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ABSTRACT

The present study aims to investigate the use of response surface methodology (RSM) modelling and experimental investigation for the
optimization of lead(ll) adsorption onto spent tea grains (STG). Independent process variables were optimized and found to be in the
range of 38.75mg/I (initial concentration), 5.20655 (pH), 119.32 rpm (stirring speed), and 3.25g/l (STG dose) for a contact time of
135.05 min. The optimum adsorption capacity was found to be 8.9087 mg/g through RSM modelling with a maximum of 18.146 mg/g. The
batch study was performed by varying different parameters: pH (2.0-7.0), initial concentration (5-50 mg/I), dose (0.1-1 g/100 ml), contact
time (15-180 min), and stirring speed (30-200 rpm). The characterization STG was done by proximate and ultimate analysis, FTIR spec-
troscopy, XRD analysis, thermogravimetric analysis (TGA), and SEM-EDX. By fitting equilibrium data onto Langmuir isotherm model, the
maximum adsorption capacity was found to be 24.272 mg/g. The optimum pH found for lead(ll) adsorption onto STG was 5. At optimum con-
ditions, the maximum removal efficiency of STG for lead(ll) ions’ adsorption is 94.33%. Based on the findings it is safe to conclude that the STG
could be used as a potential adsorbent.
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HIGHLIGHTS

® Agricultural waste converted into low-cost adsorbent.

® Removal efficiency and uptake capacity of lead(ll) ions onto prepared adsorbent STG shows great potential.

® A detailed study was done using RSM modelling and various batch experimentation to find optimum values of parameters influencing
adsorption.

® The present study can be used for developing sustainable treatment technology using STG as an alternative to activated carbon currently
used.

INTRODUCTION

Contamination of surface and sub-surface water bodies due to rapid urbanization and industrialization is now a well-known
phenomenon (Ahluwalia & Goyal 2005). Detection of toxic heavy metals in our natural environment has been a major pro-
blem for scientists worldwide (Singh & Singh 2012; Omar ef al. 2022). These toxic heavy metals are affecting the health of our
overall ecosystem and are a major health concern for human beings due to their non-biodegradability and bioaccumulation in
different food chains (Yoshita ef al. 2009). The awareness of today’s toxicity driven limits is the major driver for our scientific
community to find different methods to reduce toxic contaminates in the ecosystem. Discharge studies of surface and sub-
surface water are also important for toxicity assessment (Omar 2015; Shekhar et al. 2021).

Lead, a highly toxic heavy metal, is one of the priority pollutants. Lead can be released into the environment by a vast
number of industries, like battery manufacturing, electroplating, mining, pigments, paper, and pulp (Mondal 2010). WHO
limits detection of a maximum of 0.005 mg/1 in drinking water because at even very low concentrations it is causing various
diseases and disorders. Therefore, the removal of lead from our ecosystem is currently one of the most important aims of our
research community (Zuorro & Lavecchia 2010). Adsorption of toxic heavy metals onto low-cost locally available adsorbent
is an area under development in the past decade (Bailey et al. 1999; Babel & Kurniawan 2003; Demirbas 2008). The various
agricultural wastes are widely being investigated for their adsorption capabilities. These wastes are locally available in vast
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amounts, and they are low-cost raw materials. Many researchers investigated the capability of such materials in removing
different heavy metals from aqueous solutions like sugarcane, bagasse, leaves, rice husk (Marshall & Champagne 1995), saw-
dust (Shukla & Pai 2005), peanut hulls (Periasamy & Namasivayam 1995), peat moss (Simoén et al. 2022), coconut shell
(Sekar et al. 2004), and crop milling waste (Saeed et al. 2005).

A low-cost locally available adsorbent is one which can be found abundantly in nature or is a by-product or a waste from the
nearby community (Lavecchia ef al. 2010). Developing low-cost and more effective adsorbents for lead removal from biomass
waste is a novel and promising area (Guclu ef al. 2021; Ang et al. 2022). Tea, due to its well-known health benefits, is a widely
consumed beverage worldwide. Spent Tea Grains (STG) are an agricultural waste compromising cellulose, hemicelluloses,
condensed tannins, structural proteins, and lignin (Sahu et al. 2018). These above-mentioned constituents make tea waste
a great candidate to replace activated carbon used in industry as an adsorbent in future as it contains various functional
groups which help in metal scavenging, mainly carboxylate, phenolic hydroxyl, and oxyl groups (Hussain ef al. 2018). The
objective of the present study is to evaluate the efficiency of tea waste as an adsorbent for lead removal from an aqueous sol-
ution. A batch study experiment has been done to understand the effect of various parameters such as particle size, pH, initial
concentration of metal, adsorbent dose and contact time.

MATERIALS AND METHODS

Chemical preparation

Lead(II) salt was used to prepare synthetic wastewater aqueous solutions. Double distilled water was used for preparation and
dilution to the required concentration. The 1,000 mg/1 stock solutions containing Pb (II) are obtained from Pb (NO3), salt of

analytical grade. All glasswares used during the experimentation were properly washed and sterilised before and after the
experimentation using chromic acid and then washed with distilled water.

Adsorbent preparation

The STG were obtained from different tea stalls on the campus of IIT BHU, Varanasi. The collected biomass waste is first
dried in an oven at 80 °C for 12 h; however, instead of this collected biomass can be dried under sunlight for 2 days. Different
constituents other than tea leaves/grains were then separated from it during preliminary screening. After this, the collected
biomass waste was repeatedly boiled at above 100 °C and washed using distilled water for colour removal. After colour
removal of the tea waste was completed, it was then oven dried by applying a temperature of 80 °C for 24 h. The sieving pro-
cess was being applied to the prepared STG, particle range selected was in between 600 and 75 um to be used for various
batch experiments. The prepared adsorbent was stored in polyethylene bags at room temperature.

Characterization: instruments and techniques

The pH of the aqueous solutions used during different experiments was measured by using a digital pH meter. As pH is one of the
most important parameters, its calibration was done with requisite precision. To identify different functional groups, present in
STG, Fourier Transform Infrared Spectroscopy was investigated. Functional groups indicate adsorbent capability towards
heavy metal scavenging, it also gives us an idea about the adsorption mechanism (Hammud ef al. 2016). A spectra range of
600-4,000 cm ! was selected to determine different functional groups present in the STW samples. SEM-EDS analysis was
done to understand the morphological characteristics of the prepared adsorbent. SEM-EDS analysis was performed at an accel-
eration voltage of 5-15 kV and an EDAX detector using a microscope equipped with an energy dispersive analytical system.
Elemental analysers were used for determining the elemental composition of the prepared adsorbent STG. Proximate analysis
for determining fixed carbon, ash, moisture, and volatile matter was performed according to the ASTM D 2866-94, IS code 1350
(Part 1), and ASTM D 2867-95 methods. For investigating the structural properties of the adsorbent, X-ray diffraction (XRD)
analysis was performed on the prepared adsorbent. XRD analysis is used to indicate crystal structural characteristics which
give us an idea about its metal scavenging capabilities. Thermal degradation characteristics were investigated by thermogravi-
metric analysis (TGA). The TGA is very useful for determining the type of biomass composition, its moisture content and volatile
matter composition. TGA is one of the effective techniques that are being used for pyrolysis optimization.

