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Abstract

The adsorption of aluminium(III) and iron(IlI) ions from their single and binary systems, by RHAC
was investigated in a batch system. The activated carbon prepared from rice hulls was characte-
rized by scanning electron microscopy and Fourier transformation infrared techniques. Batch ad-
sorption experiments were performed under different operating conditions including pH (2 - 5),
adsorbent dosage (0.5 - 2.0 g/1), initial ion concentration (5 - 100 mg/1), and contact time (30 - 240
min). The equilibrium time for maximum ions removal was found to be 180 min in single and bi-
nary ions systems. The Kinetics of adsorption was evaluated using the pseudo-first order, pseudo-
second order and Elovich Kinetic models. The Langmuir, Freundlich and Temkin equilibrium
models were applied to the adsorption experimental data. Real wastewater samples were col-
lected from different locations to investigate the efficiency of rice hull activated carbon in treating
real samples. The real wastewater samples were treated with the activated carbon prepared from
rice hulls and a commercial activated carbon. The results showed that the activated carbon pre-
pared in the present work was more efficient in the removal of aluminium and iron from real
wastewater as compared to the commercial activated carbon which is more advantageous consi-
dering both economics and environmental parameters.
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1. Introduction

The presence of inorganic pollutants in water is a problematic environmental issue. The problem with metal ions
pollution is that they are not biodegradable and are highly persistent in the environment [1]. Different sources
contribute to the presence of metal ions in water. Iron is routinely detected in municipal waste effluent, particu-
larly in cities where iron and steel are manufactured [2]. Aluminium is usually present in alum treated water, ef-
fluents from aluminum based industries and also due to the salts of aluminum added to many processed foods
and medicine [3].

Different methods have been used for the removal of metal ions from contaminated water. The commonly
used procedures for removing metal ions from aquatic ecosystems include chemical precipitation, reverse osmo-
sis and solvent extraction [4]. These methods have disadvantages such as secondary pollution, high cost, high
energy input, large quantities of chemical reagents or poor treatment efficiency at low metal concentration [5].

According to Ahmaruzzaman [6], in accordance with the very abundant literature data, liquid-phase adsorp-
tion is one of the most popular methods for the removal of toxic pollutants from wastewater, since proper design
of the adsorption process will produce a high-quality treated effluent. Adsorption with activated carbon is one of
the most efficient processes for water decontamination [7]. However, according to Loredo-Cancino et al. [8]
despite of these advantages, the use of commercial activated carbon as an adsorbent is often limited for eco-
nomic reasons, and many researchers have paid attention to the use of alternative precursors, such as agro-waste
materials, for activated carbon production.

In Egypt, about 0.5 million tons of rice hulls are produced every year from the rice fields and rice milling
process [9]. Thus in the present study, rice hulls are used as a precursor material for the preparation of activated
carbon. According to Okutani [10], rice hulls are agricultural by-products with 13 to 29 wt% inorganic compo-
nents and 71 to 87 wt% organic components such as cellulose depending on the species, climate and geographic
location of growth. The inorganic components contain 87% to 97% SiO, in hydrated amorphous form with small
amounts of alkali and other trace elements.

The aim of the present work is to prepare activated carbon from rice hulls (RHAC) and to characterize and
investigate its adsorption efficiency towards the removal of iron and aluminium from their single and binary ion
solutions in batch experiments considering all parameters affecting such processes as well as their kinetics and
equilibrium.

2. Materials and Methods
2.1. Preparation of Rice Hulls Activated Carbon (RHAC)

Rice hulls used as a starting material for the preparation of activated carbon were obtained from the Egyptian
Starch & Glucose Manufacturing Company (ESGC).

