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Physicochemical Conditions for Adsorption of Lead from
Water by Rice Husk Ash

Chidozie Charles Nnaji,>* Chinwe J. Ebeagwu,® and Emmanuel I. Ugwu®

The effects of physico-chemical parameters such as pH, temperature, and lead
concentration on the efficiency of lead adsorption by rice husk ash were
determined. Rice husk was incinerated at 800 °C for 6 h and then activated with
0.5 M HCI. Rice husk and rice husk ash (RHA) were characterized using
scanning electron microscopy and X-ray fluorescence. Batch adsorption tests
were conducted at different pH, temperature, and initial lead concentration.
Kinetic studies were conducted at optimum pH of 3.0. The optimum lead removal
of 80% was recorded at pH 3.0. Efficiency of lead removal by RHA decreased to
45% as pH increased to 9.0. Freundlich, Langmuir, Temkin, and Dubinin
Radushkevich (D-R) isotherms performed acceptably well, with R? values of
0.954<R?<0.991, 0.965sR?<0.996, 0.949<R?<0.979, and 0.970<R2?<0.997,
respectively. Lead removal efficiency decreased from 75% to 50% as
temperature increased from 30 °C to 40 °C. The adsorption of lead by RHA was
by ion exchange in the acidic pH range and by physisorption in the alkaline pH
range. Thermodynamic studies revealed that the process was exothermic and
spontaneous and further confirmed the feasibility of the process with
-22.34<AG%<-24.94. The intraparticle diffusion model and the pseudo first order
kinetic model fit the experimental data very well, with average R? values of 0.985
and 0.987, respectively.
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INTRODUCTION

Heavy metals are regarded as priority pollutants due to their high mobility and persistence
in the environment. Their presence has caused severe environmental problems due to their toxicity,
even at low concentrations and insusceptibility to the environment. These heavy metals are not
biodegradable and tend to accumulate in living organisms, causing various diseases and disorders.
Lead is one of the three most toxic heavy metals that have dormant long-term negative impacts on
health, causing hepatitis, anemia, nephritic syndrome, brain damage, mental deficiency, anorexia,
vomiting, malaise, and encephalopathy (Deng et al. 2006). Lead affects human health and is a
possible cause of human cancer (Lin et al. 1996). The significance of lead in environmental health
has motivated numerous research works focusing on the use of cheap and available biosorbents to
remove lead from aqueous solution (Lugo-Lugo et al. 2009; Naiya et al. 2009a; Singh and Das
2012; Singh et al. 2015).

Adsorption is an excellent way to treat contaminated water, offering advantages such as
low-cost, greater availability, profitability, ease of operation, and effectiveness in reducing the
concentration of heavy metal ions to very low levels (Demirbas 2008). Though activated carbon
is the most popular and widely used adsorbent for heavy metal removal in water treatment
applications, it is expensive, and its cost increases with quality (Babel and Kurniawan 2003). The
need to reduce the cost of water treatment as well as minimize waste generation has led researchers
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to explore the adsorption capacities of several waste materials. Pollutants can be absorbed from
domestic and industrial wastewaters using materials of high internal surface area, with varying
degrees of success depending on the nature of the pollutants and the adsorbent employed. The
adsorption potentials of wood-based materials such as sawdust, wood stem, and wood bark have
also been investigated (Seki et al. 1997; Tan and Xiao 2009). The sawdust of poplar wood, papaya
wood, and Pinus sylvestris makes good heavy metal adsorbents (Saeed et al. 2005; Sciban et al.
2006; Sciban et al. 2007; Naiya et al. 2009c). Memon et al. (2007) used treated and untreated
sawdust to achieve about 97% of Cd(Il) removal within 8 min of contact. Agricultural wastes such
as orange peels (Li et al. 2007), banana peels (Annadurai et al. 2003), mango peels (Igbal et al.
2009), hazelnut shells (Cimino et al. 2000), peanut shells (Brown et al. 2000), rice husk, rice straw
and rice bran (Ajmal et al. 2003; Singh and Das 2012), and neem leaf (Sharma and Bhattacharya
2005; Singh and Das 2012) have been employed successfully to remove heavy metals from
wastewater. Crini (2006) outlined a number of other waste materials that have been effectively
used as adsorbents and their relative performances in dye removal.