Determination of point-of-zero charge

The point-of-zero charge (pHzc) of the prepared adsorbent was investigated by the solid addition method. A series of 50 ml
aqueous solutions of 0.1 M KNOj; was transferred into a conical flask of capacity 100 ml. The pH for its determination was
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adjusted from 2.0 to 12.0 by using dilute HNOj3 and dilute KOH. Then, 1.5 g of prepared adsorbent from STG was added to
each conical flask. The conical flasks were then placed in a rotary shaker for 24 h at 150 rpm. After 24 h, the pH values of the
supernatant are noted down. By analysing these values, we get the value of pHzc for the prepared adsorbent STG.

Experimental design with response surface methodology

Response surface methodology (RSM) is a powerful mathematical and statistical tool to analyze a wide variety of factors over
a wide range to obtain responses, to identify the region of optimal response or to determine the near-optimal response by
developing a designed experiment (Kavand ef al. 2020). Central composite design under RSM was used for the optimization
study. The advantage of using CCD using multilevel factorials in comparison to full factorial design is it will need fewer exper-
iments to provide us with reliable information for statistical analyses. The ideal values of different process variables were
calculated using the CCD model and then further validated by experiments (Sujatha & Sivarethinamohan 2021). The
Design-Expert 13.0.5.0 (Stat-Ease) software was used for the regression and graphical analysis of the obtained data.

Firstly, some preliminary experiments were performed on lead(II) adsorption using STG as an adsorbent and the range and
central points of all independent factors were determined. Different process variables and their ranges used in the model’s
computation were 5 and 50 mg/I for initial lead(IT) ion concentration. The lower and upper limits of pH were 2 and 7, respect-
ively. Similarly, the adsorbent dose was 1 and 10 g/1, respectively, the contact time was 30 and 180 min, respectively, stirring
speed taken was 25 and 200 rpm, respectively. When this model is employed we will get 32 combinations of different test
variables, namely A, B, C, D, E, AB, AC, AD, AE, BC, BD, BE, CD, CE, DE, A% B? C? D? and E2

Five independent parameters were designed with five coded values (—a, —1, 0, +1, +a). Thirty-two experiments were con-
ducted with six replicates at the centre points. The ranges and actual levels are given in Table 1. In the optimization
procedure, the response may be quadratic or linear (Shanmugaprakash et al. 2018). A quadratic model equation can be
given as follows.

k k k k
Y= B+ ZBZXIZBZXZZ+ZZBZ]XIX]+ (1)
i=1 i=1

licj ]

where Y is the predicted response, f;, f;, and g;; are the coefficients estimated from regression, X; is the uncoded value of the
ith variable, i is the linear coefficient, and & is the number of factors (Shanmugaprakash et al. 2018).

Vvalidation of the model

Analysis of variance (ANOVA) tool is used for above developed CCD model with 95% confidence limits (o« = 0.05). Consider-
ation of the model is only done after comparing the variance due to regression to that of the total variance (Gholamiyan et al.
2020). If they are different, then we will only consider the model developed to be validated. F-value and p-value will provide
us with the significance of each factor. To provide the precise significance of the relationship between input variables,
responses, and influential factors the ANOVA tool is utilized.

Batch adsorption experiments

To acquire kinetics and equilibrium data, different adsorption experiments were performed in a batch manner using an aqu-
eous solution of Pb(II). For the determination of optimum values of different parameters which will affect adsorption

Table 1 | Factors and their corresponding values

Levels
Factors -a -1 (] +1 +a
pH 2.0 325 4.5 5.75 7.0
Contact time (min) 30 67.5 105 142.5 180
Initial metal ion conc. (mg/1) 5 16.25 27.5 38.75 50
Adsorbent dose (g/1) 1 3.25 5.5 7.75 10
Stirring speed (rpm) 25 68.75 112.5 156.25 200
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efficiency, batch studies were performed. The pH values of the aqueous solutions were changed using weak acid, i.e. 1.0 M
HNOs or weak base, i.e. 0.1 M NaOH solution whenever required during various experiments. Various factors considered
during experiments were investigated including pH of the aqueous solutions (2.0-7.0), contact time (15-180 min), initial
metal ion concentration from 5 to 50 mg/l, stirring speed (30-180 rpm), and adsorbent dose (1-5 g/1). The efficiency of
adsorption is always dependent on the surface area available for adsorption. Therefore, the effect of particle size was inves-
tigated in the range of 75-150 um, 150-300 um, 300-600 um, 600-900 um, 900 um-1.18 mm at room temperature, and
maintaining other parameters as optimum during the experimentation.

Metal analysis

The aqueous solution was tested using atomic adsorption spectroscopy (AAS) which is based on Beer-Lambert’s principle. A
standard method was adopted to check for the concentrations of the lead(II). The rate of adsorption of the lead(II) ions and
the rate of removal was calculated using the following equations, respectively:

_ (Co — Ce)xV
Q= 1, 000xm @
Y (%) = Co=Co) 100 ©)

(o]

In the aforementioned Equation (2), Q. is the amount of adsorbed lead(II) ions by the adsorbent STG in mg/g. The mass of
adsorbent (i.e. STG) is represented by m in mg. The volume of the solution (ml) is indicated by V in Equation (3); Y (%)
defines the removal efficiency of lead(II) ions by the adsorbent. C, and C, are, respectively, the initial and final concentrations
of lead(II) in mg/1.

RESULTS AND DISCUSSION
Characterization
Proximate and ultimate analysis

Proximate analysis of STG will provide us with information about moisture, volatile matter, fixed carbon, and ash content,
respectively. From the analysis of STG, we get the values fixed carbon content at 19.6%, there was a low ash content of 5.4%.

From the ultimate analysis of the STG, we found a reasonable amount of carbon content of approximately 47.541%.
Detailed estimation of various parameters is mentioned in Table 2.

Point-of-zero charge

The pHzc of STG was determined as mentioned above. The pHpzc was calculated from the point where it crossed the ApH =0
and was found to be 7.57 + 0.02 as shown in Figure 1.

Table 2 | Proximate and ultimate analysis of raw sample

Experiment Content detected Raw spent tea leaves: Content (%)
Proximate analysis Moisture level 2.7

Volatile matter 72.3

Fixed carbon 19.6

Ash content 5.4
Ultimate analysis Carbon 47.541

Hydrogen 6.533

Nitrogen 4.100

Sulphur -

Oxygen #41.826

@Note: Oxygen content is deduced by deduction.
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pHzc=7.57 + 0.02

ApH

—s— Experiment 1
—ea— Experiment 2

pH —s— Experiment 3

Figure 1 | pHzc of raw STG.