The activated carbons from rice hulls (RHAC) were prepared according to the procedure described by [11]
with some modification. Rice hulls were cleaned with water and dried at 110°C for 48 h. The dried samples were
crushed with a blender and sieved before they were carbonized at 400°C for 1h in a muffle furnace in order to
produce charcoal. The charcoals obtained were then subjected to impregnation in NaOH solution by weight ratio
(1 g charcoal: 4 g NaOH) at 70°C for 24 h. After that, it was dried in oven at 110°C for 24 h. The resulted sam-
ples were further activated in a muffle furnace at 800°C for 2 hrs. After cooling, the activated carbons were
washed successively several times with 1 M HCI followed by hot water until the pH became neutral (=7). Final-
ly the washed samples were dried at 110°C.

2.2. Adsorbent Characterization

The prepared activated carbons were characterized by Fourier transformation infrared technique (FTIR) over the
range of 500 - 4000 cm™* using Thermo Nicolet Avatar 370 FTIR Spectrometer, Thermo scientific co. The sur-
face characteristics of the adsorbents were also investigated by scanning electron microscope (SEM) using
JEOL, JSM-6490LA Scanning Electron Microscope—JEOL USA, Inc.

2.3. Batch Adsorption Studies

Batch experiments were conducted to study the factors affecting the adsorption of Al(IIl) and Fe(lll) onto
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RHAC. At the beginning of each experimental run, a known weight of RHAC was added to 50 ml solution con-
taining a known concentration of single or binary aluminium(l11) and iron(l11) ions. The studied factors were pH
(2 - 5), adsorbent dosage (0.5 - 2.0 g/l), initial ion concentration (5 - 100 mg/l), and contact time (30 - 240 min).
The flasks were agitated in a shaking water bath at a 200 rpm constant shaking rate until equilibrium was
reached. The mixture was then filtered and the remaining aluminium and/or iron concentrations were determined
at 396.153 and 259.939 nm, respectively using atomic absorption spectrometer (Shimadzu, model AA-6300, Ja-
pan).

The amount of ions adsorbed at equilibrium (adsorption capacity), q. (mg/g), was calculated by the following
equation:

e =|———=[*V

whereas the ions removal percentage (R%) was calculated by the following equation:

_Ci —Ce_
C.

R% = *100

where C; and C, are the ions concentrations at the initial time and at equilibrium (mg/l), respectively. V is the
volume of the solution (I) and W is the mass of adsorbent used (g).

2.4. Application of RHAC for Real Water Samples Treatment

Seven water samples (S1, S2, S3, S4, S5, S6 and S7; three replicates each) were collected from different loca-
tions as given in Table 1. Water sampling was achieved by “grab sampling technique” according to the “EPA
Guidelines for water and wastewater sampling” [12].

To compare the efficiency of RHAC and CAC for the removal of aluminium and iron from real wastewaters:
50 ml of each water sample were mixed with 0.1 g of RHAC or commercial activated carbon (CAC) obtained
from Norit co. The samples were shaken for 240 min then they were separated from the adsorbent by filtration
and finally the remaining concentrations of metal ions were determined.

3. Results and Discussion
3.1. Effect of Contact Time on Single and Binary Al(III) and Fe(III) Adsorption

The removal of Al(I11) and Fe(l11) from their single ion solutions as a function of contact time at different initial
ions concentration is represented in Figure 1. It can be seen that the adsorption of both ions was low at the start,
then increased by increasing the contact time and attained its maximum value after 180 min. of contact time with
the studied adsorbent. The adsorption capacity of RHAC increased by increasing the initial ions concentration in
the solution.

Figure 2 shows the removal percentages of Al(I11) and Fe(l11) in single and binary systems at various contact
time and at an initial ions concentration of 25 mg/l, adsorbent dose of 1 g/l and initial pH = 4. The results

Table 1. Samples locations and characteristics.

