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Abstract: Contamination of water by Pb®" and the threat of invasive vegetation affects the quality and
quantity of water accessible to all life forms and has become a primary concern to South Africa and
the world at large. This paper synthesized, characterized, and evaluated the resins from tannin-rich
invasive Acacia species as an environmentally benign Pb*™ adsorbent. The analysis of the pore volume
and surface area of the resins reveals a small pore dimension of 9 x 1073 cc/g and large surface
area (2.31-8.65 m?/g), presenting suitable physical parameters for adsorption of Pb*". Langmuir
model offers the best correlation data at pH 6 with maximum monolayer coverage capacity of 189.30,
105.70 and 98.82 mg /g for silver, black and green wattle tannin resins in aqueous solutions, respectively.
The kinetic data suitably fits into a pseudo-second-order model, with the Dubinin-Radushkevich
adsorption energy (E) < 7.07 KJ/mol and intra-particle diffusion model confirming an associated
physisorption process within the bio-sorption system. The thermogravimetric analysis (TGA) and
Fourier-transform infrared (FI-IR) data of the resins were informative of the high thermal stability
and chelating functionality such as -OH and -NH, responsible for the removal of Pb>". All the
resins showed good adsorption characteristics while silver wattle tannin resin has the best adsorption
capacity compared to black and green wattle tannin resins. This study provides a prototype adsorbent
from invasive plants for the removal of Pb*" in water.

Keywords: Acacia species; adsorption; cross-linking; diffractograms; micrograph; thermogravimetric
analysis

1. Introduction

The quality of water can be affected by several anthropogenic activities [1]. In South Africa,
Pb?" is the primary source of water pollution resulting from mining, textile, battery, leather, and electro
coatings industries. Pb®>" contamination is considered a priority pollutant because it is highly toxic to
humans and aquatic organisms even at low concentrations [2]. It is also able to bio-accumulate and
bio-persist in the environment [3]. In South Africa, the availability of water is a significant concern
due to changing rainfall patterns. South Africa is now considered to be a water-scarce country [4].
Improving water conservation, water quality and water-use efficiency is a key national priority [5].
The availability of water is threatened by the encroachment of a considerable number of non-native
species. This is because of the high biomass and evapotranspiration rates associated with invasive
alien plants that arise because of their greater height, root depth and senescence, compared to the
native species that they replace [6], consequently causing a decrease in both surface runoff water and
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groundwater recharge [7]. For example, tannin-rich Acacia species have been classified as a noxious
“category 2 invasive weed”, because of its impacts on the surface and groundwater reserves [8,9].
Hence, a prevention strategy has been considered and established, which includes regular survey,
management, and prevention of alien vegetation. However, there may be a use for some alien tree
species such as Acacia that are rich in tannins.

Adsorption studies have shown that materials such as activated carbon, phosphate and natural
phosphate have been applied for the removal of heavy metals from wastewater on a commercial scale,
but these adsorbents have been certified to have limited application for the removal of Pb2+, asbestos,
cysts, and coliform [10-12], hence the non-application of these adsorbents as a primary filter in water
treatment. Recent studies have shown that heavy metals can be removed from water and wastewater by
efficient, low-cost remediation plant materials and natural tannin adsorbent [13-15]. Zhao et al. [16] and
Binaeian et al. [17] reported that fabricated tannin-based dithiocarbamate and hexagonal mesoporous
silicate biosorbents are efficient in the removal of Ni*" and anionic dye from aqueous solutions,
respectively. Other studies have supported the influence of tannin-rich plants on the biological
availability of metal ions by chelation [18,19], but the high solubility of tannin in aqueous solution has
limited its direct application as a biosorbent, although several methods such as impregnation of tannin
on chitin [20], binding of tannin to aminohexyl cellulose and collagen-fiber [21,22] have been reported
for the immobilization of tannin in aqueous solutions with suitable adsorption capacity for toxic metals.

This work focuses on the preparation of a green, cost-effective and environmentally benign
immobilized tannin resin adsorbent with enhanced functionality and thermal stability for the
remediation of water contaminated by Pb?>". The choice of the Acacia species in this study was
based on our findings [23], which indicate that the stem barks of this species can hyper-accumulate
heavy metals due to the significantly large tannin content.