TGA of raw STG

To get the thermal stability and adsorbent decomposition profile we performed TGA. The thermogravimetric (TG) curve
belonging to STG is presented in Figure 2. The degradation profile of STG took place in three main steps. At the initial
stages when the temperature is less than 100 °C, an initial weight loss occurs that may be due to loss of moisture or to evap-
oration of the chemically strong and physically weak bound or to the release of lightweight volatiles from STG.

The initial weight loss in the first stage (20-200 °C) is around 8.29%. The second region of the STG transpires at around
250-415 °C. At a temperature of around 200 °C, a rapid devolatilization of the components starts and lasts until 410-415 °C,
indicating the degradation of the fibre content of STG of hemicellulose, cellulose and attributed to the decomposition of holo-
cellulose and partial decomposition of lignin. The contribution of weight loss during the second stage is about 51.48 wt.% and
the maximum decomposition temperature was found to be in the region of 415 °C. In the second stage, the high weight loss may
be due to the degradation of its main components by decarbonization, dehydration, and decarboxylation. The third stage of the
STG is at 415-1,100 °C. The maximum decomposition temperature in this region is 1,100 °C. The weight loss in the third stage
was due to the degradation of the lignin content of the STG. When the temperature reached 1,100 °C, the total weight loss of the
STG is 93.49 wt.%.

Therefore, we can conclude from TGA that during our preparation of adsorbent at the initial stage when we applied a temp-
erature of around 80 °C for 24 h weight loss occurred only due to loss of moisture, or loss of weak bonds, and there will be no
chemical and structural modifications. Basically, during the preparation of STG, we are avoiding the degradation of lignin
and cellulose functional groups responsible for the adsorption of lead(II) onto STG.

FTIR analysis of raw STG and lead ions-adsorbed STG

The FTIR spectroscopy technique was used to measure the various IR peaks of different functional groups of the STG. FTIR
analysis was performed in the range of 500-4,000 cm ! wave number. From Figure 2, we can see the complex IR spectra
showing numerous different types of functional groups on the surface of STG. The difference between the IR peaks of differ-
ent functional groups onto STG before and after lead(II) ions shows possible functional group involvement during the process
of adsorption. Specific IR peaks due to unique energy bands before and after adsorption onto STG are provided as a useful
tool to identify the involvement of certain functional groups during the adsorption process onto the surface of the STG.
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Figure 2 | TGA of raw STG.

At 3,351.2 cm ™ there is a presence of broad absorption bands, which signifies -OH stretching and confirms the presence of
functional groups related to cellulose and lignin. The peaks appearing at about 3,016.6-2,859.5 cm ™! could be attributed to
the aliphatic C-H groups, stretching in CH, CH,, and CH3 groups. The band observed at 1,641.96 cm ! could be assigned to
the asymmetric stretching vibrations of C = O stretching of the amide group and the peak appearing at around 1,475.51 cm !
could be due to the aromatic compound group owing to the presence of N-H bending types of bonds of amide (II).

The other prominent bands observed at about 1,036.18 and 1,228.55 cm ! are due to the C = O, NH, groups, and C-O
stretching in alcohols. Some additional peaks were identified in the spectra of both samples. The peaks and bands shift
can be easily observed in Figure 3. Henceforth, the shift in functional groups of -OH, C=0, -NH,, -CH in STG before
and after adsorption suggests the probable interactions of these functional groups with lead(II) ions, following the mechanism
of hydrogen bonding, surface complex and electrostatic attraction.

XRD analysis of prepared adsorbent raw STG

The structural features will be analysed by XRD. XRD analysis on STG was performed to know the nature of its surface
characteristics, i.e. amorphous or crystalline XRD profile of STG is shown in Figure 4. We can observe broad peaks in the
XRD profile with the strongest reflection at 20 around 22°, signifying the amorphous nature of STG which may be due to
cellulose, hemicellulose, and lignin.

SEM-EDS analysis of raw STG and lead ions-adsorbed STG

SEM images will provide us with information about STG surface morphology. SEM images of the raw STG before and after
dye biosorption of lead(II) ions are represented in Figure 5(a) and 5(b), showing varied pore size distribution. It clearly indi-
cates the irregular, rough, and heterogeneous nature of STG. It also shows the presence of numerous cracks with voids onto
the STG surface. However, after lead(II) ions adsorption (Figure 5(b)) the surface of STG is almost completely blanketed with
lead(II) ions, affirming the occurrence of the adsorption mechanism of lead(II) ions onto the pores of STG.
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Figure 4 | XRD analysis of raw STG.
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Figure 5 | (a) Raw STG SEM image, (b) lead(l)-adsorbed STG SEM image, (c) EDX analysis of raw STG, (d) EDX analysis of lead(ll)-adsorbed STG.

The various elemental compositions of STG before and after the adsorption of lead(II) ions were analysed by EDX analysis
as shown in Figure 5(c) and 5(d). The major constituents of the raw STG were found to be only carbon and oxygen. The EDX
analysis of STG after lead(II) ions adsorption indicates the existence of lead(II), confirming its attachment to the biosorbent.

Quadratic models for adsorption of lead(ll) onto STG

The quadratic model was developed using the CCD design matrix. The matrix was established to investigate the influence of
five independent factors (pH, contact time, initial metal ion concentration, stirring speed, and adsorbent dosage of STG). Five
levels for different variables were defined (i.e. low (encoded —1), high (encoded +1) and rotatable (encoded + «)). The adsorp-
tion uptake capacity and removal efficiency, taken as the main response, were predicted using a polynomial regression
equation in which the main, interaction and quadratic effects of the variables were modelled.

The CCD model gives us an experimental run of 32 runs considering all independent variables which will be replicated three
times and an average of the results will be taken for the modelling purpose. All the experimental runs are shown in Table 3 with its
responses of removal efficiency and adsorption uptake capacity. It is observed during the analysis of the CCD model that the
majority of independent process variables affect the responses. The quadratic equation is developed through the CCD design
matrix and its main contents area is shown in Table 4. High F-value, correlation coefficient (R) tending to 1, low p-value and
most importantly the results of lack of fill test indicates the high statistical significance of the developed model with high accuracy.

The model F-value for percentage removal of 8.70 implies the model is significant. The model F-value for uptake capacity of
3.98 implies the model is significant. There is no indication of noise affecting F-values.

