusted to 3Using ??Prior to the experimentA Fher—a
certain amount of

8995 pristine and oxidized MWCNTs were added to 50 mLFeflll) solution respectively. All

9096 reactors were agitated on a shaker at @ o&t180 revolutions per minute during the
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9197 experiment. Samples were withdrawn at appropriate tntervals, filtered through a 0.22 um
9298 membrane. The samples were analyzed for total imoncentrations using 1,

9399 10-phenanthroline spectrophotometry [21]. Dupécdests were conducteahfor all
the

100 experiments.
94101

102 Isotherm models
95103

96104 In order to gain a better understanding of the mmigm and to quantify the sorption

97105data, Langmuir [22] and Freundlich [23] isotin models araisedenducted to simulate
the

98——sorption of Fe(lll) oto the oxidized MWCNTSs. The equations of Langmuirttheosm model
isean

99
100106 be expressed by:

}Oﬂﬂi =_1 +_L (1)

qe KLCeqm qm
100 where “@" is Fe(lll) amount adsorbed on oxidized MWCNTsfaage at equilibrium (mg/qg);
101 “C¢’ is equilibrium concentration or final concentaatiof Fe(lll) ions in the aqueous solution

102 (mg/L); “gm” is the maximum sorption capacity (mg/g); 'Kis the Langmuir sorption
103 constant (L/mg) which is related to the energy dgaaption.
104 The equations of Freundlich isotherm model canxXpgessed by:
105 Inqg, =InK, +l|n C 2

n e
106 where “K” and “n” are the Freundlich constants which arelicators of adsorption capacity
107 and adsorption intensity. The slopes and interceptthe linear Langmuir and Freundlich
108 plots are used to calculate the Langmuir and Friéindonstantgs]

109 2.5 Continuous fixed-bed adsorption
study27]

i: The breakthrough curve of Fe(lll) was determinedoulgh continuous fixed-bed
" adsorption studies. The studies were conducted oolamn made of glass tube with an
113 internal diameter of 2.0 and 50 cm in length. Thieetwas packed with quartz sand. A layer
114 of glass wool with 1 cm thickness was placed atlib#om of the column to prevent the

adsorbent from leaching out, as well as on theofoflve column to provide a uniform flow of
i: the solution through the column. After the oxidizZddVCNTs were packed in the column at a

known quantity (1, 2 and 3 g) to yield the desibed depth of 10, 20 and 30 cm, each column
117
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was flushed
with 150
mg/L of
Fe(lll)
solution. At
the bed
depth of 20
cm
(equivalent

to2g
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MWCNTSs), known concentration of Fe(lll) solution50, 200 and 300 mg/L) was pumped
in a upward flow mode at a flow rate of 3 mL/miespectively. The effluent samples at the
outlet of the column were collected and analyzedtdtal iron concentrations at regular time
intervals, and the column was operated until thecentration of Fe(lll) exceeded 99.5 % of
its initial concentration. The experiments wereriedr out at room temperature, and the
solution pH was adjusted ta R4.

3. Results and
discussion|zs]

3.1Characterization of pristine and oxidized
MWCNTS210]

Figure 1 shows the FTIR spectra of pristine andliagd MWCNTs. As shown in Figure
1, the spectrum of pristine MWCNTs displayed threain bands at 1380, 1620, and 3440
cm™. However, these peaks became sharper after axidaiith nitric acid especially at 1380
cm™. The peak at 3440 chcan be assigned to the stretching vibration of (ad. The
signature of C=0 functional groups was evident 820Lcni*. The peak at 1380 chwas

associated with C—H deformation vibration from h#ifc —-CH and —CH. New bands at 830

cm * appeared in oxidized MWCNTs due to the bending @0 in carboxylic acid [24].