2. Experimental

2.1. Collection, Authentication and Pre-Extraction Treatment

Stem bark of Acacia mearnsii (Black wattle), A. decurrens (Green wattle) and A. dealbata (Silver
wattle) were collected in summer from Ratanda (26.5535° S, 28.3199° E), Hindenburg, South Africa.
Voucher specimen number: 17,062, 17,063 and 17,065 were deposited for A. mearnsii, A. decurrens,
and A. dealbata, respectively, at the National Biodiversity Institute, Pretoria, South Africa. The stem
bark was air dried at ambient temperature for three months.

2.2. Sequential Extraction of Tannin

The dried stem bark of each of the three Acacia species were pulverized using an S4 hammer mill
(Drotsky, South Africa) and sequentially macerated with hexane, chloroform, ethyl acetate, methanol,
and water at room temperature for a week. The water-soluble fractions of hexane, chloroform and
ethyl acetate were combined with the aqueous extract and then freeze-dried at 218 K under vacuum
(Figure 1). The solid tannins were finally stored in a desiccator containing anhydrous sodium sulfate.

cia stem bark squentially extracted
kg 7 days maceration method)

A
0

Ci
l (2.

| | l l

Hexane Chloroform  Ethylacetate Methanal__y.Aqueous

extract extract extract extract

Partition with H,0 and combined
‘with the aqueous extract

Freeze dry under
vaccumat -55 °C

Dry crude tannin

Figure 1. Sequential Extraction of Tannin from the Acacia Stem Bark.
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2.3. Estimation of Tannin in the Aqueous Fraction

The presence of tannin was confirmed by adding 3 drops of 0.1% FeCl; to 1 mL of the aqueous
fraction [24]. The Folin-Ciocalteu method was used to quantify the total tannin content [25],
by preparing a 100 mg/mL stock solution of tannic acid and making serial dilutions. The amount of
tannin in 0.5 mL aliquot of the water fraction was estimated by measuring the absorbance at 700 nm
for both standard and test samples on a Cary 60 UV-Vis Spectrophotometer (Agilent, Santa Clara, CA,
USA). The tannin content was expressed in mg/g of extract.

2.4. Synthesis of Tannin-Resin

About 25 g of dry extracted tannin powder was dissolved in ammonia solution (13.3 N, 156.25 mL)
at room temperature, and cross-linked with benzaldehyde (37 wt %, 201.13 mL). The mixture was
stirred at room temperature for 5 min, filtered through filter paper (No. 2) and the residue collected as
a dark material (Figure 2).
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Figure 2. Preparation of Resin.

To the dark material, 150 mL of deionized water was added, heated at 343 K for 3 h, filtered using
a vacuum pump, and 100 mL of 0.1 mol/dm? nitric acid was added to the residue while stirring for
30 min. Finally, the water-insoluble material was allowed to cure at 353 K [26], dried, pulverized and
sieved to obtain molecular size fraction of +100 um using the American Society for Testing and
Materials (ASTM) standard sieve.

2.5. Characterisation of Tannins and Resins

The thermal properties were monitored on a thermogravimetric analyzer (Perkin Elmer, Waltham,
MA, USA) operated at a temperature range of 303-1173 K at a heating rate of 283 K/min under
a nitrogen atmosphere. The functional group composition of the resins was determined on FI-IR
(PerkinElmer Spectrum 400, Waltham, MA, USA) scanned between 4000 and 500 cm~L. The resin
topography recorded by an X-Ray diffractometer (ZEISS Sigma 300, Oberkochen, Germany), while the
surface morphology was scanned with an emission electron microscope (JSM-7500F, Waltham, MA,
USA). The pore volume and surface area were estimated using a Brunauer-Emmett-Teller analyzer
(Nova 3200e, Boynton Beach, FL, USA).
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2.6. Batch Adsorption Study

The sorption isotherms and kinetics were studied using batch adsorption method. A 1000 ppm
stock solution of Pb*" was prepared by dissolving 1.6 g of Pb(NO3), in 1000 mL of deionized water.
The effect of pH on the adsorption pattern of the resins was investigated by adding about 0.05 g resin
into 100 ppm Pb(NO3), solution in a 100 mL volumetric flask. A solution of 0.1 mol/L HNO; and
NaOH was added in drop for pH adjustment. The temperature of the Pb?" solution was adjusted at an
interval of 10 K between (283-360 K) to evaluate the effect of temperature on the adsorption behaviour
of the resins. After centrifuging with an OHAUS centrifuge (Frontier 5816R, Greifensee, Switzerland),
the Pb?>" concentration was analysed using an inductively coupled plasma spectrometer (ICP-OES
PerkinElmer, Billerica, MA, USA). The adsorption capacity g; (mg/g) of the resins was computed as
shown in Equation (1):

g G )

m

where V: volume of sorbent (L), m: the mass of resin (g), C; and C; are Pb%* concentrations (mg/L) at
the initial and time, respectively.