Rice husk, an agricultural waste material, is a major by-product of the rice milling industry
and is one of the most commonly available lignocellulosic materials. The main components of rice
husk are cellulose (25 to 35%), hemicelluloses (18 to 21%), lignin (26 to 31%), silica (15 to 17%),
solubles (2 to 5%) and moisture (Luduena et al. 2011). Lignin, one of its major components, is a
natural amorphous cross-linked resin that has an aromatic three-dimensional polymer structure
containing phenolic, hydroxyl, carboxyl, benzyl alcohol, methoxyl, and aldehyde functional
groups (Sarkanen and Ludwig 1971), making it potentially useful as an adsorbent material for the
removal of heavy metals from water. Lignin consists of high quantity phenolic units and carboxyl
groups that have higher affinity for heavy metal ions. This study undertook a comprehensive
investigation of the physicochemical conditions for the adsorption of lead by rice husk ash (RHA),
a low cost bio-sorbent made from rice husk which is an agricultural waste material. Equilibrium,
thermodynamic and kinetic parameters were used to describe the sorption process.

EXPERIMENTAL

Collection of Sample and Activation of RHA

Rice husk was sourced from Adani rice milling station in Enugu State, Nigeria. The rice
husk was sun dried for about two weeks and incinerated afterwards at a controlled temperature of
about 800 °C for 6 h to obtain RHA. The ash was later sent to the National Geosciences Research
Laboratory Kaduna, Nigeria, for chemical characterization. The RHA was washed with de-ionized
water until no further impurities such as dust or residues were found and then dried in a vacuum
oven at 103 °C. The RHA was activated chemically by soaking and slurry for 2 h using 0.5 M
hydrochloric acid, followed by washing with de-ionized water and oven-drying for 3 h at 103 °C.
The oven-dried RHA was milled in a porcelain jar to reduce the mean particle size and increase
the specific surface area.

Batch Adsorption of Lead by RHA

The completely mixed batch reactor (CMBR) technique was used to investigate the
adsorption of lead from water. Seven standard lead solutions with concentrations of 10, 30, 50, 70,
90, 110, and 130 mg/L were prepared. The pH was adjusted to 3.0 using a buffer solution and pH
meter. Two hundred mg of adsorbent was added, stirred using mechanical shaker at room
temperature for 3 h, and filtered using filter paper. The lead remaining in solution was quantified
using a UV spectrophotometer (UV-1800 Shimadzu, Tokyo, Japan). All equipment and their
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accessories as well as reagents used were made available by the National Centre for Energy
Research and Development, University of Nigeria, Nsukka, Nigeria. The process was repeated at
pH 5, 7, 8, and 9. The unused and spent adsorbents were subjected to Fourier Transform Infrared
(FTIR) analysis. The removal efficiency (percentage of lead adsorbed) was estimated by Eq. 1,

% Removal = COC;C X100 (1)

0

where Coand Ce are the initial and final concentrations of lead in the solution (mg/L), respectively.
The optimum pH was noted. The adsorption experiment was repeated for the same range of lead
concentrations and the optimum pH at 30 °C, 35 °C, and 40 °C. The amount of metal adsorbed per
gram of the biomass was calculated as follows,

g =0 Cev @

m
where ge is the adsorption capacity at equilibrium (mg/g), m is the weight of adsorbent (g), V is the
volume of metal solution (L), Co is the initial metal concentration(mg/L), and Ce is the metal
concentration in solution at equilibrium (mg/L).

The experimental data were fitted to four isotherms namely: Langmuir, Freundlich, Temkin
and Dubinin Radushkevich (D-R) isotherms. Adsorption isotherms provide insight into the
sorption mechanisms, surface properties, and affinity of adsorbent (Khan et al. 2009). The
Langmuir isotherm better describes monolayer adsorption, which assumes that the adsorbent
surface is energetically homogeneous and that a monolayer surface coverage is formed with no
interaction between the molecules adsorbed (Couto et al. 2015). The Freundlich isotherm
recognizes the possibility of surface heterogeneity and intermolecular interactions between
adsorbed molecules. Temkin isotherm assumes a linear decrease of heat of adsorption with
coverage of adsorbent surface due to some indirect adsorbent/adsorbate interaction (Zheng et al.
2009). The D-R isotherm is generally applied to express the adsorption process occurred onto both
homogenous and heterogeneous surfaces (Chen 2015). Both the linear and nonlinear forms of the
four isotherms were used for fitting the results from the equilibrium studies (Table 1).