Low p-values for removal efficiency less than 0.05 indicate model terms are significant. Low p-values for adsorption uptake
capacity less than 0.05 indicate model terms are significant. The Lack-of-Fit F-value for % removal of 605.44 implies the Lack-
of-Fit is significant. There is only a 0.01% chance that a Lack-of-Fit F-value this large could occur due to noise. The Lack-of-Fit
F-value for uptake capacity of 48,484.97 implies the Lack-of-Fit is significant. There is only a 0.01% chance that a Lack-of-Fit
F-value this large could occur due to noise.
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Table 3 | Central composite design matrix

% Removal Uptake capacity
Run order pH Contact time IMC (mg/l) Dose (g/l) stirring speed (RPM) EXp. P EXp. P
5 3.25 67.5 16.25 3.25 156.25 68.75 69.53 3.33 4.56
27 5.75 67.5 16.25 3.25 68.75 79.81 81.83 2.73 3.75
23 3.25 142.5 16.25 3.25 68.75 67.12 64.76 3.26 4.40
14 5.75 142.5 16.25 3.25 156.25 90.90 92.95 2.83 3.91
28 3.25 67.5 16.25 7.75 68.75 68.88 69.72 1.40 0.87
6 5.75 67.5 16.25 7.75 156.25 89.69 94.94 1.24 0.63
21 3.25 142.5 16.25 7.75 156.25 74.10 74.98 1.51 1.03
12 5.75 142.5 16.25 7.75 68.75 93.29 95.39 1.22 0.53
20 3.25 67.5 38.75 3.25 68.75 64.01 61.25 7.41 8.53
5.75 67.5 38.75 3.25 156.25 76.71 78.35 6.69 7.73
8 3.25 142.5 38.75 3.25 156.25 68.91 66.18 7.98 9.16
24 5.75 142.5 38.75 3.25 68.75 91.09 89.59 6.74 7.71
31 3.25 67.5 38.75 7.75 156.25 69.48 69.95 3.37 2.87
2 5.75 67.5 38.75 7.75 68.75 82.93 84.64 291 2.19
16 3.25 142.5 38.75 7.75 68.75 73.46 70.79 3.57 2.99
25 5.75 142.5 38.75 7.75 156.25 96.64 98.38 3.00 2.34
30 2 105 27.5 55 112.5 45.42 50.13 2.26 1.48
7 105 275 55 112.5 98.93 92.35 0.29 0.08
4.5 30 27.5 55 1125 75.66 71.61 3.34 2.82
4.5 180 27.5 55 112.5 80.14 82.31 3.53 3.05
26 4.5 105 27.5 1 112.5 74.81 77.17 18.15 14.3
19 4.5 105 27.5 10 1125 94.98 90.75 2.30 5.19
11 4.5 105 5 55 112.5 96.28 91.43 0.77 0.20
29 4.5 105 50 5.5 112.5 82.20 85.18 6.59 6.16
32 4.5 105 27.5 55 25 75.50 77.74 3.33 2.96
18 4.5 105 27.5 55 200 88.69 84.57 391 3.28
17 4.5 105 27.5 55 112.5 85.65 85.82 3.78 3.94
15 4.5 105 275 55 1125 85.21 85.82 3.76 3.94
7 4.5 105 27.5 5.5 112.5 85.62 85.82 3.78 3.94
10 4.5 105 27.5 55 112.5 85.70 85.82 3.78 3.94
22 4.5 105 27.5 55 112.5 85.74 85.82 3.78 3.94
13 4.5 105 275 55 112.5 85.15 85.82 3.76 3.94

The regression analysis of CCD afforded the following second-order polynomial equation for lead(II) ion in terms of %
removal:

Y =85.82+1056 x A+2.67xB+340xC-156xD+171xE+189x A xB
+ 4330 x A x C-0.2081 x A x D-0.0593 x AXxE—-0.1385xBx C+1.17x B x D

4
—0.2120 x Bx E+0.1519 x C x D + 0.5084 x C x E-0.8814 x D x E-3.65 x A” @

—2.21 x B2-0.4653 x C? +0.6211 x D?-1.17 x E?
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Table 4 | ANOVA for quadratic model: (a) response 1: removal and (b) response 2: uptake capacity

Source sum of squares df Mean square F-value p-value

(a) Response 1: Removal

Model 3,903.06 20 195.15 8.70 0.0004 significant
A-pH 2,674.74 1 2,674.74 119.28 < 0.0001
B-Contact Time 171.73 1 171.73 7.66 0.0183
C-Adsorbent Dose 276.82 1 276.82 12.34 0.0049
D-Intial Metal Ion Concentration 58.54 1 58.54 2.61 0.1345
E-Stirring Speed 69.90 1 69.90 3.12 0.1052
AB 57.29 1 57.29 2.55 0.1383
AC 3.00 1 3.00 0.1338 0.7215
AD 0.6932 1 0.6932 0.0309 0.8636
AE 0.0562 1 0.0562 0.0025 0.9610
BC 0.3069 1 0.3069 0.0137 0.9090
BD 21.82 1 21.82 0.9732 0.3451
BE 0.7191 1 0.7191 0.0321 0.8611
CD 0.3692 1 0.3692 0.0165 0.9002
CE 4.14 1 4.14 0.1844 0.6759
DE 12.43 1 12.43 0.5543 0.4722
A2 389.77 1 389.77 17.38 0.0016
B2 143.83 1 143.83 6.41 0.0278
C2 6.35 1 6.35 0.2832 0.6052
D2 11.31 1 11.31 0.5046 0.4923
E2 39.89 1 39.89 1.78 0.2093
Residual 246.67 11 2242
Lack-of-Fit 246.33 6 41.06 605.44 < 0.0001 significant
Pure Error 0.3391 5 0.0678
Cor Total 4149.73 31
(b) Response 2: Uptake Capacity
Model 277.16 20 13.86 3.98 0.0113 significant
A -pH 2.95 1 2.95 0.8456 0.3775
B - Contact time 0.0822 1 0.0822 0.0236 0.8807
C - Adsorbent dose 123.53 1 123.53 35.45 < 0.0001
D - Intial metal ion concentration 53.33 1 53.33 15.30 0.0024
E - Stirring speed 0.1471 1 0.1471 0.0422 0.8409
AB 0.0200 1 0.0200 0.0057 0.9409
AC 0.1410 1 0.1410 0.0405 0.8443
AD 0.1442 1 0.1442 0.0414 0.8425
AE 0.0101 1 0.0101 0.0029 0.9581
BC 0.0044 1 0.0044 0.0013 0.9723
BD 0.0390 1 0.0390 0.0112 0.9176
BE 0.0080 1 0.0080 0.0023 0.9628
CD 5.27 1 5.27 1.51 0.2444
CE 0.0285 1 0.0285 0.0082 0.9296
(Continued.)
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Table 4 | Continued

source sum of squares df Mean square F-value p-value
DE 0.0008 1 0.0008 0.0002 0.9884
Az 18.32 1 18.32 526 0.0426
B2 1.84 1 1.84 0.5287 0.4824
C2 61.40 1 61.40 17.62 0.0015
D2 1.06 1 1.06 0.3041 0.5924
E2 1.23 1 1.23 0.3516 0.5652
Residual 38.33 11 3.48

Lack-of-Fit 38.33 6 6.39 48,484.97 < 0.0001 significant
Pure error 0.0007 5 0.0001

Cor total 315.49 31

The regression analysis of CCD afforded the following second-order polynomial equation for lead(II) ion in terms of uptake
capacity:

Y =3.94-0.3504 x A +0.0585 x B-2.27 x C+1.49 x D +0.0783 x E-0.0354 x A x B
+0.0939 x A x C-0.0949 x A x D-0.0251 x AXxE —0.0166 x Bx C+0.0494 x B x D

+0.0223 x Bx E—0.5793 x C x D — 0.0422 x C x E + 0.0069 x D x E-0.7903 x A?
~0.2506 x BZ +1.45 x C% — 0.1901 x D*-0.2044 x E?