Batch equilibrium tests were also conducted to determine the adsorption of Pb*" onto the resins at
equilibrium. The equilibrium concentration was determined using the following formula Equation (2):

C—C)V
Je = GGV - J 2
where g, is the quantity of Pb>" adsorbed at equilibrium (mg/g), and C, (mg/L) is the equilibrium
concentration of Pb*". All analysis was conducted in triplicate and values are expressed as mean =+ SD.

2.7. Kinetic Models

To determine the absorption kinetics, 100 mL of aqueous solution containing 100 ppm of Pb**
was taken in each of eighteen conical flasks. 0.05 g of resin was added in each flask. The conical flasks
were shaken on wrist shaker (Burrell Scientific, Pittsburgh, PA, USA) for different time intervals at
303 K. The samples thus obtained were centrifuged at 3000 rpm for 15 min, filtered and analyzed using
ICP-OES to get the residual concentration of Pb>" in aqueous solution. All analysis was conducted in
triplicate and values are expressed as mean + SD.

2.7.1. Pseudo-First-Order Kinetic Equation

The pseudo-first-order kinetic Equation (3), describes the adsorption of a Pb®>" from the aqueous
solution [27]:

dqe
o =K (Ge — qt) 3)

where g; is the amounts of Pb?* adsorbed (mmol/g) at time t, g1 is the amounts of Pb*" adsorbed at
equilibrium (mmol/g), and K is the rate constant of pseudo-first-order adsorption process (min—1).
The linear form of Equation (3) is obtained after integration and application of the boundary conditions,
and a plot of In (g, — q;) versus t was used to compute the equilibrium adsorption capacity (g, cq1),
and adsorption rate constant (Kj).

2.7.2. Pseudo-Second-Order Kinetic Model

The pseudo-second-order kinetic model is based on the assumption that the rate of
adsorption is proportional to the square of the difference in the equilibrium concentration of Pb*",
mathematically expressed in Equation (4) [28]:

d
% =Ka(qe — q1)° @)
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where K; (g/mg-min) is the equilibrium rate constant of pseudo-second-order adsorption.
After applying the boundary conditions on Equation (4), a plot of the t/g; versus t was used to
compute the equilibrium adsorption capacity (q,,;) and adsorption rate constant (k).

2.7.3. Elovich Equation

Elovich’s equation (Equation (5)) describes activated adsorption, which is compatible to with
heterogeneous system [29].

dqt o .
o = vexp(=par) ®)

b>" sorption rate [mmol/(g min)], and the parameter B is related to the extent

where « is the initial P
of surface coverage and activation energy for chemisorption (g/mmol). After applying boundary
conditions and integrating, the constants () and («) can be obtained from the slope and intercept of
the linear plot of g; versus In t, respectively.

2.7.4. Intra-Particle Diffusion Equation

According to Weber and Morris [30], the intraparticle-diffusion kinetic model was employed to
confirm particle diffusion within the bio-sorption system (Equation (6)):

gt = Kiyt™ +C (6)

where K;,; is the intra-particle diffusion constant (mg/g min'/2). A linear plot of g; versus t95 was
used to compute the constants C and Kjy,;.

2.8. Adsorption Isotherms

The sorption isotherms were determined by adding 0.5 g of resin into a 250 mL volumetric flask
containing Pb®" ion (100 mL,100 mg/L), with constant agitation at 120 rpm on a wrist shaker for
180 min at a controlled temperature. At the end of the sorption process, 5 mL of the sample was
centrifuged at 3000 rpm for 15 min, and the Pb>" concentration was determined using ICP-OES.

2.8.1. Langmuir Adsorption Isotherm

The Langmuir adsorption isotherm is based on the assumption that there are fixed numbers of
equal size and shaped adsorption sites and dynamic equilibrium exists between the adsorbed and the
free Pb?" on the surface of the resin [31] Equation (7):

_ QOkLCe

e = 1+ K. .G @

where Qp is the maximum monolayer coverage capacity (mg/g) and ki, is the Langmuir isotherm
constant (L/mg). The values of the constants, 1/K; and a1 /Ky can be estimated from the intercept
and gradient from the plot of C. /g, versus C,.