Table 1. Isotherm Models Fitted to Experimental Data

Isotherm Linear Form Nonlinear Form
Ce 1 Ce Ce
Langmuir —= +— Qe =0 Ky
g qe quL qm ¢ " 1+ KLCe
. 1
Freundlich Ing, =InKg +HC9 m = KFCel/n
g. =BInA+BInC,
i =BIn(AC
Temkin Where B _RT Qe ( e)
b
Inge =Ing _18‘92

) - _ .2

e

In Table 1, Ce (mg/L) is the amount of solute in solution at equilibrium, ge (mg/L) is the
amount of solute adsorbed per unit mass of adsorbent at equilibrium, gm (mg/g) is the monolayer
adsorption capacity, and KL(L/mg) is the equilibrium adsorption constant, which is a measure of
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adsorption affinity. Kr is the Freundlich constant, which is indicative of the relative adsorption
capacity of the adsorbent (mg/g), while n is the heterogeneous factor related to the adsorption
intensity of the adsorbent. The constant b (JJmmol) in the Temkin isotherm is related to the heat
of adsorption, A (L/mmol) is the Temkin isotherm constant, R is the universal gas constant with a
value of 8.314J/mol/K and T is absolute temperature, gs(mol/g) is the theoretical monolayer
sorption capacity and #(mol?/J%) is the constant which is related to the mean sorption energy (E).
The mean sorption energy E (kJ/mol) gives information regarding the nature of the adsorption
process. The value of E is estimated using the expression given in Eq. 3.

1
E:ﬁ (3)

Thermodynamic parameters were computed using the thermodynamic law given in Eq. 4,

0
AG® =—RTIn Ka (4)

where AG®(J/mmol) is Gibb’s energy change which is normally used to determine the feasibility
and spontaneity of the adsorption process and is given as Eq. 5, R is the universal gas constant
(8.314J/mol/k), T is absolute temperature (K), and Ka is the thermodynamic equilibrium constant.

AG® = AH? -TAS® (5)
Substituting Eqg. 4 into Eq. 5 yields Eq. 6,

AS®  AH?
InNK, =—-
R RT (6)

where AH? (J/mol) represents enthalpy change, which indicates whether the process is exothermic
(AH® < 0) or endothermic (AH® > 0) and AS°(J/mmol/K) is the change in entropy. The
thermodynamic equilibrium constant was taken as the Langmuir equilibrium constant, K. as
recommended by Liu (2009).

Kinetic Studies

For the kinetic studies, seven standard lead solutions with concentrations of 10, 30, 50, 70,
90, 110, and 130 mg/L were prepared, and the pH was adjusted to the optimum pH of 3.0. The
amount of lead adsorbed at various time intervals was recorded. Five sorption kinetic models were
used to model the rate of sorption of lead by RHA, including the first order kinetic, second order
kinetic, pseudo first order kinetic, pseudo second order kinetic, and the inter particle diffusion
models. The first order kinetic model assumes that the rate of sorption is proportional to solute
concentration while the second order kinetic model assumes that the rate of sorption is proportional
to the square of solute concentration. The first order kinetic model and its integrated form are given
respectively in Eq. 7 and Eq. 8.

dc _
dt
Ln% = Kt (8)

_KC (1)

The second order kinetic model and its integrated form are given respectively in Eq. 9 and Eq. 10,
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dC
= _KC? )
é Lk (10)

0

where C is the solute concentration in solution (mg/L) at time t (min) and K is the rate constant.
The pseudo first order kinetic model assumes that the rate of sorption is proportional to the deficit
in equilibrium concentration of solute in the adsorbent, as follows,

da,

M _ K(q - 11

pm (9. —a,) (11)
where q: represents the amount of solute adsorbed per gram of the adsorbent (mg/g) and ge is the
equilibrium concentration of solute in the adsorbent (mg/g). The term (ge — Q) represents the
sorption driving force. In the same vein, the integrated and linearized form of the pseudo second
order kinetic model is given in Eq. 12.

t 1 t

—= +— (12)
6 Ko

The inter particle diffusion model is given as Eq. 13,
g, = K vt +1, (13)

where Kp is the initial rate of inter particle diffusion and lq is the model constant.

RESULTS AND DISCUSSION

Characterization of Incinerated Rice Husk

When rice husk is burnt at 550 °C to 800 °C, a highly porous mass consisting mostly of
amorphous silica is formed. Rice husk is brownish in colour, but after burning at 800 °C, it
produced a grayish to whitish residue. The silica content of RHA used in this study was 72%. A
scanning electron micrograph of RHA is shown in Fig. 1, while the chemical composition is shown
in Tables 2 and 3. The internal structure of RHA contained a number of irregular pieces of
honeycombed multi-layered and angular orientation. The porous structure of RHA had a relatively
large specific surface area, and this morphological property is conducive to the uptake of metal
ions (Zhang et al. 2014).

