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Introduction

Heavy metals are metallic elements that have relatively high densities of >5 g/cm3; many metals are needed by plants at
micronutrient level while some of them (zinc, copper, selenium) are needed essentially by humans for adequate metabolism
while some (cadmium, mercury, chromium, arsenic, thallium, and lead) in their low concentrations are poisonous or toxic
to lives [1,2]. Lead metal ion like other heavy metals enters human bodies through potable water (lead piping), food and air
(dust and rains) and then bioaccumulate. The duration and level of exposure of humans to this metal determines the in-
tensity of effect caused. Saturnism or Lead poisoning may affect nervous system, kidneys, reproductive system, hemoglobin,
joints, cognitive capability and children neuropsychological development [3,4].

Petrochemical and metallurgical processes, mining, electroplating, plastic, batteries, paper and pulp, and paint manufac-
turing wastewaters are major sources of lead pollution in the environment [5]. In many developing countries, lead exposure
from mining activities is considered the primary source of the metal because the operation involves crushing, grinding and
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flotation extraction processes of mineral ores which result into generation of huge volumes of wastewater and dust particles
highly contaminated with lead element that further pollutes the surrounding environment [4].

The removal of heavy metals from contaminated soils can be achieved by various treatment methods such as chemi-
cal precipitation, ion exchange, and electrochemical removal. These processes which are generally known as conventional
treatment methods have several disadvantages mainly due to high energy requirements, capital cost and low efficiency [6].
Remediation of lead ions poisoning have been undertaken by many researchers from polluted waters through batch [7] and
column adsorption studies [8]. The quest for optimum removal of lead from wastewater engineered the study of various
adsorbents viability with a view of getting a more efficient material.

Biodegradable, biocompatible, low toxic, renewable, deacetylated chitin product, chitosan has been widely applied for
treatment of various effluents [9]. Chitosan-tripolyphosphate (CTPP) beads have been investigated for removal of Pb(Il) and
Cu(Il) ions from aqueous. Thermodynamic analysis of the process revealed that the lead ion adsorption on the acidic (pHzpc
4.0) CTPP adsorbent was spontaneous, endothermic and had adsorption capacity of 57.33 mg/g. However, the chitosan flakes
sample was purchased (Chito-Chem (M) Sdn. Bhd, Malaysia) and not synthesized [10].

Due to the sensitive nature of Pb (II) ions at very low concentrations, carbon nanotubes which is a chemically stable
high surface area adsorbent that has reliable mechanical strength and which is very effective for determination of trace
elements in solution or pre-concentration, have been applied [4,11]. Multi-walled CNTs (MCNTs) was produced, dispersed
in grapheme oxide (GO) and further modified with di-ethylenetriamine (DETA),resulting in the GO-MCNTs-DETA used for
the extraction of Pb (II) ions from wastewater. The adsorption of Pb (II) ions on GO-MCNTs-DETA adsorbent gave 6.6 mg/g
adsorption capacity at a pH 4 [12].

Modified and unmodified cellulose have been applied for removal of heavy metal ions from wastewater. The unmodified
cellulose adsorbent is characterized with variable physical stability and low heavy metal adsorption; halogenation, esterifica-
tion, etherification and oxidation are some methods used to modify cellulose materials to enhance its adsorptive capability
towards heavy metals [1]. A grafted copolymerization of acrylic acid onto wood pulp through *-irradiation method was used
for removal of Pb (II) and other metals from solutions and it gave maximum adsorption capacity of 6 mg/g for Pb ions [13].

Biosorption has recently attracted a considerable amount of attention as an alternative method used for the removal and
recovery of toxic metals due to numerous advantages such as low sludge production, low investment, and operational cost
and above all higher efficiency [14]. Thus, locally generated agricultural wastes such as cotton biomass have been tested in
the production of activated carbon in many developing countries, though very few research works have been published in
this regard [15].

This study focuses on the use of plant-based adsorbent produced from cotton seed hull for the adsorption of Pb (II) ions
found in gold mining liquid effluent. Fixed-bed column flow adsorption experiment was conducted to investigate the effect
of flow rate, bed height, and initial metal ion concentrations on breakthrough curves as well as adsorption kinetics of the
Pb (II) ions in the mining waste solution onto the adsorbent.Some dynamic models were tested to further investigate the
best fitted model to the empirical data generated.