Sample Location pH Temperature Metal concentration
S1 Fostat station 7.45 20.8°C Al (0.583 mg/l)
s2 Sludge 7.39 19.2°C Al (0.456 mg/l)
S3 Shoubra El-khima station 7.62 21.8°C Al (0.363 mg/l)
S4 Iron and steel factory 6.84 20.9°C Fe (3.478 mg/l)
S5 Iron and steel factory (cooling area) 6.57 21.8°C Fe (0.726 mg/l)
S6 From Shoubra El-khima station 7.95 19.8°C Fe (0.477 mg/l)
S7 Nile during the rains 8.35 20.5°C Fe (2.908 mg/l)
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Figure 1. Adsorption of (a) Al(111) and (b) Fe(l1l) as function of contact time.

100
90

o pd
s .

—o— Al single

Removal percentage (%)

40 —&— Al binary
30 - —#—Fe single
20 Fe binary
10

0 30 60 90 120 150 180 210 240 270
Contact time (min.)

Figure 2. Removal percentages of Al(IIl) and Fe(lll) in single and binary system at dif-

ferent contact time.



N. T. Abdel-Ghani et al.

showed that although the equilibrium time for maximum ions removal was the same in single and binary ions
systems, but the removal percentages attained was higher in single than in binary ions systems. The maximum
removal of Al(I1) in its single ion solution was 82% and decreased to 54% in the binary aluminum-iron solution.
Similarly, the maximum Fe(lll) removal was 67% in the single iron solution and decreased to 62% in binary
aluminum-iron solution system. Similar findings were obtained by Lugo-Lugo et al. [13] for the biosorption of
chromium and iron from their single and binary systems. Also in agreement with these results Uslu and Tanyol
[14] stated that the presence different components in the solution creates a competition for the adsorption sites
on the surface and some sites are occupied by the second component. As a consequence, the first component has
a smaller parking space and its uptake is decreased.

3.2. Single and Binary Al(III) and Fe(IlII) Kinetics Analysis

In order to analyze the adsorption kinetics of Al(IIl) and Fe(l11) adsorption by RHAC in single and binary sys-
tems, pseudo-first order, pseudo-second order and Elovich kinetic models were applied to the experimental data.

The pseudo-first order model is represented by: In(qe —ql) =Ing, —K;t [15]. The pseudo-second-order eg-
uation [16] based on equilibrium adsorption is expressed as: t/q :1/K2q§ +1/q, . Finally, according to
El-Ashkouty [17] the simple Elovich’s model is expressed as g, =a+pInt. Where k; (min"?) is the pseudo first
order adsorption rate coefficient, k, (9/mg-min) is the rate constant of second-order adsorption, g, and g; are the
values of amount adsorbed per unit mass at equilibrium and at any time (t), respectively. The parameter o is the
initial sorption rate constant (mg/g-min) and  is related to the extent of surface coverage and activation energy
for chemisorptions (g/mg).

The Kinetic constants and the determination coefficients for the three tested models are summarized in Table
2. The results obtained were interpreted by considering the determination coefficient values obtained and also by
comparing the values of the adsorption capacities calculated from the models (qge, calc.) with those obtained ex-
perimentally (qe, exp.).

The results indicated that in both single and binary systems, the adsorption of Al(l11) and Fe(l11) was found to
be best described by the pseudo-second order model as well as the Elovich’s model. On the other hand, the
pseudo first order model showed the least fit to the data. The adequacy of the pseudo second order model to fit
the adsorption data suggests that the rate-limiting step is a chemical sorption or chemisorptions involving va-
lence forces through sharing or exchange of electrons between adsorbate and adsorbent [18]. Moreover, the ap-
plicability of both pseudo-second-order and Elovich kinetic models to the experimental data gives a further con-
firms that chemisorptions is the dominant process in controlling [19].

The results also showed that there was a noticeable reduction in RHAC adsorption capacity values towards
both studied ions in the binary system as compared to the single systems which seems logic referring statistical
vacant active adsorbent sites capacity of RHAC.

3.3. Effect of pH on Al(III) and Fe(III) Adsorption onto RHAC

Based on previously published studies, the effect of pH on the removal of aluminum and iron ions by RHAC

Table 2. Kinetic models constants for Al(I11) and Fe(l11) adsorption by RHAC in single and binary systems.