ANOVA gives us the possible interactions between independent variables as represented in Table 4(a) and (b). The pH,
stirring speed, initial ion concentration, contact time and adsorbent dosage affect both the adsorption capacity and removal
efficiency. Figure 6(a) and 6(b) show the graphs of actual versus predicted data obtained from the adsorption of lead(II) onto
STG. The derived quadratic equations using the CCD matrix were found to be suitable for predicting independent process
variables’ influence on removal efficiency as well as uptake capacity of lead(II) adsorption onto STG.

Effect of various factors on the adsorption of lead(ll) onto STG using RSM

3D surface plots were provided by the quadratic model, representing two independent process variables with their predicted
responses either removal efficiency or uptake capacity. These 3D plots are analysed to pinpoint the optimal or near-optimal
adsorption areas. The overall effect of various parameters interacting with pH was shown in Figure 7(a)-7(d). As the pH
increases the removal efficiency tends to increase. The adsorption appears to be more favoured as pH approaches around
5 when both the responses are combined and analysed.

Figure 8(a)-8(c) illustrates the relationship between contact time with other independent variables. It shows as the contact
time increases there is an increase in removal efficiency. Similarly Figure 9(a)-9(b) illustrates the relationship between adsor-
bent dose with other independent variables, it shows that with the increase in adsorbent dose, there tends to increased
removal efficiency of the system. Figure 9(c) represents a relationship between stirring speed and initial metal ion concen-
tration. It shows as IMC increases removal efficiency decrease with the decrease in stirring speed.

The desirability plot in Figure 10 enabled us to visualize the desirability for the process variable and output. It is seen from
Figure 10 that the desirability value was 1 for the individual and a combination of all process variables at a maximum of 0.619
was developed from STG for lead(II) removal.

Influence of various parameters
Effect of pH

In the present study, the influence of pH on the adsorption capacity and % removal efficiency were studied. The pH in the
range of 2.0-7.0 was adjusted using dilute acid/base. The initial pH value of the prepared aqueous solution containing lead(II)
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Figure 6 | (a): Actual vs. predicted values in terms of removal efficiency and (b) actual vs. predicted values in terms of uptake capacity.

ions was found to be around 4.2 + 0.4. For detailed estimation of optimum pH, three different adsorbent doses were con-
sidered for the experiment (low dose of 1 g/1, average dose 2.5 g/1, and high dose 5 g/1), and four different initial metal ion
concentrations were considered (5, 10, and 15 mg/l). Other parameters remain constant, i.e. contact time of 90 mins,
shaker speed of 150 rpm.
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Figure 7 | 3D surface plots showing the effect of various factors w.r.t removal efficiency: (a) pH vs. CT, (b) pH vs. AD, (c) pH vs. IMC, and (d) pH
Vs. SS.

In an aqueous solution at pH > 7 the dissolution of lead(II) ions cannot be possible, therefore assessment of lead(II) con-
tamination and its removal by STG can be misleading. At pH = 7 and above, the hydroxide precipitation of lead(II) ions may
mislead adsorption results. Therefore, the batch experiment for evaluation of the influence of pH was conducted in the pH
range of 2-7. Precipitation of lead(II) ions can be analysed by the Pourbaix diagram. By this diagram, we know that the
lead(II) ions precipitated as Pb (OH), at pH > 6. However, at pH < 6, the removal of the lead(II) ions may be governed
by other applied mechanisms. As can be seen from Figures 6(a) and 6(b), the removal percentage of the lead(II) ions was
low when the pH was 2 or 3 as acidic conditions favour undissociated forms of functional groups. It was noted from the
Figures 11(a) and 11(b), that when pH was increased to 4-5, the removal percentage of the Pb ions increased significantly
from 33.54% to 84.99% at an initial concentration of 15 ppm, contact time 90 min and adsorbent dose of 0.1 g/100 ml.
Further increasing pH to 6 the removal efficiency increased to 89.93%. A similar phenomenon was observed for all other
variations as seen from the Figure 11(a) and 11(b).

When we analysed the Figure 11(a) and 11(b) with respect to both adsorption capacity and removal efficiency we get our
optimum value of pH, i.e. pH = 5. At pH 5, the uptake capacity was found to be maximum with very good % removal efficiency.

Further increasing pH from 5 to 7 increases our removal percentage but decreases adsorption uptake. When the effects of
pH value on the removal percentage and adsorption uptake of the metals were examined simultaneously, it was found that
the optimum value for Pb was pH 4.96 4 0.12. At lower pH values the H+ ions compete with metal cations for the electro-
static surface charges in the system decreasing the percentage of sorption. These outcomes regarding the pH amount are also
parallel to various studies that used acidic pH. The experimental results showed that the maximum removal percentage of Pb
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Figure 8 | 3D surface plots showing the effect of various factors w.r.t removal efficiency: (a) CT vs. AD, (b) CT vs. IMC, and (c) CT vs. SS.

is found to be 96.67% at the optimum pH, C, = 5 ppm, contact time = 90 min, adsorbent dose = 0.5 g/100 ml, stirring speed =
150 rpm.

Effect of contact time

The adsorption capacities and removal efficiency of STG for different contact times in the range of 30-180 min were analysed
at initial metal concentrations of 5 and 15 mg/] at three different STG dosages, i.e. 01.g/100 ml, 0.25 g/100 ml and 0.5 g/
100 ml. As can be deduced from Figure 12, the removal efficiencies of the lead(II) ions at the start are very sharp and then
increased up to approximately 90 min, after which it is almost constant. The maximum removal efficiency was reached at a
high dose of 0.5 g/100 ml and at a lower initial metal ion concentration of 5 mg/l, and it is found to be 94.33% around the
90 min mark. It is to be noted that in all the experiments metal uptake increases up to 90 min and after that, it is almost constant.