Materials and method

The cotton hull (tough outer covering of cotton seed) was obtained from Funtua in Katsina, Nigeria. Sulphuric acid (98%),
sodium carbonate (99%) were purchased from Gunsdong Chemicals-China, and Finar limited Gujarat-India, respectively. The
chemicals were of analytical grade and used without further purification.

Preparation of cotton hull adsorbent

The cotton hull was obtained using a method reported by [16]. Typically, the cotton seed was sun dried to facilitate
complete removal of fuzz from it and then delinted with H,SO,4 at 100 mL/kg for 3 min and subsequently rinsed with
deionized water. The delinted cotton seeds were neutralized with 2% Na,CO5 for 15 min, thoroughly washed with deionized
water and then dried until 12% moisture content was attained. The dried seeds were de-hulled with the aid of mortar and
pestle, sieved using 1-2 mm mesh size and handpicked to obtain hull free cotton seeds. The hull obtained was further dried
at 105 °C for 12 h, pulverized, sieved using 500 pym mesh size and then packaged in air-tight sample pack for further use.
The 500 pm pulverized sample was tagged cotton hull adsorbent CHA.

Characterization of cotton hull adsorbent

The morphology of the CHA was examined using scanning electron microscope DSM 9872 Gemni. A thin layer of the
CHA was placed on the aluminum specimen holder with the aid of a double-sided tape coated with gold (AU) to about
3 nm thickness. The micrographs were recorded at various magnifications (500, 1000, 2000, 5000 and 10,000). To determine
the functional groups present in the CHA, Fourier Transform Infra-Red (FTIR) spectroscopy Diamond ATR Agilent Cary 630.
The CHA was mixed with potassium bromide (KBr) at 1:19, placed under hydraulic pressure equipment and pressed to
prepare disc of the sample for analysis. The spectrum at 650-4000 cm~! range CHA sample disc were determined and
compared with the inbuilt library data for identification of the functional groups present. The surface area and porosity of
the CHA were determined by Nitrogen adsorption procedure using Brauneur Emmett Teller BET (NOVA 4200E) analyzer. The
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sample was first outgassed under vacuum at 200 °C for 3 h to remove contaminants and moisture content from it. The
degassed sample was cooled before transferring it to a firmly fixed analyzing station of the equipment for further action
using Nitrogen adsorption at 77 K.

Fixed-bed adsorption column study

A glass column measuring 30 cm and a diameter of 3 cm was used as the fixed-bed column. Glass wool layer was used
at the bottom and top of the column support the CHA sample. To study the effect of CHA dosage different bed height of
2.7, 4 and 7 cm were used; while 5, 7.5 and 10 mL/min influent were varied to study the effect of lead effluent flow rate.
More so, 50, 65 and 85 mg/L were used to study the effect of concentration on the breakthrough curves. An upward flow
of the effluent into the column was adopted with the aid of peristaltic pump (Longer BQ50-IJ). Samples of the column ex-
periment were collected at different time intervals and the residual concentration tested with the aid of Atomic Absorption
Spectrophotometer until breakthrough point of the adsorption process was attained.

The effect of pH on the column adsorption was studied by using 0.1 M HCl solution to vary the solution pH from 2-10 in
five different 250 mL capacity Erlenmeyer flasks at volume of 50 mL. The flasks were placed in a shaker set at 200 rpm. The
residual concentration of the initial 85 mg/L lead effluent was determined after 2 h using Atomic Absorption Spectropho-
tometer.

Process evaluation of fixed-bed adsorption

The performance of a fixed-bed column was described through the concept of the breakthrough curve. The loading be-
havior of metal ions to be adsorbed from solution in a fixed-bed operation was expressed in terms of C; /C, as a function
of time or volume of the effluent for a given bed height [17].

The total effluent volume treated by column adsorption was obtained using Eq. (1)

Verr = Qlroral )]

Where, Q is the volumetric flow rate (ml/min), V. is the total effluent volume (ml), iy, total flow time (min), G and G
the feed effluent and influent concentration (mg/L) respectively.