Table 2. Chemical Composition of Rice Husk and RHA

Compound SiO2 AL202 P20s SOz NaO K20 CaO MgO TiO2 Fe20s LOI

RH (%) 416 <0.001 11.2 15 201 523 38 006 0.82 312 29.04

RHA (%) 72.2 <0.001 9.46 <0.001 084 1.7 294 08 0645 24 N/A
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Table 3. Rare Earth Metals in Rice Husk

Metal RH RHA Metal RH RHA
\% 0.001 0.01 Yb <0.001 0.02
Cr <0.001 0.001 Zr <0.001 <0.001
Cu 0.01 0.05 Eu <0.001 0.09
Zn 0.10 0.33 Hg <0.001 0.03
Ni 0.001 0.033 Rb 0.001 0.078
Sr <0.001 <0.001 Pb <0.0 <0.0

Fig. 1. SEM of RHA

Efficiency of Lead Adsorption by RHA

FTIR analyses confirmed the presence of functional groups, which played major role in the
adsorption process (Table 4). After adsorption some of the observed peaks shifted, while some
disappeared entirely, thereby confirming the occurrence of metal binding on the surface of the
adsorbent. The shifts from 3585.42 cm™ and 3107.4 cm™ for unused RHA to 3415.8 cm™ and
3169.08 cm* respectively for spent RHA suggest the participation of the O-H functional groups in
the process. There was also a shift from 1133.64 cm™to 1125.93 cm™* after adsorption, which can
be attributed to the C-O functional groups, while the shift from 1462.62 cm™ to 1395.78 can be
attributed to the C-H bending of alkenes. Chaouch et al. (2014) noted that the removal of metal
ions from an aqueous solution by adsorption is highly dependent on the solution pH. This also
affects the surface charge on the adsorbent and the degree of ionization and speciation of the
adsorbent. The solution pH determines both the predominant species and the net charge on the
surface of the adsorbent (Couto et al. 2015). Higher adsorption efficiencies were recorded at low
pH. The highest recorded lead removal efficiency was 80% at pH 3.0, which is equivalent to a
sorption capacity of 0.061 mmol/g (12.75 mg/g). The efficiency of adsorption decreased to 45%
atapH of 9.0. Figure 2 suggests that a unit drop in pH led to a 5% increase in adsorption efficiency.
Figure 2 also shows that the adsorption of lead by RHA was highly pH-dependent for dilute
solutions. In fact, adsorption process is generally pH and solute specific. Mashhadi et al. (2016)
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reported that the sorption of methylene blue by activated carbon made from rice straw attained
optimum performance at pH 7.0, while Agarwal et al. (2016) reported optimum pH values of 6.0,
8.0 and 9.0 for the sorption of methylene blue by E. strobilacea char, Ephedra strobilacea char,
and E. strobilacea char respectively. However, for a concentrated solution of 130 mg/L, the
adsorption process appeared to be independent of pH. Generally, higher removal efficiencies were
observed at lower adsorbate concentrations, but higher adsorption capacities were observed at
higher adsorbate concentration. Singh et al. (2009) also found that arsenic (I11) adsorption was
favoured at low solute concentration. Under certain conditions, there is an increase in removal
efficiency with increased pH (Chaouch et al. 2014; Zeng et al. 2015); at high pH, the adsorbent
surface assumes a net negative charge, which favours the attraction and subsequent adsorption of
positively charged ions.

Cozmuta et al. (2012) observed that lead complexes favoured at low pH have smaller
hydrated radii and are therefore more mobile than the normal lead ion. Moreover, as pH increases,
competition for adsorption sites ensues between the hydrogen ion and the lead ion, thus reducing
adsorption efficiency. This implies that pH has more effect on adsorption in dilute metal solutions
than in concentrated ones, as demonstrated by Fig. 2. Hence, two practical approaches for the
application of RHA to lead adsorption can be proposed. One approach is to dilute the solution to
about 10 mg/L for optimum removal efficiency. Alternatively, for better performance and
optimum utilization of the adsorbent, a concentrated solution can be subjected to batches of
adsorbent in sequence.

pH 3
pH 5
pH 7
pH 8
pH 9

100 A

80 A

thtee

60

Removal

40+

%
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0 T T 1
0 50 100 150
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Fig. 2. Plots of lead adsorption by RHA at different pH

Table 4. Identification of Main Functional Groups by FTIR

Band Position (cm™) Possible Assignment
Activated RHA Spent Activated RHA 9

486 455.16 S-S stretching of disulfides
578.52 - C-S stretching of disulfides
1133.64 1125.93 C-0O stretching of alcohols
1462.62 1395.78 C-H bending of alkenes
1627.08 1627.08 C=C stretching of alkenes