Effect of initial metal ions concentrations

The adsorption experiment was carried out at room temperature by varying the initial metal ions concentration from 5 to
50 mg/1 to study the effect of the initial metal ion concentration. Other parameters considered are optimum pH and optimum
contact time found in previous stages, three different adsorbent doses considered (1, 2.5, and 5 g/1) shaking speed of 150 rpm.
The influence of initial metal ions concentration on removal efficiency and adsorption uptake capacity is shown in Figure 13.
When we vary the initial metal ion concentration of lead(II) from 5 to 50 mg/I the removal efficiency decreases slightly, and
adsorption uptake increase rapidly for a particular dosage of STG (adsorbent). For STG dosage of 0.5 g/100 ml when initial
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Figure 9 | 3D surface plots showing the effect of various factors w.r.t removal efficiency: (a) AD vs. IMC, (b) AD vs. SS, and (c) SS vs. IMC.

lead(II) ion concentration increases from 5 to 50 mg/l the removal efficiency decreases from 97.32 to 91.95%, and adsorption
uptake increases from 0.7928 to 7.3428 mg/g. The phenomenon is also observed in other variations.

Effect of adsorbent dose

To achieve the maximum efficiency of the prepared adsorbent (i.e. STG) for Pb (II), the adsorbent dose was varied from 1 to
5 g/l at room temperature. Other parameters considered are optimum pH and optimum contact time found in previous stages,
initial metal ion concentration of 5 and 15 mg/l, and shaking speed of 150 rpm. As can be seen from Figure 14 when we
increase STW dosage from 0.1 g/100 ml to 1g/100 ml, we observe that lead(II) ions removal efficiency increased to
98.24% from 89.82%, when the initial metal ions concentration is 5 mg/1 with other optimum parameters (i.e. pH around
5, contact time = 90 min, stirring speed = 150 rpm, at room temp.) for a particular particle size range used of prepared adsor-
bent STG (i.e. 600-75 um). The trend shown in the removal efficiency increment is due to increases in the retention capacity
of the active surface of STG for heavy metal considered.

Effect of particle size

The influence of STG particle size on removal efficiency and metal uptake capacity can be deduced from Figure 15. As we can
see, the smaller the particle size of STG the more efficient the removal of lead(II) ions from the aqueous solution. Lead(II) ions
removal efficiency increases from 85.69 to 92.68% as particle size decreases from the range of >1,180 150-75 um. Other
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parameters are optimum as found through different batch study experiments, i.e. pH around 5, contact time = 90 min, stirring
speed = 150 rpm, initial metal ion concentrations = 15 mg/1, adsorbent dosage of 0.5 g/100 ml at room temp.

Effect of stirring speed

As we can observe from Figure 16, as the stirring speed of the rotary shaker was increased during our various batch study
experiments there is some increment observed in the removal efficiency of the STG in removing lead(II) ions removal
from aqueous solution. The maximum removal efficiency was observed at 150 rpm which is used during our various batch
study experiments.

Adsorption isotherm models

The relationship between the lead(II) ions in the prepared synthetic wastewater with prepared adsorbent STG was established
using the Freundlich, Langmuir, Temkin and Dubinin-Radushkevich (D-R) isotherms. The isotherms governing parameters
of Freundlich (F) (Equation (6)), Langmuir (L) (Equation (7)), were defined as:

Qe = Kf {'/C_'e (6)
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== == @)

Q = 1+ K;.C,

Here, C, refers to the balance amount of lead ions (mg/1). Q. refers to the adsorption capacity of adsorbent STG at equili-
brium in mg/g. Q,, refers to the the maximum adsorption capacity of adsorbent STG in mg/g, K refers to the Langmuir
constant (L/mg). Kr and 1/#n refer to the Freundlich constants. Kinetics models used will give a clear indication about the
changes in the adsorption mechanism within a stipulated time-period and provide significant information required for the
experimental setup.

The effects of indirect interactions between adsorbate and adsorbent will be investigated by the isotherm model suggested
by Temkin and Pyzhev. They suggested that these adsorbate/adsorbent interactions will decrease linearly the heat of adsorp-
tion in the adsorbate layer in contact as it covers it. The Temkin isotherm equation will follow the following form:

Q= %LN (4rC.) (®)

Investigation of porosity, characteristics of adsorption and apparent free energy will be done using D-R isotherm model.

Downloaded from http://iwaponline.com/aqua/article-pdf/72/6/996/1247390/jws0720996.pdf

bv auest



AQUA — Water Infrastructure, Ecosystems and Society Vol 72 No 6, 1014

100.00 25.00

80.00 15.00

10.00

% Remaoval Efficiency
Uptake Capacity (mg/g)

4 8 12 16 20 24 28 32 36 40 —

Initial Metal lon Concentration (mg/l)
—+— % R @ Dose=0.1 g/100ml % R @ Dose = 0.25 g/100ml —+—9% R @ Dose = 0.5 g/100ml

-uees Uptake @ Dose = 0.1 g/100ml Uptake @ Dose =0.25 g/100ml s Uptake @ Dose =0.5 g/100ml

Figure 13 | Effect of the initial metal ion concentration on lead(ll) removal efficiency and uptake capacity.

w0
®

% Removal Efficiency
Uptake Capacity (mg/g)

0 0.1 02 03 04 0.5 0.6 0.7 0.8 0.3 1
Adsorbent Dose (g/100 ml)
—+—%R@ Co=5ppm —+—%R@ Co=15ppm —+—Uptake @ Co =5 ppm Uptake @ Co = 15 ppm

Figure 14 | Effect of the adsorbent dose on lead(ll) removal efficiency and uptake capacity.

Downloaded from http://iwaponline.com/aqua/article-pdf/72/6/996/1247390/jws0720996.pdf
bv auest



AQUA — Water Infrastructure, Ecosystems and Society Vol 72 No 6, 1015

236
92
234
T =0
| = 232 oo
L E
L=
= < >
b= 230 =
= e S
L a
O =3 228 8
£
< L
o 226 o
N a
224 >
87
86
85 218
50 250 450 650 850 1050 1250
Particle Size (Microns)
——% R @ pH = 5.17, Co=15ppm, Contact Time = 90 min, Adsorbent Dose =0.5 g/100m|
—e—Uptake @ pH = 5.17, Co=15ppm, Contact Time = 90 min, Adsorbent Dose =0.5 g/100ml
Figure 15 | Effect of the particle size on lead(ll) efficiency and uptake capacity.
%0 2.20
2.18
89
216
ss —
oo
9 o
c
o £
S —
E 87 212 é
= &
© a
o .. 210 8§
£ 6 O
Q
Q -t
o .
®R S -1
85 =
206
B2
83 2.02
30 60 %0 120 150 180

Stirring Speed (RPM)

—+—%R @ pH=5.17, Co=15ppm, Contact Time = 90 min, Adsorbent Dose =0.5 g/100m|

—e— Uptake @ pH =5.17, Co=15ppm, Contact Time = 90 min, Adsorbent Dose =0.5 g/100m|

Figure 16 | Effect of the stirring speed on lead(ll) removal efficiency and uptake capacity.