These peaks implied that oxidation by nitric ac@svan effective process to introduce a lot of

oxygen containing functional groups on the surfaafeIWCNTSs.
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Fig. 1 FTIR spectra of pristine and oxidized MWCNTs
3.2 Comparison of Fe(lll) adsorption on pristine anddmed MWCNTSs
3.23.3
The objective gea of adsorption experimealt sexercise at—this—stage was to
provide—a—preliminary investigate-uneerstanding—of- the adsorption capacity of oxidized
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MWCNTs
for  Fe(ll)

ion. The
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adsorption of Fe(lll) on the pristine and oxidiz8WCNTs as a function of contact time-shewn—A
(Figure 2- H—ean-be-seenshowedthat the adsorption ratio of Fe(lll) onto MWCN¥&s-_after oxidation
improved significantly-after—exidation. The adsorption ratio of pristine Fe(lll) wasy—43% while the
adsorption capacity increased to 75% for the ormliMWCNTs at the sameeactioral condition. This
significant adsorption improvement was due to therdasingef-the oxygen-containing functional groups and
the total number of acid site on MWCNTs, whighovided a large number of chemical adsorptionsqile].
(Further, the hydrophilic propertied these functional groups can improve the dispearsif oxidized MWCNTs

in aqueoussolutiong11). It is apparent thatfthe specific surface area, the pore volume and geepare

diameter of MWCNTsncreased after oxidation was also a factgrich is in agreement with??[25].
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Fig. 2 Comparison of Fe(lll) adsorption ratio oispine and oxidized MWCNTSs. Initial MWCNTSs doseg/L, initial Fe(l11)
concentration: 50 mg/L.

The adsorption percentage of Fe(lll) on MWCNTs éased rapid in the first 1 h, amiden slowed
down as equilibrium was approached. The contace tim reach equilibrium waabout 90 min. The high
initial adsorption rate may be attributed to thdstence of largeaumber of adsorption sites on the surface
of MWCNTSs. As the sites filled up gradually, tlaglsorption became slow and the mechanism of kietic
became more dependent on the ratefidth the adsorptive was transported from the Ipiikse to the actual
adsorption sites. Thadsorption reached equilibrium very quickly, whiakso indicated that the chemical

adsorption or surface complexation rather than iphysadsorption was the main sorptiomechanism of

Fe(lll) on MWCNT$212].

3.3 Adsorption isotherm

163 164
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Figure 3 shows the removal of 50 mg/L Fe(lll) iamging different dosages of oxidized

165
166 MWCNTSs. The removal percentage increased sharpiewhe adsorption capacity decreased
167 With a rise in MWCNT mass. The maximum removal aatian213] reach 96 % at the
MWCNTs dosage of 1.6 g/L as a result of increasing nundiethe adsorption site in the
MWCNTs adsorbentia4].
Lk
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Fig. 3 Fe(lll) adsorption to MWCNTSs with increasiadsorbent dose. Initial Fe(lll) concentration: 50
mg/L, adsorbent dose: 0.2, 0.4, 0.8, 1.0, 1.6 g/L.
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176 Fig. 4 Fe(lll) adsorption to MWCNTSs with increasiaguilibrium aqueous Fe(lll) concentration. Initial
177 Fe(lll) concentration: 50, 80, 120, 150, 200 mgIWWCNTs dose: 1 g/L.

Figure 4 shows the removal percentage of Fe(llihgu®xidized MWCNTs under the
]influencézls] of different initial Fe(lll) concentrations (5008120, 150 and 200 mg/L). As
shown in Figure 4, the Fe(lll) equilibrium concextion and adsorption capacity increased by
increasing initial Fe(lll) concentration under thpecific experimea conditions. However,

the
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adsorption percentage of Fe(lll) decreased wathincreagnge-ef-the initial concentration at
thesame MWCNTS magas]). For example, the removal percentage was 75 %itél iFe(lll)
concentration of 50 mg/L, while it was 37 % atiadit-e(lll) concentration of 200 mg/L. This
phenomenon can be explained by the fact that, etsdime MWCNT dosage, there was
constant number of functional groups available oRVGNT surface.| Thereforei7], the
increaseof Fe(lll) concentration caused a decrease in tsomtion percentage of Fe(lll).