The total mass of metal ions adsorbed in Column adsorptionq,, for a given feed concentrationand flow rate is equal to
the area under the plot of the adsorbed metal concentration C,y (mg/L) versus. t(min) as given by Eq. (2)

t=troral

Q
Qtotal = 1000 / Caqdt (2)
t=0
The total ions sent into a fixed bed column, My, (Mg):
GQt
Myotal = 01076%(11~ (3)

Where C, is the influent concentration (mg/l) and t;.,;, the total time of flow (min)
Percentage removal (% R) of Lead ions by column sorption was determined using Eq. (4)

% R = dtotal 190y (4)
Myotal
The amount of metal ions adsorbed at equilibrium, ge (mg/g) was calculated by Eq. (5)
g = Jrol (5)

where m is the mass (g) of the adsorbent material
The adsorbent exhaustion rate, R; (g/ml) was obtained using Eq. (6)

_m
Vi
Where Vy;, (ml) is the volume of effluent treated at breakthrough

Rq

Results and discussions
Analysis of Kagara mining effluent

Elemental composition of the liquid effluent from Kagara mining site using Atomic Absorption Spectrophotometer re-
vealed the presence of Zinc, Copper and Lead as shown in Table 1. Lead element was higher (85 mg/L) compared to other
components. The disposal of such effluent poses significant threat to the environment and public health due to lead toxicity
and its accumulation in the food chain [18]. Kagara mining effluent requires treatment using an inexpensive eco-friendly
adsorbent before its discharge to the environment.
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Table 1
Composition of Kagara gold
mining effluent.

Parameter Value
pH 7.4
Lead (mg/L) 85
Copper (mg/L)  2.5861
Zinc (mg/L) 0.4218

(a) (b)

Fig. 1. Micrographs of cotton hull adsorbent before (a) and after (b) adsorption of Pb (II) ions.

Scanning electron microscopy (SEM) of cotton hull adsorbent (CHA)

The morphological structure of CHA before and after adsorption was determined using scanning electron microscopy
analysis and the micrographs are presented in Fig. 1. At magnification of 5000 pm, the CHA surface texture and morphology
were revealed clearly. Prior to the use of the CHA for adsorption operation, the pristine adsorbent surface was smooth and
traces of microscopic pores and crevices. The CHA after adsorption became uneven and rough. The irregular appearance with
formation of white layers could be attributed to presence of lead ions and foreign molecules deposition emanating from the
effluent or weathering of the CHA by the flowing inlet solution during the column adsorption process [10].

Fourier transform infra-red analysis of CHA

The functional groups of CHA before and after adsorption were determined by FTIR spectroscopy analysis. Typically,
peaks at wavelength of 3350, 1650 and 1200.2 cm~!, are attributed to the presence of OH stretching, OH bending and
C-0-C anti-symmetric stretching, respectively which are present in the CHA before and after usage for adsorption. The
CHA before adsorption revealed five short bands within the range of 3947.3 and 3503.7 cm~! which was associated with
stretching vibrations of OH groups found in modified mesoporous carbon materials [19]. These short troughs within 3947.8
and 3503.7 cm~! almost disappeared upon adsorption of Pb(Il) ions on its surface except for the 3332.2 cm~! peak. The
presence of the OH~ group enhanced the removal of Pb (II) through the surface reaction between the hydroxyl terminal and
the Pb (II) [20]. This was further asserted by the presence of C-O functional groups which are polar in nature imparting high
hydrophobicity on the adsorbent and generally exhibit high coordination with heavy metals, especially cations. Observation
of the CHA surface after adsorption showed the shifting or vibration of some functional groups. There was a clear shift
of wavenumber from 1699.7 to 1703.4 cm~!, and 1580.4 to 1595.3 cm~! due to high OH of water present in the spent
adsorbent introduced by the effluent solution during the adsorption experiment. The finger print region vibrations in the
range of 1025 to 670.2 cm~! indicated interaction between Pb (II) ions with C-0, CH, and C-OH vibrations of the carbon
materials (CHA).
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Table 2
Vibrational modes assignment to components of fresh and Pb (II) loaded cotton hull.
Band assignment Fresh adsorbent wave number (cm~!)  Pb(ll) loaded adsorbent wave number (cm~1)
OH stretching 3947.3 to 3503.7 All disappeared only 3332.2 left
C=C symmetric stretch 2366.9 and 2050.0 2366.9 Disappeared but 2050shifted to 2113.4
C = C stretch 2016.5 and 1986.7 2016.5 disappeared but 1986.7shifted to 1997.9
OH bending and C = O stretching  1699.7 and 1580.4 1699.7 shifted to 1703.4 and1580.4 cm~! to 1595.3
H-C-H and O-C-H 1420.1
C-0-C antisymmetric stretching 1200.2 cm~! and 1155.5 1200.2 unchanged while1155.5 shifted to 1159.2
C-0 stretch 1025 1028.7
Table 3

Physico-chemical characteristics of cotton
hull adsorbent.