2.8.2. Dubinin-Radushkevich (D-R) Adsorption Isotherm

The Dubinin-Radushkevich isotherm describes the adsorption mechanism with a Gaussian energy
distribution onto the resin surface [32] as expressed in Equation (8):

2
Ge = qmefﬁ(RTIn(l +2)) ®)
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where ¢, is monolayer adsorption capacity of Dubinin-Radushkevich (mg/g), B is adsorption energy
E, R is the gas constant (8.314 ] /mol K), and T is the absolute temperature. The constant 8 is computed
from the relationship in Equation (9) [33]:

P=75m )

The linear isotherm plot of In g, against RT(l + C%) of Equation (9) gives g, as the intercept.

2.8.3. Temkin Adsorption Isotherm

Temkin isotherm considers the indirect Pb?>*—Pb?* interactions on adsorption isotherms,
as expressed by the generalized form, Equation (10) [34]:

RT
9 = B In At Ce (10)

where At is the Temkin isotherm equilibrium binding constant (L/g), B is the Temkin isotherm
constant. Therefore, the plot of g, versus In C, gives an intercept In Ar and a straight line of
slope RT/Br.

2.8.4. Freundlich Adsorption Isotherm

Freundlich isotherm gives the empirical relationship between the concentration of Pb?" on the
surface of the resin to the concentration of Pb*>" in the aqueous solution, mathematically expressed as
in Equation (11) [35]:

1
Je = KrC¢ (11)

where Kg is the Freundlich constant (mg/g), and 7 is the Freundlich exponent. The values of the
constants, Kr and #n can be estimated from the intercept and gradient from the plot of In g, versus In Ce.

3. Results and Discussion

3.1. Yield of Extracted Tannins and Resins per Gram of the Aqueous Fraction

The quantitative evaluation of the tannins and resins showed a significant variation (p < 0.05)
in the content of the three different Acacia species, with ST and BT comparatively higher in tannin
contents (Figure 3).

140 4
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Tannin content (mg/g)
N o 0 '5
o o o o
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o

o
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Figure 3. Comparative Yields of Extracted Tannins and Resins Expressed as Mean + SD. Key: silver
wattle tannin (ST), silver wattle tannin resin (STR), black wattle tannin (BT), black wattle tannin resin
(BTR), green wattle tannin (GT) and green wattle tannin resin (GTR).

There is a significant difference (p < 0.05) in the amount of cross-linkable tannin and extractable
tannin; this indicates a difference in the tannin chemistry resulting in the observed variation.



Water 2018, 10, 648 7 of 14

Depending on the Acacia species, about 25-40% of the total tannin can be modified into a resin
while the uncross-linkable tannin can still find application in the tanning industry [36,37].

3.2. Thermal and Functional Group Properties of the Tannins and Resins

The thermogravimetric plots of the tannins and resins are provided as Supplementary Materials
(Figures S1-5S3). The first weight loss of the extracted tannins and resins is attributed to the loss of
moisture in a single step around 303-328 K and 380-384 K, with the highest loss being observed in GT
(7%) and GTR (11%), respectively. According to Sepe [38], almost every resin contains some degree of
absorbed atmospheric moisture which may influence the mechanical performance [39], and also the
rate of absorption of the material [40].

There was a significant weight loss for all the extracted tannins at 328-384 K whereas the resins
were thermally stable at 375-1020 K. This is an indication that the resins are more resilient to heat
because of the inter- and intra-crosslinked functional groups which agrees with the observed differences
in the FT-IR spectra of the tannins and corresponding resins (Figures S4-56, Supplementary Materials).

The FT-IR spectra of the tannins and resins indicate the presence of O-H vibrations at
3248-3266 cm L. In addition, N-H vibration peaks at 3661-3669 cm~1, C = C of aromatic and overtone
patterns at 690-900 cm~! were observed in spectra of the resins only. These vibrational frequencies
confirm a successfully crosslinked and aromatic bridged resin [41,42]. After adsorption of Pb*",
there was a shift in the vibrational peak positions, justifying the feasibility of the adsorption process.