2028 - -NCS isothiocyanate
2999.46 - C-H stretching
3107.4 3169.08 OH stretching of carboxylic acids
3277.02 - O-H stretching of alcohols
3585.42 3415.8 O-H stretching of phenols
3785.88 -
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Isotherm of Lead Removal by RHA

Figures 3 and 4 show that all four isotherms described the adsorption mechanism very well
with 0.954<R?<0.991, 0.965<R?<0.996, 0.949<R?< 0.979 and 0.970<R’< 0.997 for Freundlich,
Langmuir, Temkin, and D-R isotherms respectively (Table 5). The parameters of both Freundlich
and Langmuir isotherms are plotted in Fig. 5. The parameters of the Freundlich isotherm (n and
K) generally decreased as pH increased. For the Langmuir isotherm, the monolayer adsorption
capacity (gm) increased as pH increased. However, this increase in monolayer adsorption capacity
was neutralized by the reduction in adsorption affinity as pH increased. Hence, though the
adsorbent had the capacity to accommodate more solute at high pH, the mechanisms that initiate
the adsorption of lead onto RHA were not favoured at high pH.

Table 5. Summary of Isotherm Parameters for Different pH using Linear and Nonlinear
Fitting

pH
Isotherm Parameter Nonlinear Fitting Linear Fitting
3 5 7 8 9 3 5 7 8 9

K 238 144 1.09 057 047 163 1.03 068 0.38 0.29
Freundlich n 248 200 1.83 148 1.40 1.96 1.69 149 1.28 1.20
R2 0.954 0.973 0.971 0.986 0.988 0.964 0.976 0.971 0.991 0.991
gm (Mmol/g) 0.076 0.081 0.083 0.108 0.115 0.074 0.079 0.084 0.111 0.126
Langmuir K. (L/mmol) 12.72 690 518 246 202 1398 7.48 504 237 175
R?2 0.987 0.981 0.986 0.995 0.996 0.993 0.976 0.977 0.980 0.965
B 312 331 343 360 361 312 331 343 360 3.61
Temkin A (L/mmol) 171.71 96.04 67.07 44.53 39.18 171.70 96.03 67.06 44.53 39.17
R2 0.979 0.965 0.970 0.949 0.949 0.979 0.965 0.970 0.949 0.949
B(x108mol?Jol?)  0.363 0.457 0.507 0.642 0.678 0.496 0.587 0.679 0.798 0.852
DR gs (mmol/g) 0.263 0.348 0.391 0.610 0.669 0.364 0.445 0.567 0.765 0.876
E (kJ/mol) 11.744 10.461 9.930 8.827 8.585 10.039 9.229 8.584 7.917 7.661
R?2 0.970 0.979 0.979 0.991 0.993 0.981 0.987 0.984 0.997 0.997

The maximum monolayer adsorption capacities ranging from 0.074 mmol/g (15.33 mg/g)
to 0.126 mmol/g (26.11 mg/g) were lower than those obtained for the adsorption of lead by the
sepiolite (30.5 mg/qg) as reported by Sharifipour et al. (2015) but they were much higher than that
(0.612 mg/g) obtained for the adsorption of lead from wastewater using RHA. Table 6 shows that
activated RHA had higher lead adsorption capacity than apricot stone and hazelnut husk but lower
adsorption capacity than cotton stalk and coconut shell. The values of the Freundlich number (n)
obtained in this study (Tables 5 and 7) are all greater than 1.0 which is indicative of the favorability
of the process. Value of n = 1 suggests that the partition of solute between solid and liquid phases
are independent, values of n > 1 indicate normal adsorption, while n < 1 indicates cooperative
adsorption (Mohan and Karthikeyan 1997). The value of n was highest at pH 3.0 with a value of
2.48 and lowest at pH 9.0 with a value of 1.40 (Table 5). This confirms that the adsorption of lead
by RHA was more favourable at low pH. Generally, Langmuir isotherm performed better than all
other isotherms in all cases for nonlinear fitting, while D-R isotherm performed better than the
other isotherms in all cases except at pH 3.0 for linear fitting. The linear Langmuir isotherm
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performed better than the others at pH. 3.0. Numerous studies have reported the suitability of the
Langmuir isotherm for describing adsorption of heavy metals to natural and synthetic adsorbents.
Naiya et al. (2009b) found that the sorption of Cd (1) and Pb (I1) by modified orange peel was
best described by Langmuir isotherm. Ghasemi et al. (2016a) also reported that the adsorption of
Ni by zeolite followed Langmiur isotherm. On the contrary, Naiya et al. (2009a) found that
Freundlich isotherm was more appropriate for the sorption of Pb(Il) by clarified sludge.