The equilibrium adsorption data of Fe(lll) for omdd MWCNTs was approximated by
Langmuir and Freundlich isotherm models. The Fréandnodel assumed that different sites
with several adsorption energies were involved, redg the Langmuir modebredicts
assumepisg] thatthere was no interaction between the adsorbate culele andit showed
that the adsorption was localized amonolayer [26]. The linear plot of l/gersus 1/Qis

shown in Figure 5Frem- According tothe slope andéhtercepts(ef-Figure 5, the maximum

adsorption capacity of Fe(lll) and Langmuir adsmmptconstant of oxidized MWCNTs
arewnere calculated in Table_&and Fthe linear plot of Ingversus InGis shown in Figure 6.
The calculated Freundlich parameterg,aldd 1/n, from the slope amatercepts(ef-Figure §
were also tabulated in Table 1.

As shown ean—be-seen—in Table 1, the adsorption data of Fe(lll) for axed
MWCNTs werefitted to the Langmuir equation. The correlationefficients of the linear
regressions (ﬁ were found to be 0.9878. Freundlich model showedcarrelation-geod
agreament with the experimental datar-a-werd—That it indicated that the Langmuir model
fitted the adsorptiorquilibrium data better than the Freundlich modg¢lthe same time, the
Fe(lll) adsorption to

oxidized MWCNTs was based on chemical adsorpfod that is supported by theFhe
foregoing FTIR analysisalso-suppeated-this-deduetion.
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204 Table 1 Langmuir and Freundlich isotherm paransed&Fe(lll) adsorption to MWCNTSs
Langmuir Freundlich
Qrmax KL R? 1/n Ke R?
mg/g L/mg
89.05 0.059 0.9878 0.30 19.21 0.8545
205 34
206 3.5 Column Experiments
3-3.6
207 o ]
The breakthrough characteristics from column expenial resuls reveale djave
208
mpertant informationabout adsorption behavior and adsorbent capadity. 8ffluent Fe(lll)
209
concentration was &unction of time and can be presented in the forfra doreakthrough
210
curve. Figure 7 shows thmeakthrough curves obtained for 150 mg/L Fe(lt¥@ption onto
211

different column bedlepths of 10 cm (1 g), 20 cm (2 g), and 30 cm (&tg constant flow

rate of 3 mL/min. €Cyis the ratim of the outletande-the inlet Fe(lll) concentration as a

function of time tathisfFigure ?2showed that
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under—three—different—operating—conditions; the breakthrough curves exhibited a

characteristic Shapebut-with varying degrees of steepnessder three different operating

conditions AlsetThe position of the breakpoint was differeAs-showntha—tThe first few
layers of fresh oxidized MWCNTs were able to adstie Fe(lll) rapidly and effectively
during the initial stages of operation. Howeveteafl75 min ofadsorption the removal rate of
Fe(lll) dropped to %-in the 10 cm long fixed-bed column. Alse bed depth increased to 30
cm, the exhaustion time increased to 35MhsmAlse-tThe increaseof MWCNTs mass at
higher bed depth led to an increase in the volumeeated effluent. Irgeneral, Fe(lll) ions
adsorption in a fixed-bed column system was higidgociated with thquantity of oxidized
MWCNTSs. Bageally-tin essencehe mass transfer zone in a column moved fronmetiteance
of the bed and proceededmards-the-exit—at the top of the column. Therefore, arcrease
in bed depthweudld broaderd the mass transfer zone apebade-a enlarged thelenger

distance taeach the exit resultinip an extendeaf breakthrough time [27, 289]].

In addition, Fe(lll) uptake capacity in column expegent was found to be 30.30-41.51
mg/g, which was much lower than in batch experiméntvas becaus¢hat the MWCNTs
dispersion was natffective goeed, which then reducethat-make the effective areaedueed.