3.3. Crystalline and Amorphous Profiling of the Tannins and Resins

The XRD patterns of the extracted tannins were used as references to changes in the pattern or peak
position of resins (Figures S7-S9, Supplementary Materials). The diffractograms of GTR, BTR, and STR,
revealed sharp diffraction peaks, corresponding to the crystalline region of tannins [43,44]. Crystalline
peaks were observed to superimpose the broad amorphous background in all the diffractograms
obtained in this study. Hence, the cross-linked resins have an improved crystalline character compared
to their corresponding tannins. Additionally, peaks (26 angle [intensity]) were observed on the
diffractograms of the resins at 90.8° [446] for GTR, 90.9° [699], 108.3° [260], 114.1° [281] for STR
and 88.9° [470] 100.9° [1891], 107.9° [127] for BTR. These variations in the XRD peaks may play an
influential role in the sorption potential of the resins due to the creation of additional active sites [45].

3.4. Surface Morphology, Area and Pore Volume Analysis of the Resins

The surface morphology of the resins was examined using SEM-SE (JSM-7500F, Waltham, MA,
USA) at a working distance of 8.1 mm at a thickness of 10 um taken at different magnifications
(Figure 4a—f). The micrographs of GTR and BTR have a porous, homogeneous, and crystallite
morphology different from the broad heterogeneous surface of STR (Table 1).

(b)

Figure 4. Cont.
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(e)

Figure 4. (a—f) Micrographs taken in SE mode at a magnification of 50x for (a) STR (b) GTR and (c)
BTR samples. Magnification of 600x for (d) STR (e) GTR and (f) BTR samples.

There were no observable differences in the surface area as well as the pore volume of BTR and
GTR (Table 1). The surface area is by no means the only physical property which determines the extent
of adsorption. Of equal importance is the pore volume of the material. Mangun et al. [46] emphasized
the importance of pore volume and area on the adsorption capacity of materials with heterogeneous
surface compared to adsorbents with homogeneous surfaces.

Table 1. BET specific surface areas and pore volume for the resins.

Synthesized Resin Surface Area (m?/g) Pore Volume (cc/g)
GTR 2.38 9x103
STR 8.65 7 x 1073
BTR 231 9x10°3

3.5. pH and Temperature Dependence of the Resins on Pb?* Uptake

The uptake of Pb>" by the resins was affected by variation in pH (Figure 5). STR has the best
potential to accommodate the Pb?*, efficiently removing over 74% of the ion from aqueous solutions
at pH 6. There was a rapid increase in the adsorption of Pb>" at pH 3.0, which peaks between pH 5
and 6 but drops off at pH 7. The adsorption of Pb*" at pH 2-3 is low due to the competition between
H30" and Pb?" for the free poly-hydroxyl and amine groups on the resin, resulting in the limited
number of binding sites available for the adsorption of Pb*™.

The Pb*" is precipitated at pH greater than 7, because of the high concentration of hydroxide ion
and the ease of oxidizing the free poly-hydroxyl groups of the resins; hence the difficulty in evaluating
the sorption capacity at higher pH. A similar observation has been reported by Liao et al. [47], where the
adsorption could not be evaluated at pH > 8.0.

The influence of temperature on the adsorption of Pb?" by the resins was significant (p < 0.05)
(Table 2). As the temperature increases, the adsorption of Pb*" gradually rises to a maximum at
294-328 K and drops off sharply at higher temperatures.
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The electrostatic and exothermic nature of Pb>" interaction with the resins was altered at a
temperature > 328 K, despite the thermal stability of the resins above this temperature as shown on
the thermograms (Figures S1-S3, Supplementary Materials). The observed decrease in the quantity
of Pb*>" adsorbed at temperature > 328 K is evidence of the exothermic interaction of Pb*" with the
resin surface [48] and also the validity of the thermodynamic constant of Pb*™ at 288-300 K resulting
in process reversal as reported in the studies of Seward [49] and Luo and Yanxin [50].
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Figure 5. Effects of pH on the Pb?* adsorption on the resins at an initial concentration of 100 ppm and
powder resin concentration of 0.5 g/L (particle size + 100 um; agitation rate: 120 rpm; contact time:
180 min). Values are expressed as mean + SD.

Table 2. Effects of temperature on the Pb?* adsorption on the resins at an initial concentration of
100 ppm (Resin: 0.5 g/L; particle size + 100 pm; agitation rate: 120 rpm; contact time: 180 min).