Table 6. Comparison of Lead Adsorption Capacity of RHA with Other Bio-sorbents

Adsorbent Adsorption Reference
Capacity (mg/q)
Soybean hulls 39.37 Johns et al. (1998)
Pecan Shell 64.2 Bansode et al (2003
Coconut shell 76.6 Kikuchi et al. (2006)
26.5 Sekar et al. (2004)
Apricot stone 22.85 Kobya et al. (2005)
21.38 Mouni et al. (2011)
Hazelnut husk 13.03 Imamoglu and Tekir (2008)
Palm nut shell 95.2 Issabayeva et al. (2006)
Soybean oil cake 476.2 Erdem et al. (2013)
Cotton stalk 119 Li et al. (2010)
Peanut shell 35.5 Xu and Liu (2008)
Rice husk ash 26.11 This study

Table 5 shows that the linear isotherms generally performed better than their nonlinear
counterpart except for the Temkin and Langmuir isotherms. While nonlinear Langmuir isotherm
performed better than its nonlinear counterpart at all pH except pH 3.0, the linear and nonlinear
Temkin isotherms yielded identical results, as can be clearly observed in Table 5.
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31 Freundlich
87 S
24 = °© Y - pH3
pH3 <L A
° £ - pH5
g PHS e 41 P
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Fig. 3. Linear fitting of adsorption isotherms at different pH
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Fig. 4. Non-linear fitting of adsorption isotherms at different pH

The effect of temperature on adsorption was studied at 30 °C, 35 °C, and 40 °C at pH 3.0.
For an initial lead concentration of 10 mg/L, the removal efficiencies were 75%, 60%, and 50% at
30 °C, 35 °C, and 40 °C, respectively. The decrease in lead adsorption efficiency by RHA as
temperature increased suggests that the process is exothermic and is therefore favoured at lower
adsorption temperatures. Table 7 in conjunction with Figs. 6 and 7 shows that lead adsorption onto
RHA followed a Langmuir isotherm for both linear and nonlinear fitting and all ranges of
temperatures studied except for temperature of 40 °C in which the linear D-R isotherm performed
better than others. Table 7 also shows that the Freundlich constant (n) decreased from 2.31 at 30
°C to 1.68 at 40 °C for nonlinear fitting and from 1.79 to 1.33 for linear fitting. Hence the value of
n was inversely proportional to temperature which implies that the process became less favourable
as temperature increased. The favourability of the process was further investigated using the
dimensionless parameter R. estimated by Eq. 14, where R = 0 suggests that the adsorption process
is irreversible; 0 <RL< 1 denotes a favourable process; RL = 1 suggests that the process is linear;
and R.> 1 suggests that the adsorption process is unfavourable (Zeng et al. 2015).

R, = !
1+bC,

(14)

The dimensionless parameter Ri increased from 0.66 at 30 °C to 0.87 at 40 °C. Over the three
ranges of temperature studies, Rc increased by approximately 0.105 for every 5 °C increase in
temperature. Following this trend, the value of RL will exceed 1.0 at about 47 °C, at which point
the adsorption process becomes unfavourable.
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Table 7. Summary of Isotherm Parameters at Different Temperatures

Temp(K)
Isotherm Parameters 30°C 35°C 40°C 30°C 35°C 40°C
Non Linear Linear
K 2.01 1.46 0.77 1.285 0.731 0.430
Freundlich n 2131 2.07 1.68 1.79 1.49 1.33
R2 0.941 0.929 0.968 | 0.964 0.944 0.965
g (MMol/g) 0.077 0.077 0.083 | 0.075 0.080 0.091
Langmuir K, (L/mmol) 10.07 7.25 3.91 | 10.80 6.31 3.20
R2 0.983 0.983 0.982 | 0.9881 0.9682 0.939
B 3.27 3.49 3.37 3.27 3.49 3.37
Temkin A (L/mmol) 12550 73.25 49.89 | 12550 73.25 49.89
R2 0.968 0.979 0.968 | 0.968 0.979 0.968
,3(X10'8 m0|2/J0|2) 0.40 0.45 0.56 0.55 0.68 0.77
0.288 0.321 0.423 0.420 0.609 0.680
D-R gs (mmol/g)
E (kJ/mol) 11.248 10.550 9.454 | 9.547 8.574 8.070
R2 0.957 0.948 0.975 | 0.9797 0.9641 0.978
Freundlich Parameters Langmuir Parameters
2.5 0.141 -0.08
~ 2.0
% __0.124 [0.06 =
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Fig. 5. Parameters of (a) Freundlich isotherm and (b) Langmuir isotherm