Downloaded from http://iwaponline.com/aqua/article-pdf/72/6/996/1247390/jws0720996.pdf
bv auest



AQUA — Water Infrastructure, Ecosystems and Society Vol 72 No 6, 1016

a) °
( ) ® Langmuir Isotherm @ Adsorbent Dose = 0.5 g/100m|
| # Langmuir Isotherm @ Adsorbent Dose = 0.25 g/100m| y=0.1973x +0.3715
4.5 R2=0.9938
@ Langmuir Isotherm @ Adsorbent Dose = 0.1 g/100m| .
35
.
. ;
y =0.1045x +0.1981
o R2=0.9953
25
O :
-
2 S
.
15
= y =0.0412x +0.0943
[ RZ=0.9944
1 .
= =
. -
i -
o5 | .. : .
(E .-
e
o
0 5 10 15 20 5
Ce
(b)
3S
« Freundlich Isotherm @ Adsorbent Dose = 0.25 g/100m|
« Freundlich Isotherm @ Adsorbent Dose = 0.5 g/100m| y=0.8867x +2.0483

R?=0.9665 e e
8 o Freundlich lsotherm @ Adsorbent Dose = 0.1 g/100m| -

25
.
-’ y =0.8358x +1.2074 )
— e L]
< R2=0.9625 "
2 . -
. N
: >
——a % . .
L]
LA : .
-1 e ey =0.8466x +0.5692
i BE o R?=0.9718
s L] L]
[}
L]
05
1 0.5 05 1 15

0
Log (C,)
Figure 17 | (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin isotherm, and (d) D-R isotherm. (continued.).

The D-R isotherm was applied in the following form:

ge = Quexp(—Ke?) ©)

The linear form of D-R isotherm is:

Ing, = InQ,, — K&? (10)

Downloaded from http://iwaponline.com/aqua/article-pdf/72/6/996/1247390/jws0720996.pdf
bv auest



Figure 17 | Continued.

AQUA — Water Infrastructure, Ecosystems and Society Vol 72 No 6, 1017

(C) & Temkin Isotherm @ Adsorbent Dose =0.1 g/100m|
» Temkin Isotherm @ Adsorbent Dose =0.25 g/100m|
® Temkin Isotherm @ Adsorbent Dose =0.5 g/100m|
= y=10.016x + 8.7439
R?=0.995 e
-~ .
oo B :
~
oo .
£ -
~—
LY
(S vy =3.8061x +3.8313
e RZ=0.997
.
.
.
.
4 L T
: B i i
——
) o y=1.9922x +2.0477
. = R?=0.9928
R--
-1
0§ 6 4 0.2 0 02 .17 8
In(C.)
(d)
# D-RIsotherm @ Adsorbent Dose = 0.1 g/100m|
35
# D-R Isotherm @ Adsorbent Dose = 0.25 g/100m|
. # D-RIsotherm @ Adsorbent Dose = 0.5 g/100m]
5
-
..
.
25
.
.
* .
2 »
& . y=-1E-07x + 2.8111
. T, R?=0.835
- L
o g °
~— .
-
£ s
.
1 . 3
. . y=-9E-08x + 1.9044
e, R¥=0.8346
. g, X .
. s y =-8F-08x + 1.241
b R?=0.8185
o
150 2 25000000

where K is D-R constant, Q,, is the adsorption saturation capacity, ¢ is the Polanyi potential, £ can be calculated by:

e =RTIn (1+Cie)

The mean free energy of sorption (E) will be calculated using D-R constant given by:

1

E=——
V2K
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By looking at Figure 17(a)-17(d) we can see the plot between initial lead(II) ion concentration and removal efficiency at
optimum conditions (i.e. pH around 5, contact time =90 min, stirring speed = 150 rpm, room temp.) showing various iso-
therms at STG dosage of 0.1 g/100 ml, 0.25 g/100 ml, and 0.5 g/100 ml.

The linear Langmuir isotherm plots STG is shown in Figure 17(a). R? greater than 0.99 is a good indication of the suitability
of lead(II) ions adsorption onto STG. Using Langmuir, the isotherm maximum adsorption capacity is found to be 24.272 mg/g.
Ry, is of utmost importance which indicates the condition of adsorption onto adsorbent. R;, greater than 1 is unfavourable and
signifies non-optimum adsorption, linear adsorption for R; = 1, and favourable optimum adsorption occurs when R;, values lie
in between 0,1. Now in our present study, we found R; = 0.1444 which indicates optimum lead(II) adsorption onto STG. All the
calculated data are presented in Table 5.

When we study the Freundlich isotherm in its linear form it also shows a good correlation coefficient R? = 0.9665 which
suggests STG possesses high affinity and high adsorption capacity. As 1/n <1 it suggests optimum adsorption condition, it
also indicates multilayer adsorption onto heterogeneous surfaces.

Temkin isotherm model investigation shows a very good correlation coefficient of R? > 0.99, values of equation parameters
br=247.486 and A= 7.4644. The value of the correlation coefficient for the D-R model is low (R* = 0.835) as compared to the
other models, suggesting that the data is not fitted into the D-R isotherm models. Moreover, the value of maximum adsorption
capacity calculated using the D-R isotherm model is not close to the value calculated using the Langmuir isotherm model.

Adsorption kinetics models

We have adopted the use of four conventional kinetic models, namely pseudo-first-order, pseudo-second-order, intraparticle
diffusion and Elovich kinetics models, to investigate the adsorption mechanism according to the experimental data gathered.
The equations for the PFO and PSO models can be expressed as follows, in the given order:

log (Qe — Q) = Log(Q.) — k1#2.303t (13)
t 1 t
o @ Q (14)

In the aforementioned equation Q, measured in mg/g, is the adsorption capacity of STG at equilibrium and Q; measured in
mg/g is the adsorption capacity of STG at a certain time t; k; and k, are the pseudo-first-order rate constant and pseudo-
second-order rate constant, respectively. The slope and intercept from the linear plot of In (Q, — Q;) versus t as defined by
the pseudo-first-order model will provide the values of k; and Q, while in the case of the pseudo-second-order model, the
linear plot of t/Q; versus t will define the values of Q, and k.