Parameter Value
Apparent density (g/mL) 0.42
BET Surface area (m?/g) 139.8
Micro-pore volume (cm3/g)  0.0217
Pore radius (A) 9.237

The C-0-C antisymmetric stretching of pyranose ring and glycosidic linkage revealed that these functional groups par-
ticipated weakly in the adsorption experiment. This was due to the insignificant change observed in the spectra for the
functional groups. A summary of the activities of the functional groups of the CHA before and after Pb (II) ion removal are
summarized in Table 2.

The cotton hull adsorbent BET parameters analysis

The Brauneur-Emmet-Teller (BET) nitrogen adsorption result for the cotton hull sample is presented in Table 3. Specific
surface area, pore volume and pore size of the cotton hull were determined in the BET analysis. Apart from the functional
group playing vital role in the adsorption process, the extent of adsorption is also, related to the specific surface area of
the adsorbent making its determination important in the study of adsorption process. The cotton hull material investigated
exhibited a relatively high surface area of 139.8 m2/g compared to some untreated agricultural adsorbents such as soy meal
hull with 0.7623 m2/g [21] and cotton seed shells with specific surface area 124.35 m?2/g [22]. The large specific surface
area of the CHA showed (Table 3) that it contributed to high Pb (II) ions adsorption on the adsorbent. The high adsorption
ability of the CHA was attributed to the larger micropore size of 9.237 A of the adsorbent which allowed smaller lead atoms
(3 A diameter) to easily permeate its surface. However, the pore volume of CHA of 0.0217 cm3/g presented in Table 3 could
not retain large volume of the adsorbed heavy metal ions. Apparent density of the CHA was determined to evaluate the
suitability of the adsorbent for water treatment processes. High apparent density value of the CHA materials of 0.42 g/mL
suggests its feasibility for adsorption [23].

Analysis of effect of pH on lead ion adsorption

A pH 2 to 10 range was used to study its variation effect on the lead ion adsorption on CHA and the results presented
in Fig. 2. The study of the removal of lead ion by CHA from the wastewater effluent revealed excellent uptake within the
range of pH investigated. However, lower pH 2 did not promote the adsorption process which may be attributed repulsive
activities between the increased hydrogen ion on the CHA and the lead ion present in the solution [24]. At pH>2, the greater
number of the CHA functional groups promoted higher Pb (II) ion adsorption as can be seen in Fig. 2. At pH 5 and above
for lead ion solutions, several hydroxyl low soluble species such as Pb(OH), can be formed [25].

Column adsorption parameters studies

Effect of feed flow rate on breakthrough

The effect of inlet flow rate on lead ion adsorption was investigated by varying the feed flow rate (5, 7.5 and 10 mL/min)
at constant bed height (4 cm) and inlet concentration (50 mg/L) as shown on the breakthrough curve in Fig. 4. The break-
through point is that point in the adsorption zone of the column when the concentration of the pollutant, Pb (II) ions is
observed in the outlet effluent. From this zone, adsorption is complete and the concentration of pollutant in the bed varies
from 100% to approximately 0% of the initial concentrations. The breakpoint time is that time at which breakthrough oc-
cur. This adsorption zone moves downwards through the bed in relation to time until the breakthrough occurs. When the
zone reaches the end of the bed, the pollutant in the effluent cannot be adsorbed any longer. This moment is called “sat-
urated breakthrough” the plot obtained after this point gives the concentration history and is called breakthrough curve.
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Fig. 2. The FTIR spectra of cotton hull adsorbent before (a) and after (b) Pb (II) ions adsorption.
Table 4

Evaluation of adsorption parameters using experimental data.