The nature of the sorption process was investigated using the mean sorption energy (E)
estimated with Eq. 3. The mean sorption energy ranged from 8.85 kJ/mol at pH 9.0 to 11.74 kJ/mol
at pH 3.0 for nonlinear fitting and from 7.66 kJ/mol at pH 9.0 to 10.04 kJ/mol at pH 3.0 for linear
fitting. Similarly, the mean sorption energy ranged from 9.45 kJ/mol at 40 °C to 11.25 kJ/mol at
30 °C for nonlinear fitting and from 7.66 kJ/mol at 40 °C to 10.04 kJ/mol at 30 °C for linear fitting.
These values are similar to those obtained by Naiya et al. (2009a) for the sorption of lead by
clarified sludge (11.8 kJ/mol) and Lugo-Lugo (2009) for the sorption of lead by orange peel (10.17
kJ/mol). Values of E < 8 kJ/mol indicate physical adsorption, 8 kJ/mol < E < 16 kJ/mol signify an
ion exchange process, E < 20 kJ/mol < 40 kJ/mol signify chemisorption (Ghasemi et al.
2016b).The values of E obtained in this study suggest that the sorption of lead by RHA is an ion
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exchange process at low pH but becomes a physical process at high pH (Table 5). Table 7 shows
that sorption process approaches physisorption as temperature increases. Going by the linear fitting
of the D-R isotherm, the adsorption process was by ion exchange in the acidic pH range and
physical sorption in the alkaline pH range.
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Fig. 7. Non-linear fitting of adsorption isotherms at different temperatures
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Thermodynamics of Lead Adsorption by RHA

The values of AG? at various temperatures were calculated using Eq. 4, while the values of
AHC and AS° were, respectively, obtained from the slope and intercept of the plot of InKL versus
1/T (Fig. 8). Values of AG® obtained for the various temperatures considered ranged between -
22.34 and -24.94kJ/mol. The negative values of AG? indicate that the adsorption of lead to RHA
is both feasible and spontaneous, thereby confirming the favourability of the process. It should be
noted that the process is more energetically favoured at lower temperature as portrayed by the
increasing negative values of AG® as temperature decreases (Table 8). The negative values of AH°
obtained reveal that the process is exothermic. Tran and Chao (2016) observed that exothermic
adsorption processes that release heat to the surrounding involve either physisorption or
chemisorption or both, while endothermic adsorption processes unequivocally indicate
chemisorption. Several adsorption studies reported the same range of thermodynamic values (Liu
2009; Tran and Chao 2016; Ghasemi et al. 2016a). The negative values of AS® suggest that the
sorption process is enthalpy driven and that an increased disorder at the solid/liquid interface
caused the adsorbate ion/molecules to escape from the solid phase to the liquid phase (Ghasemi et
al. 2016a).

10 1
=& Nonlinear
- |inear
9-
-
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| 8 -
7-
1 1 T 1
0.0028 0.0029 0.0030 0.0031 0.0032

/7T

Fig. 8. Plot of LnKL against 1/T

Table 8. Thermodynamic Parameters Calculated with K. from Linear and Non-linear
Fitting of Langmuir ilsotherm

AG AS AH AG AS AH
T (K) (kJ/mol) R? (J/mol/K) (kd/mol) (kJ/mol) R? (J/mol/K) (kJ/mol)
Non-Linear Fitting Linear Fitting
30°C -24.75 -24.94
35°C -24.24 0.967 -184.45 -84.46 -23.86 0.994 -259.95 -108.8
40°C  -22.90 -22.34

Kinetics of Lead Removal by RHA

All five models fitted the data adequately with R? values ranging between 0.91 and 0.995
(Fig. 9). A summary of the performance of the models for different lead concentrations are given
in Table 9. The pseudo second order and first order kinetic models were found to best describe the
rate of sorption for dilute lead solution (Co = 10 mg/L) with R? = 0.978).
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First Order Kinetics

Pseudo First order kinetics 2.5
' =&~ 10mg/l
s - 10mg/l ) o = 50mg/l
& 50mg/l —4— 70mg/l
2 —_
== 70mg/l O 154 =¥ 130mg/l
= -*- 130mg/l o
5 \ 5
5 -}
5o -
200 0.57