Table 5 | Isotherms study parameters of lead(ll) adsorption on STG at adsorbent dose = 0.1 g/100 ml and other optimum parameters

Model Parameters Values
Langmuir isotherm qm (mg/g) 24.272
K. (Lg™) 0.4369
R? 0.994
R 0.1444
Freundlich isotherm Kr (mg/g) 111.764
n 1.1278
1/n 0.8867
R? 0.9665
Temkin isotherm Ar 7.464
br 247.486
R? 0.995
D-R isotherm qm (mg/g) 16.628
K (mol?>/K??) 0.0000001
R? 0.835
E (KJ/mol) 2,236.07
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The intraparticle diffusion model is needed to investigate the adsorption diffusion mechanism based on the principle
suggested by Weber and Morris. According to the principle:

g = kpit'? + G (15)

(a) Contact Time (t in min)

[ 15 30 a5 50 75 50 105 120 135 150 BE 180 o5
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Figure 18 | (a) Pseudo-first-order kinetics, (b) pseudo-second-order kinetics (c) intraparticle diffusion model, and (d) Elovich
model. (continued.).
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Figure 18 | Continued.

where k,; denotes the rate parameter. C; tells us about the thickness of the boundary layer. If g, versus t1/2 is linear then we
can say intraparticle diffusion is occurring, and if it also passes through the origin, then we will be sure that the rate-limiting
mechanism is only governed by intraparticle diffusion. In other cases when the graph is linear but not passing through the
origin some other mechanism is also contributing to the intraparticle diffusion mechanism.
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The Elovich model is needed for getting the kinetics of the adsorption process on heterogeneous surfaces, to investigate the
kinetics of chemisorption, and can be expressed as:

4 = %m (aB) + %ln(t) (16)

where g, is the amount adsorbed,  and g represents Elovich coefficients, and the linear plot of qt versus Int will be used to get
the values of Elovich coefficients. « gives us an idea about the initial sorption rate and 3 represents the extent of surface cover-
age and activation energy.

It is apparent from all the kinetics models as represented by Figure 18(a)—(d) that the adsorption capacity of STG increased
rapidly for lead(II) in the first few minutes and then steadily increased until the adsorption equilibrium was achieved (i.e.
90 min). The parameters obtained from all the studied kinetic models for the removal of lead(II) onto STG was tabulated
in Table 6. A correlation coefficient value >0.99 was found when we evaluated pseudo-second-order kinetics. After
evaluation of all the parameters from all four kinetics models studied, it can be concluded that the experimental
data is best represented by the pseudo-second-order model compared to the other kinetic model for lead(II) adsorption
onto STG.

Comparison of the adsorption capabilities

The lead(II) adsorption capacity of STG was compared with other biosorbents found in the literature. The values are given in
Table 7. From the table, STG was found as an efficient adsorbent with good metal scavenging capabilities.

Desorption study

For maintaining the biosorption process to be cost effective as an alternative to other wastewater treatment schemes, the
regeneration or recyclability of biosorbent is very important. In this experiment, 1 g/l of the STG was used for lead(II) adsorp-
tion. The initial metal ion concentration of lead(II) ion was taken as 50 mg/1 at optimum pH and stirring speed. The duration
of sorption taken was for 6 h. The adsorbent was regenerated using 0.1 M HNOj3, and then washed with double distilled
water. After drying it is used in subsequent cycles. In the first cycle, the removal efficiency and adsorption capacity come
at 87.37% and 19.66 mg/g,, respectively, which decreased to 78.43% and 17.648 mg/g, respectively. After the third cycle it
again decreased slightly 71.63% and 16.118 mg/g. The sorption of the lead(II) ions from STG declined in the next cycles
also. It was observed that regenerated STG using 0.1 M HNO3 can be used for up to three cycles without losing much of
its metal scavenging capabilities. This desorption study result might be due to a decrease in available active sites after 2-3
cycles of regeneration because they were inactivated in the first cycle. Thus, diffusion of the metal ions into the inner structure
of the prepared adsorbent; therefore, the extractant has a weaker ability to recover such occupied sites.

Table 6 | Kinetic model parameters of lead(ll) adsorption on STG

Model Parameters Values
Pseudo-first-order kinetics Q. (mg/g) 2.4668
ky (min~?) 0.023
R? 0.6256
Pseudo-second-order kinetics k, (g mg~! min~?) 0.068
Q. (mg/g) 243
R? 0.9984
Intraparticle diffusion model Kin (mg g 1s?) 0.059
c 1.654
R? 0.7762
Elovich model a 3.9447
B 19.6545
R? 0.8826
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Table 7 | Comparison of adsorption capacities (mg/g) of different biosorbents for the removal of metal ions reported in the literature works

Adsorbents Adsorption capacity (mg/g) References

Pea nut husk 29.41 Li et al. (2007)
Orange peels 1.22 Xuan et al. (2006)
Tree leaves 21 Baig et al. (1999)
Rice husk 11 Chuah et al. (2005)
Saw dust 3 Shukla & Pai (2005)
Poplar leaves and branches 1.71 Amin (2010)

Coca shells 33 Meunier et al. (2003)
Tree barks 21 Martin-Dupont ef al. (2002)
Areca waste 3.57 Liet al. (2010)

STG 24.272 This study
CONCLUSION

Discharged heavy metals with wastewater cause many environmental and health effects. The solution would be preventing
the discharge of heavy metal directly into the water bodies. Adsorption is one of the important processes for the removal of
heavy metals from wastewater. STGs are a cheap and available material discarded as waste material from tea stalls to hotels
in the environment without any treatment and can be converted into adsorbent for lead(I) removal from an aqueous
solution.

RSM analysis indicates that STG is a potential adsorbent with a desirability function of 0.619. Desirability analysis provided
the inference about the optimum response regarding the adsorption capacity of STG as 8.9087 mg/g when process variables
were 38.75 mg/I (initial concentration), 5.20655 (pH), stirring speed of 119.32, and 3.25 g/1 (STG dose) for a contact time of
135.05 min at a desirability value of 0.619.

STG characterization shows a high surface area for the adsorption. The STG was determined as a potential effective adsor-
bent in the removal of lead(II) from aqueous solutions. The optimum adsorption at which lead(II) ions uptake is maximum
was at around pH 5. The rate of adsorption was found to be quite rapid during the initial contact.. Equilibrium is achieved
within 90 min for adsorbing a significant amount of lead(II) ions onto STG. Four isotherm models were used for the analysis
of experimental data (i.e. Langmuir, Freundlich, Temkin, D-R isotherm models). The adsorption process is showing mono-
layer formation and can be easily explained by the Langmuir isotherm having an adsorption capacity of 24.272 mg/g. By
kinetics studies evaluation we can conclude that the pseudo-second-order kinetics model for lead(II) ions adsorption onto
STG was the most suitable kinetic model.

The highest removal efficiency was found using kinetics models. It is found to be 94.33% when under optimum conditions
for C, = 5 ppm we use an adsorbent dose of 0.5 g/100 ml. The adsorption mechanism and its uptake capacity were dependent
on various parameters such as the pH of the aqueous solution, STG dose, initial metal ion concentration, contact time, stir-
ring speed and particle size. The results of this study showed that STG could be suitably used as an alternative and effective
adsorbent material for the removal of lead(II) ions from aqueous solutions. Based on the present study, STG can be con-
sidered as a low cost, locally and freely abundantly available, eco-friendly, and efficient bio-adsorbent for removal of
lead(II) from aqueous solutions. After detailed experimental investigation we can say that RSM modelling gives us a good
indication of potential adsorbents, but developing an adsorbent which can be scaled-up requires detailed experimental
investigation.
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