Resins Optimal Temperature (K) Amount of Pb** Absorbed (mg/g)
STR 328 81.65
BTR 294 69.96
GTIR 294 66.18

3.6. Evaluation of Kinetics Results

In Figure 6, the Pb>" uptake by the three resins with time responded linearly with a
maximum removal at 180 min. To investigate the optimal rate-controlling step, kinetic experiments
were performed at pH 6 for 180 min. Several kinetic models such as the pseudo-first-order,
pseudo-second-order, Elovich model and inter-particle diffusion model were evaluated with their
constants K; (1/min), K (g/mg min) Kj,; (mg/g min'/2), and « (mg/g min) computed from the
graphs of the kinetic models. The kinetic plots of the resins are provided as Supplementary Materials
(Figure S10a—d).

As seen in Table 3, the correlation coefficients obtained for the pseudo-second-order kinetic model
has the highest r? value and was >0.95 of all resin interactions with Pb?*. The theoretical e cal Values
of the pseudo-second-order model is closest to the experimental g ¢xp, even though its observed that
b?>" with the resin
causing a slight shift in equilibrium towards desorption. Similar kinetic behaviors using Mimosa tannin,

the K; > K5 at 303 K as a result of the exothermic nature of the interaction of P

carbon nanotubes and ethylenediamine-N,N’-disuccinic acid for the removal of Pb>" were reported in
the studies of Luzardo et al. [51] and Fabbricino et al. [52].

A suitable tool in evaluating the mechanistic evidence on a highly heterogeneous adsorbent is
the Elovich equation. However, the observation in this study is contrary to the report of Aharoni and
Ungarish [53], which stated that the Elovich equation should provide an excellent description of the
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sorption of a divalent adsorbate provided it is entirely a chemisorption process. This implies that the
sorption process in this study is not entirely an electrostatic process, as the computed value of the
Dubinin-Radushkevich adsorption energy (E) < 7.07 KJ/mol with a correlation coefficient > 0.9832 [54].

100

No Weighting
um of 007576 | 0,47409 021347

007046 096452 097548

093597 092332 094672 A A
Value Standard Error A

intercept 0,06589 004703 A

Siope 0,00508 3.99507E-4

intercept 001375 0.11764

Slope 001155 9,99409E-4  §
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60 - Siope 00094 6.70634E-4

q, (mg/g)

40

20

= BTR
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0 ' 50 ' 00 150 " 200
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Figure 6. Plot of the equilibrium quantity of Pb%* adsorbed with response to time by the three resins.

Table 3. The kinetics constants for the adsorption of Pb?* (Resin: 0.5 g/L; C;: 100 ppm; particle size +
100 pm; temperature: 303 K; agitation rate: 120 rpm; contact time: 180 min; pH 6.

Pseudo-First-Order Equation Pseudo-Second-Order Equation
Resins e exp (M8/8) : " >
K1 (1/ min) 9o car (Mg/8) r? K; (g/mg min) 9o car (Mg/8) r
STR 93.37 0.067 10.63 0.966 0.055 93.87 0.953
BTR 83.43 0.073 68.36 0.853 0.042 84.64 0.958
GIR 63.74 0.063 52.27 0.912 0.074 64.83 0.983
Elovich Equation Intraparticle-Diffusion Equation
Resins qe,exp (mg/g) . R
« (mg/g min) B (g/min) 2 Kiyt (mg/g min'/2) e
STR 73.37 5.363 6.323 0.993 0.367 0.983
BTR 65.34 6473 3.345 0.835 0.647 0.783
GTIR 53.62 356.7 2.566 0.543 0.326 0.823

In addition, the correlation coefficients obtained from the intra-particle diffusion model has a
7> < 0.98 and an intercept at the origin for all the resins confirming Pb*" diffusion within the system.
This implies an increase in the boundary thickness for all resins [55], resulting in a decrease in the
diffusion rate with time at a pH 6 due to limited active sites left on the resins at equilibrium.

3.7. Evaluation of the Isotherm Results
The equilibrium amount of Pb*" effectively removed in 180 min by BTR was highest compared
to STR and GTR (Figure 7). Hence, it is mandatory to determine the most suitable correlation model
for the equilibrium data, to optimize the removal of Pb>" from aqueous solutions. To accomplish the
optimization requirements, we evaluated four isotherm models, determined the constants from the
linear plots and the correlation coefficients (Table 4 and Figure S11a-d, Supplementary Materials).