Pseudo-first order Pseudo-first order Elovich model
kl_ G, calc. R? k ) G, calc. R2 o B % (&xp)
(L/min) (mg/qg) (9/mg.min)  (mg/g) (mg/g.min)  (g/mg)

Single ion system

AI(I) 0.015 30.88 0.93 6.20 x 10°° 21.74 0.96 9.17 26.82 0.95 22.07

Fe(l11) 0.017 27.94 0.90 813x10* 2273 0.99 7.74 20.52 0.96 20.61
Binary ions system

Al 0.016 19.12 0.98 1.17x10°  19.60 0.99 6.02 17.50 0.98 14.20

Fe(Il1) 0.012 15.20 0.95 1.36 x 1073 18.87 0.99 5.78 14.11 0.98 16.86
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was studied in the range between pH 2 and 5 to avoid metal ions hydroxide precipitation at higher pH values [20]
and [21]. Figure 3 represents the removal percentage of aluminium and iron ions at different initial pH values.

It is clear that the removal of both metal ions was low at pH 2 and increased by increasing the pH value of the
metal ions solution. It is generally agreed that at very low pH values the metal ions removal is weak due to the
competition between the positively charged hydronium ions present in solution and the metal ions to occupy the
adsorbent’s active sites. As the solution pH is raised less hydronium ions are present and thus the opportunity of
the positively charged metal ions to occupy the adsorbent’s surface increases. The maximum removal of alumi-
num and iron ions due to adsorption was obtained at pH 5 and pH 3, respectively (Figure 3). Thus a middle pH
value (pH = 4) was used in all subsequent experiments.

In agreement with our results; Cayllahua and Torem [22] stated that at pH 5 the optimum removal of alumi-
num ions onto Rhodococcus opacus was obtained. The pH 4.5 was selected as the optimum pH for aluminum
ions removal by P. pavonica biomass [23]. Similarly, Kousalya et al. [24] reported pH 3 to be the optimum pH
for Fe(111) by nano-biocomposites. Also Quintelas et al. [25] reported pH 3.5 as the optimum pH for ferric ions
removal onto E. coli biofilm supported on kaolin.

3.4. Single and Binary Al(III) and Fe(1II) Equilibrium Modeling

The adsorption of Al(111) and Fe(lll1) by RHAC was analyzed by well documented Langmuir (Equation (4)) [26],
Freundlich (Equation (5)) [27], Temkin (Equation (6)) [28] and Dubinin-Radushkevich (Equation (7)) [29] iso-
therm models.

Ceg /e =100z, +Coq /Urma 4
logq, =logk; +(1/n)logC,, 5)
Oeq =3, +b,InC (6)
Ing, =Ing,, —Be* ()

where: Cgq: equilibrium concentration in mg/l; ge: equilibrium capacity in mg/g; Oma: Maximum capacity in
mg/g; b (I/ mg) is Langmuir constant; k¢ and n are Freundlich constants; b, and a; are Temkin isotherm constants;
Om is the theoretical saturation capacity (mg/g), B is a constant related to the mean free energy of adsorption per
mole of the adsorbate (mg?/J?), and ¢ is the Polanyi potential.

The adsorption free energy (E; kd/mol) can be calculated from the D-R model as follows: E = 1/N-28.

All the parameters calculated from the studied equilibrium models along with the correlation coefficients (R?)
are given in Table 3.

The coefficients of determination (R?) for the Langmuir plots (Figure 4) were found to be >0.98 for both
aluminium and iron ions in their single and binary solutions. It can be concluded that the adsorption of the stu-
died metal ions onto RHAC is well fitted to the Langmuir model. These results suggest that the adsorption of
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Figure 3. Effect of solution pH on the removal of Al(I11) and Fe(l1l) by RHAC.
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Table 3. Equilibrium models constants for Al(111) and Fe(l11) adsorption by RHAC in single and binary systems.