-1 t(mins)
0.0 1
5 0 100 200 300
T(mins)
Second Order Kinetics Second Order Kinetics (10mg/l)
0.087 1.57
- 50mg/l
—
0.06 70mg/l
¥ 130mgl/l 1.0 [ ]
154
—
0.5 °
1 0.0 T T 1
300 0 100 200 300
t(mins) t(mins)
Pseudo second order kinetics Interparticle difussion model
1507  _e 10mg %7 e 10mgn
& 50mg/l - 50mg/l
= 70mgl/l 109 = 70mg/l
100 A
—¥= 130mg/l -+ 130mg/l
g 5 51
50
01 T T T
5 10 15
sqrt (t)
0 1 -5+
0 100 200 300
t(mins)

Fig. 9. Plots of kinetic models for lead adsorption by RHA
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The second order and the pseudo first order kinetic models were more suitable for
intermediate lead concentrations of 50 mg/L and 70 mg/L, respectively. The interparticle diffusion
model best described sorption at higher lead concentration (Co = 130 mg/L), with an R? of 0.99.
The first order, second order and pseudo second order sorption rate constants decreased as initial
lead concentration increased while the intraparticle sorption rate constant increased with
concentration. However, the pseudo first order sorption rate constant increased from 0.0113 min°
L at an initial lead concentration of 10 mg/L to a maximum value of 0.155min"* at 50 mg/L and
then decreased to 0.0128 min at 130 mg/L. The values of the Kinetic rate constants fall within the
range reported by other researchers. Sharifipour et al. (2015) reported that the pseudo first order
sorption rate constant for the sorption of lead was 0.0046 min™ and 0.0023 to 0.0046 m™ for
sepiolite and zeolite respectively, while the pseudo second order sorption rate constant was 0.0032
to 0.005g/mg/min and 0.0045 to 0.0066 g/mg/min for sepiolite and zeolite respectively. These
values are clearly far below the pseudo first order rate constants but fall within the pseudo first
order rate constants obtained in this study. However, Hikmat et al. (2014) obtained first order
sorption rate constants which are far above those obtained in this study.

The overall performance of the kinetic models is presented in Fig. 10, showing that the
pseudo first order kinetic and the inter particle diffusion models performed better than the other
kinetic models. The discrepancies in the performance of the models can be attributed to their
structural differences. While the first order and second order kinetic models focus on what is
happening in the liquid phase, the pseudo first order, pseudo second order, and inter particle
diffusion kinetic models focus on what is happening in the solid phase within the adsorbent. Hence,
at a low concentration where solute might be a limiting factor, the first order and second order
kinetic models perform better. However, at high solute concentration, the sorption process is
controlled by the availability of sorption sites in the adsorbent, thus favouring pseudo first order,
pseudo second order and inter particle diffusion kinetic models.

099 -

098 -
097 -
096 -
095 1
094 -
093 T . . ———

FirstOrder ~ SecondOrder  PseudoFirst PseudoSecond Interparticle
Order Order  Diffusion Model

Average R squared

Fig. 10. Comparison of average performance of kinetic models
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Table 9. Sorption Rate Constants of Various Kinetic Models for Different Lead
Concentration

Initial Pseudo first Pseudo second Intraparticle

. First order order Second order order diffusion

Concentration K K K K K

(ma/l) (min) R? (minl) R? (Umgmin) R® (gimgmin) R? (gimgminl) R?
10 0.0084 0.978 0.0113 0.975 0.0033 0.926 0.0138 0.978 0.135 0.969
50 0.0045 0.980 0.0155 0.991 0.00017 0.995 0.0011 0.946 0.588 0.992
70 0.0034 0.958 0.0137 0.994 0.000084 0.988 0.0025 0.970 0.645 0.987
130 0.0021 0.978 0.0128 0.988 0.000021 0.991 0.00061 0.909 0.915 0.993

CONCLUSIONS

1. The threat posed by lead in industrial wastewater can be curtailed by using acid-treated rice

husk ash (RHA) as a cheap and abundantly available adsorbent.

2. By controlling physicochemical parameters such as pH, temperature, and initial lead

concentration, a high lead removal efficiency by RHA can be achieved.

Low pH and moderate temperatures favour the adsorption of lead onto RHA.

The effect of pH on the adsorption process was more pronounced in dilute solutions.
The sorption of lead by RHA is a feasible and spontaneous exothermic process
Langmuir, Freundlich, Temkin, and D-R isotherms fit the experimental data very well.

N o o bk~ w

the alkaline pH range.

The sorption process occurs by ion exchange in the acidic pH range and by physisorption in

8. The pseudo first order kinetic and the inter particle diffusion models described the rate of

sorption acceptably.
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