As seen in Table 4, high 2 values were obtained from all isotherms, whereas the highest and
lowest values were shown by Langmuir and Freundlich isotherms with 0.9966 and 0.7865, respectively.
The Freundlich exponent (1) are all > 1, an indication that the biosorption processes on all the resins
are spontaneous [56]. Hence, it can be inferred that the resins are suitable for the removal of Pb>" from
aqueous solutions.

The adsorption mean-free energy (E) computed from the Dubinin-Radushkevich equation for the
transfer of Pb?" from the aqueous solution to the surface of the resin was found to be <7.07 KJ/mol.
Consequentially, the mechanism of the adsorption of Pb*" to the surface of the resin is partly a physical
process as the mean-free energy is <8 kJ/mol, as reported by Onyang et al. [54].
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Table 4. Comparison of four isotherm equations for equilibrium uptake studies of Pb?* by the

three resins.

Resi Langmuir Dubinin—-Radushkevich
esins
Ki (L/g)  a; (Limg)  Qp (mg/g) P q,, (mmol/g)  fi (mmol?/J?)  E (KJ/mol) P
STR 37.84 0.326 189.30 0.9966 465.40 1x 10% 224 0.9744
BTR 13.98 0.363 105.70 0.9937 746.50 1x10% 2.24 0.9367
GTR 11.83 0.464 98.82 0.9832 582.30 1% 10 7.07 0.9543
) Temkin Freundlich
Resins
Br A7 (Lg) 2 Kp (mg/g)(mg/L)V" n 7
STR 14.74 127.60 0.9655 87.38 7.773 0.7865
BTR 10.73 32.32 0.9561 64.88 6.237 0.8853
GTR 2.83 45.37 0.9533 53.73 7.467 0.8335
Equation y=a+b*x
Weight No Weighting
80 _ Residual Sum 665,66933 1132,88889 927,83289 .
g'esat:su:rr]essr 0,86767 0,86998 0,86043
Adj. R-Square 0,71754 0,72213 0,70324
J Value Standard Error _
momas e ss o -
N A Intercept 1,44444 9,24209 . /,
60 - $OP:A=2 Slope 0,76667 0,16424 /
2$OP:A=3 Intercept 251111 8,36395 /
— Slope 0.664 0,14863 [ J
(o)) J [ ]
g s
N
Cfu 40
20 -
m BTR
] ® STR
a A GTR
o} . ; . ; . ; , ; .
0] 20 40 60 80 100
C, (mg/L)

Figure 7. Plot of the equilibrium quantity of Pb%* adsorbed with response to concentration by the
three resins.

The Temkin isotherm (12 0.95) indicates that the adsorption fits the electrostatic model
of Pb*"—Pb?" interaction at the resin interface. As the low Temkin constant (Br) values are
2.83-14.74 gJ /mg-mol for the indirect Pb?*—Pb?* interactions with resin interface, this indicates an
exothermic adsorption process leading to a decrease in the amount of Pb?" adsorbed as temperature
increases [57].

4. Conclusions

This study showed that the removal of Pb*" from aqueous solutions in a batch system using
resins from invasive Acacia species is an effective and feasible method. The resins were found to
have improved crystalline property, high thermal stability, additional chemical functionality, and
pronounced immobilization properties. In addition to these features, the uniquely small pore volume
of 7-9 x 1073 cc/g, with large surface area, enhanced the adsorption capacity of the resins. Temperature
and pH strongly influenced the adsorption capacity of Pb®>" by the resins. Adsorption equilibrium
data revealed that there are two sorption processes taking place on the surface of the resins with the
dominant driving force being chemisorption. From a thorough literature survey as well as the result
from this study, the resins may be used as an effective adsorbent for the removal of Pb*" in aqueous
solutions. They are less expensive, more easily synthesized and do not require any form of activation
as in the case of some commercial absorbents. The resins are attractive not only from an economic
point of view but also for the environmental impact of reducing and recovering invasive plant material.
Therefore, the properties of this resin must be considered when making a valuable group of novel
commercial adsorbents.
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Abbreviations

XRD X-ray Diffractometer

BET Brunauer-Emmett-Teller

TGA Thermogravimetric analyzer

SEM Scanning electron microscopy

FT-IR Fourier transform infrared spectroscopy
ST Silver Wattle Tannin

BT Black Wattle Tannin

GT Green Wattle Tannin

STR Silver Wattle Tannin Resin

GTR Green Wattle Tannin Resin

BTR Black Wattle Tannin Resin

ICP-OES Inductively coupled plasma optical emission spectrometer
* After adsorption
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