Langmuir model Freundlich model Temkin model Dubinin-Radushkevich (D-R)
Omax b 2 2 2 Om B E 2
(malg)  (img)  * ke n R & be R (mglg) (me#®) (Kumol) R

Single ion system
Al 34.48 0.05 0.98 1.16 0.47 0.97 5185  32.05 0.78 91.83 2x10° 1350 0.98
Fe(lll)  45.45 0.03 0.99 1.07 0.68 0.97 3227  28.36 079 12609 2x10° 885 0.98
Binary ions system
Al(lI)  21.28 0.08 0.99 1.65 0.54 0.96 39.63 37.77 0.71 73.33 4x10° 954 0.97
Fe(lll)  26.32 0.02 0.98 2.92 0.62 0.96 28.92 37.76 0.77 11721 2x10° 8.2 0.97
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Figure 4. Langmuir plots for (a) Al(I11) and (b) Fe (I111) adsorption onto RHAC.

AI(111) and Fe(11) onto RHAC is a monolayer adsorption taking place at the surface groups binding sites of the
adsorbent. The maximum adsorption capacities calculated from the Langmuir model were found to be 34.48 and
45.45 mg/g for aluminium and iron in their single solutions and 21.28 and 26.32 mg/g for aluminium and iron in
their binary solutions, respectively. It is clear that the maximum capacity of the metal ions in their single solu-
tions was higher than the maximum capacity values recorded in the binary ions solution. A comparison between
the maximum Langmuir capacity values obtained in the present study with those previously reported in literature
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for aluminium and iron adsorption onto various adsorbents is given in Table 4.

The Freudlich model plots obtained for the experimental data are given in Figure 5. The R? values of the
Freundlich model (0.97 and 0.96 for both aluminium and iron ions in their single binary solutions, respectively)
were found to be lower than those obtained for the Langmuir model. These results suggest that the adsorption of
AI(111) and Fe(l11) onto RHAC is not well described by the Freundlich model compared to the Langmuir model.

The plots of Dubinin-Radushkevich (D-R) isotherm are shown in Figure 6. The D-R model showed high de-
termination coefficient values (R® > 0.97) suggesting a good fit to the experimental data. The adsorption free
energy (E; kJ/mol) can be calculated from the D-R model as follows: E = 1/N=2p. The E (kJ/mol) value gives
information about the physical or chemical nature of the adsorption mechanism. If it lies between 8 and 16
kJ/mol, the adsorption process takes place chemically and while E < 8 kJ/mol, the adsorption process proceeds
physically [30]. As seen from Table 3, the values of E for both aluminium and iron ions were found to be in the
range 8 - 13 kJ/mol. Thus, the calculated values of E suggest that the adsorption process is chemisorptions.

On the other hands the Temkin isotherm model (Figure 7) did not show any fitness to the experimental data
of Al(I11) and Fe(l11) adsorption onto RHAC with R? values < 0.80.

Based on the R? values which is a measure of the goodness of model’s fit [37], it can be concluded that the
adsorption data of aluminium and iron ions fitted well to the Langmuir model followed by the D-R model.

The results also show that the maximum capacity of the metal ions in their single solutions was higher than
the maximum capacity values recorded in the binary ions solution.

Table 4. Maximum Langmuir adsorption capacity of RHAC for Al(I11) and Fe(ll1).

Adsorbent/metal ion Qmax (MY/g) Reference
C. vulgaris/Fe(l11) 24.491 [30]
R. arrhizus/Fe(lll) 34.733 [30]
Raw clinoptilolite/Fe(111) 98.00 [31]
Geobacillus thermodenitrificans/Fe(I11) 79.9 [32]
SCB/Fe(lIl) 3311 [33]
Orange peel/Fe(l11) 9.4308 [34]
Date-pit/Al(I11) 5.831 [35]
BDH activated carbon/Al(l11) 6.562 [35]
R. opacus/Al(lIl) at 25°C 41.584 [36]
RHAC/Fe(l11) 45.45 Present study
RHAC/AI(IIT) 34.48 Present study
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Figure 5. Freundlich plots for (a) Al(1I1) and (b) Fe(I11) adsorption by RHAC.
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Figure 6. D-R plots for (a) Al(I11) and (b) Fe(l11) adsorption by RHAC.
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Figure 7. Temkin plots for (a) Al(I11) and (b) Fe(lIl) adsorption by RHAC.