In_addition to thatMereover, the flow rate of water ithe column experiment was much

lower, thus causing a reduction thereforethe mass transfenrasreduced.

14 R e ——h
L e
L - -
| r F
- - -
Y8 i . F.
[ & i
T ]
. S —u— 1{i o
{44 - ! I,-" i —w— Hlcm
' ." =3 b
= . o &— 3Mom
- 5 o !
= P Y
- g "y
" i
o J
L ~
oz{ 84 )
e A
.| .
| L A
'""""ﬂ-!""""‘-" T T T T T T
i} By QDD IRy MO XS0 300 AR 400 450
Tanee (e

Fig. 7 Breakthrough curves for adsorption of F¢@hto oxidized MWCNTSs at different bed depths.

Figure 8 shows the effect of Fe(lll) influent contations on the

breakthrough curveby varying the concentrations to 150, 200 and 3@@Lnand bed
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depth MWCNTs
of 20
cm. In
this
study,
high-
range
concen
tration
of
metal
solutio
n was
emplo
yed to
obtain
a
breakt
hrough
curve
as acid
main
draina
ge was
found
within
this
range
[5]. As
illustra
ted in
Figure

8, the



UNDER PEER REVI EV

234

235

236

237

238

239

240

241
242
243
244

245

246

247

248

249

250

beds reached faster saturation with the increasinftpent Fe(lll) concentration. The
breakthrough curves were steeper as the influentesdration increased, indicating that
higher influent concentrations led to higher driyifiorce for mass transfer; hence, the
adsorbent achieved saturation faster, which alsalterl in a decreasing exhaust time [29].
NeverthelessHowever the adsorption capacity for Fe(lll) increased hwitigher influent
metal concentration. The highest bed capacities of og@liMWCNTs for adsorption of

Fe(lll) were

35.3 mg/g, at influent metal concentration of 20§/Im
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Fig. 8 Breakthrough curve for adsorption of Fe(tlifito the oxidized MWCNTSs at different influent
concentrations

3.5 Comparison of adsorption capacity for the remh@¥ Fe(lll) using various adsorbents

Table 2 Comparison of adsorption capacities ol Fe(ith other adsorbents

Type of adsorbent  pH Temperature Gmax Reference
°C mg/g
Natural feldspar 1.15 30°C 25 [30]
Chitosan 3.0 25°C 90.09 [31]
Acid activated clays 3.0 30°C 30.00 [32]
Eggshells 6.0 20 °C 5.99 [33]
Modified resin 25 20 °C 179 [34]
Oxidized MWCNTs 3.5 25°C 89.05 This study

condicted-for-anumber-of-years. The adsorption capacities of different adsorberssd for

the removal of Fe(lll) ions are listed in Table IRwas found that the oxidized MWCNTSs

undoubtedly contained high adsorption capaditglicating it's potential to be utilized as a
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for heavy
metal
removal
from
wastewater

effluent.
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Conclusions

coreentration-FeH)-. The modification of MWCNTSs by nitric acid was ifegd by FTIR and

it indicated that different functional groups suaeh carboxylic and hydroxyl were formed. In
batch studies, the adsorption of Fe(lll) was depatdon initial Fe(lll) concentration,
adsorbent dosefFhe
Fe(Hh—adsorption—by—oxidizedMWENTs—The Langmuir model fitted the adsorption
equilibrium data better than the Freundlich moéetiremeval-inafixed-bedecolumn-was

-'- dateg N 10N a a¥a ala¥a alaaida lalTa a - oncan on. he

Fe(lll) removal in fixed bedHt-confirmed afaster approach to saturation when

the mass of the MWCNTs was low and init@ncentrations of Fe(lll) were high. This
study demonstrated that the oxidized MWCNTmld be utilized as an effective adsorbent
for the removal of high concentration Fe(lll) fraaqueous solution in batch experiment or a

fixed-bed column system.
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