Q (ml/min)  Conc(mg/L)  Bed height (cm)  ge, exp(mg/g)  tom(min)  Vy(ml)  fpear(min)  grorai(mg) % removal R, (mg/ml)

5 50 4 27.65 3120 3605 721 780 50.68 3.967
7.5 50 4 25.58 2160 3600 480 810 45.16 3.972
10 50 4 19.56 1920 2400 240 960 29.14 5.958
5 65 4 24.01 2400 2400 480 780 44.02 5.958
5 85 4 20.05 1920 905 181 816 35.14 15.8

5 50 2.7 20.95 2160 310 62 540 41.12 34.19
5 50 7 23.81 3600 6060 1212 900 69.83 4.356

ge experimental average = 23.09 mg/g and g. theoretical average = 21.60 mg/g.

The breakthrough points time obtained were 721, 480 and 240 min for corresponding flow rates of 5, 7.5 and 10 mL/min;
and saturated breakthrough time decreasing from 3120, 2160 and 1920 min, respectively. Increase in the flow rate from 5 to
10 mL/min led to decrease in percentage removal of Pb ions from 50.68 to 29.14%. Insufficient residence time of the effluent
in the fixed bed operation due to high flow rate hog-tie the adsorption activities in the column. The breakthrough point and
column saturation capacity times both decreased with increased in flow rate as presented in Table 4. These observations
were in agreement with previous work reported on fixed-bed adsorption studies [26]. Graphical display of the effect of in-
fluent flow rate variation on the adsorption activities are presented in Fig. 3. Steeper profiles connoted lower percentage
removal, breakthrough time, column saturation time and residence time. Potentials of Pb ions (solute) leaving the fixed bed
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Fig. 5. Effect of initial influent concentration on Lead ions adsorptions.

column (outlet) was high at insufficient residence time which yielded lower adsorption capacity. A higher and outrageous
flow rate promotes convective agitation and decrease in the thickness of the liquid film of the adsorbent [27].

Effect of initial concentration on Pb ion adsorption on CHA

Initial influent concentration variation (50, 65 and 85 mg/L) effect on breakthrough curves was studied at fixed flow rate
(5 mL/min), pH 5 and bed depth (4 cm). The resulting breakthrough curves and adsorption parameters are presented in Fig. 5
and Table 4, respectively. Lower influent concentration gave longer breakthrough point time and CHA column exhaustion
time which gave higher adsorption capacity as compared with higher initial Pb (II) ion concentration (Table 4). High mass
of solute per unit area impinges on the surface of the adsorbent whenever fresh influent appears over the bed and the
primary adsorption zone mobilizes rapidly across the bed. However, these activities are more prominent at higher influent
concentration resulting to faster breakthrough point and column saturation appearance. The higher percentage removal of
the Pb ion at lower influent concentration despite a decrease in the diffusion coefficient or the mass transfer coefficient is
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Fig. 6. Effect of bed height on Lead ions adsorption.

Table 5
Thomas model parameters at different conditions using regression analysis.

Qr (ml/min) ~ Conc(mg/L)  Bed height (cm)  fi(min) Ve (ml)  Kry (ml/mg.min) gy (Mg/g)  ge, exp(mg/g) R

5 50 4 3120 15,600 0.042 27.25 27.65 0.9021
7.5 50 4 2160 16,200 0.036 18.93 25.58 0.7883
10 50 4 1920 19,200 0.054 14.9 19.56 0.7741
5 65 4 2400 12,000 0.046 23.02 24.01 0.9551
5 85 4 1920 9600 0.068 22.92 20.05 0.9028
5 50 2.7 2160 10,800 0.07 19.7 20.95 0.7674
5 50 7 3600 18,000 0.068 24.46 23.81 0.9261

due to the presence of ample and optimum solute molecules present in the solution that were gradually and consecutively
adsorbed by the commensurate yearning active sites present on the CHA [28].

Effect of bed height on CHA adsorption

Variation of bed height connotes variation of active sites of the adsorbent per unit mass. The bed height of the CHA
adsorbent was varied (2.7, 4, & 7 cm) at fixed influent flow rate (5 mL/min) and concentration (50 mg/L) to study its effect
on the Pb ion adsorption operation. The breakthrough profiles and the parameters are presented in Fig. 6 and Table 4.
Longer bed heights (7 cm) increased the specific surface area of the CHA which provided more fixations of the cations with
active binding sites for promotion of the adsorption activities. This resulted to higher adsorption capacity (27.65 mg/g) due
to larger service area of CHA, higher volume of the treated Pb effluent, longer breakthrough point and column saturation
time, and less steeper slopes of the breakthrough curve [8].