3.4. Characterization of RHAC

The activated carbon prepared from rice hull was characterized by FTIR and SEM techniques in order to identi-
fy the surface functional groups and surface morphology of the adsorbent.

The FT-IR spectrum of (RHAC) is shown in Figure 8. It can be observed that the spectrum displays a number
of bands corresponding to several functional groups on the activated carbon surface that may facilitate the ad-
sorption process. The spectrum of RHAC showed that a broad band at 3423 cm™ this band is characteristic of
the OH stretching vibrations mode of hydroxyl functional groups including hydrogen bonding of chemisorbed
water or may be due to binding of OH group with polymeric structure of rice hulls [38]. The band at 2922 cm™
could be attributed to C-H stretching of aliphatic carbon or it can be due to CH, or CH; deformation [38]. The
peak at 1625 cm * related to C=C stretching for unsaturated aliphatic structures [39]. The bands at 1099 and 798
could be due to Si-O-Si stretching and Si-H groups, respectively [40].

The scanning electron microscopy micrograph of RHAC is shown in Figure 9. The figure shows a variety of
cavities as well as a porous morphology with pores of different shapes and sizes. This irregular surface format
leads to increasing the contact area, which facilitates the pore diffusion during adsorption [41].

Thus by considering the FTIR surface bands and the surface morphological characteristics of RHAC, it can be
inferred that RHAC possess a surface capable of adsorbing metal ions.

3.5. Comparison of the Adsorption Efficiency of RHAC and Commercial Activated Carbon
(CAC) for Real Wastewaters Treatment

The results of real water samples treatment using RHAC and CAC are presented in Table 5. It can be observed
that in all cases (RHAC) showed higher removal efficiency for aluminium and iron ions as compared to the
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Table 5. Comparison of the removal percentages of aluminium and iron using RHAC and CAC.

Rice hull activated carbon (RHAC) Commercial activated carbon (CAC)
Metal ion Concentration before
adsorption (mg/L) Concentration after Removal Concentration after Removal
adsorption (mg/L) percentage (%) adsorption (mg/L) percentage (%)
0.583 0.061 89.474 0.137 78.204
Al(111) 0.456 0.015 96.635 0.150 67.154
0.363 0.044 87.960 0.143 60.478
3.478 0.106 96.952 0.557 83.985
0.726 0.056 92.287 0.145 80.028
Fe(I11)
0.477 0.047 90.147 0.142 70.231
2.908 0.722 75.172 0.108 96.286
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Figure 8. FTIR spectra of RHAC.
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Figure 9. SEM micrograph of RHAC (x1000).
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commercial activated carbon. It is worth to note that from an economic point of view, the use of RHAC will be
more advantageous than the commercial activated carbon as RHAC is cost effective natural adsorbent.

4. Conclusion

In the present study, rice hulls were successfully used as a starting material for the preparation of a cost effective
activated carbon. The prepared activated carbon showed good adsorption capacity for removing both aluminium
and iron ions from their single and mixed ion solutions. The adsorption equilibrium was reached in 180 minutes.
The adsorption of aluminium and iron was found to be well fitted to the pseudo-second order kinetic model and
the Langmuir equilibrium model. The activated carbon prepared from rice hulls showed high aluminium and
iron removal efficiency from real wastewater samples. It can be concluded that rice hulls could be effectively
used for the production of cost effective activated carbons that could be applied for the removal of metal ions
from wastewater.
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