Dynamic column adsorption models analysis

The time for breakthrough appearance and the shape of the breakthrough curve are very important features for deter-
mining the operation and the dynamic response of an adsorption column.

Evaluation of Thomas model for Pb ion adsorption on CHA

The Thomas Model parameters for the removal of Pb ions on the surface of CHA adsorbent are presented on Table 5.
It was observed that increase in the initial influent concentration was directly proportional to the increase in the Thomas
model constant Ky, (0.042 to 0.068 mL/mg.min) but inversely proportional to the decrease in uptake capacity gy, (27.25 to
22.92 mg/g). When fluid flow rate increases, there is always a tendency of high system turbulence which minimizes film
diffusion effects and hence low solute ions uptake. Table 5 reveals that the difference between the average experimental
uptake (23.09 mg/g) and the average value predicted from Thomas model (21.60 mg/g) can be considered insignificant and
the correlation values were reasonably high (0.7674 < R2< 0.9551).

Application of Yoon-Nelson in investigating adsorption data

The Yoon-Nelson adsorption model parameters kyy and 7 for Pb ions removal by CHA are presented in Table 6. It was
observed that at constant flow and bed length, values of model constant, kyy were found to increase from 0.0021 to 0.0058
per minute with increase in initial concentration but the time required to retain the Pb ion breakthrough of 50% (min)

denoted by “t” values instead decreased [29]. The greater change in values of the Yoon-Nelson rate constant, kyy when
the inlet lead concentration is made higher may be related to the increase in the forces that control the mass transfer
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Table 6
Adsorption data to investigate fitness of Yoon-Nelson.
Qf(ml/min)  Conc.(mg/L)  Bed height(cm) Kyy (1/min) T(min) R> T exp (Min)
5 50 4 0.0021 1559.2857  0.9031 1442
7.5 50 4 0.0017 751.8823 0.7881 960
10 50 4 0.0027 417.6296 0.7661 480
5 65 4 0.003 1009.4667  0.9551 960
5 85 4 0.0058 768.5345 0.9028 362
5 50 2.7 0.0034 1098.0294 0.7865 124
5 50 7 0.0034 2572.2941 09244 2424

in the liquid phase. However, the 50% breakthrough time, 7 significant decrease when the initial concentration increases
was attributed to rapid saturation of the column due to presence of more solute molecules. Invariably, the values of T
increased (1098.03 to 2572.29 min) with increase in bed height (2.7 to 7 cm), whereas values of Kyy decreased as shown
in Table 6. This is similar to report on adsorption by other researchers [30,31]. The predicted 50% breakthrough times, t
was reasonably in agreement with experimental data for all flow rates, bed heights and the initial lead concentration; the
correlation coefficient, R? values (0.7062 < R? < 0.9155) predicted good fit for the model.

The applicability of Thomas and Yoon-Nelson dynamic models for adsorption of Pb ions on CHA showed that both models
suitably described the process due to the high correlation coefficients values which were 0.70 < R? < 0.90. However, critical
analysis of the predicted and experimental data of two models revealed the Yoon-Nelson predicted breakthrough times, t
values were largely at variance. Whereas the predicted and experimental adsorption capacity were comparably close with
insignificant variations recorded. This evaluation revealed that Thomas dynamic model best described the Pb ion adsorption
on CHA which connotes that the process obeys second order kinetics with the film interface mass transfer as the reaction
rate limiting step.

Conclusion

Cotton seed hull adsorbent (CHA) was produced and successfully tested as an alternative sorbent for the removal of
Pb (II) metal ions from solution. The adsorbent has numerous functional groups, high apparent density and relatively high
surface area (138.9 m?/g) when compared with other untreated adsorbent materials. The column adsorption studies revealed
that shape of the breakthrough curves was greatly influenced by the influent flow rate, bed depth and initial concentration.
On the strength of evaluation of dynamic models using the data generated experimentally, Thomas model described the
adsorption process better denoting that film interface mass transfer was the reaction rate limiting step for the second order
kinetics activities exhibited by the system.
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