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a b s t r a c t 

Quantity of water is a major concern, but the quality is of more urgent concern due to heavy metal pollution. 
In this study, the focus was to develop adsorbents (tannin resin (TR) and iron-doped tannin resin (Fe-TR)) from 

invasive Acacia mearnsii for Pb 2 + and Ni 2 + in solution. The developed TR and Fe-TR were prepared directly 
by crosslinking and iron-grafting; respectively with thermal stable at ≤ 350 °C. Surface functionality analysis 
revealed the presence of chelating groups at ≈ 1688 and 3661 cm 

− 1 . The crystallite sizes of the adsorbents were 
smaller compared to tannin; however, the % carbon and nitrogen were significantly higher. Also, the Brunauer–
Emmet–Teller study revealed that iron-grafting of tannin after crosslinking increases the surface area, pore volume 
and pore size. Furthermore, the surface morphology of adsorbents indicated a well-defined structure with the 
formation of a whitish deposit and rough lump-like after ion uptake. Both adsorbents showed a type II isotherm 

with adsorption capacities of 40.650 mg/g and 13.763 mg/g for Pb 2+ and 120.63 mg/g and 110.74 for Ni 2 + 

ion by TR and Fe-TR; respectively. The absorbate-adsorbent interactions were observed to be endothermic with 
negative and positive Gibb’s free energy values for the adsorption of Pb 2 + and Ni 2 + ; respectively. The adsorption 
kinetics of Ni 2 + is governed by several models; however, Pb 2 + interaction is regulated by Pseudo-second-order 
model. Furthermore, the data generated offered the possibility of both chemisorption and physisorption processes; 
highlighting the flexibility and multifunctionality of tannin traps for the erasure of ion impurities in wastewater. 
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. Introduction 

Water pollution is currently a global concern, in South Africa, there
s currently limited quality water due to industrial waste, strip min-
ng, thalassic dumping, oil leaks, fertilizers, acaricides, destruction of
iver catchments, sewage and wastewater ( Otieno and Ochieng, 2004 ;
alavanidis and Vlachogianni, 2010 ; Wasi et al., 2013 ). One of the most

oxic water pollutants is heavy metals; adjudged as a major water pol-
utant due to their effect on ecosystems ( Govind and Madhuri, 2014 ).
eavy metals are toxic chemicals, known to cause multiple organ dam-
ge; thus, they are considered a priority toxicant, due to their bio-
ccumulative and aqua-solubility properties ( Stankovic et al., 2014 ;
erma, 2017 ). Humans and aquatic life are more exposed to are, lead
Pb) and nickel (Ni), regarded as toxic and human carcinogens through
he intake of agricultural products and water ( Chowdhury et al., 2016 ).
∗ Corresponding author at: Institute of Chemical and Biotechnology, Vaal Universi
021, Vanderbijlpark 1911, South Africa. 
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he primary sources of Pb 2 + and Ni 2 + in the environment are waste dis-
harge from industrial sources and mining activities ( Liu et al., 2013 ).
ecause of their high degree of toxicity, these metals rank amongst the
riority metals that are of excessive public health significance. 

There are several treatment techniques for removal of Pb 2 + and Ni 2 + 

ontaminants in water, which includes physical treatments (such as ad-
orption, filtration, electrolyte reduction, acoustic cavitation, radiation,
nd supercritical water oxidation) and chemical treatments (such as re-
uction with Metals, Fenton’s Reagent, TiO 2 photocatalysis and UV/
 2 O 2 or Ozone) ( Fu and Wang, 2011 ). Amongst these possible treat-
ents, the adsorption process by solid adsorbents has proven to be the
ost efficient and low-cost remediation technique for removal of toxic

ontaminants in water. The task of developing cost -effective and effi-
ient materials for the treatment of water remains a daunting task; more
o, previous studies were pivoted on plant-based materials, like maize
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Fig. 1. Geographical location of the A. mearnsii sampling site. 
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eaves and grape stalks ( Adesola et al., 2006 ; Lee et al., 2008 . The tech-
ically feasible, economical nature, and effective metal removal proper-
ies of plant-based adsorbents stand out as major advantages ( Xiao et al.,
012 ). 

Review of tannin literature has shown that they are excellent
hyto-chelating agents; however, the utilization in water treatment
s curbed by its high solubility ( Ogata et al., 2011 ). The usage of
annins in water remediation requires mandatory immobilization of
annins. Our previous studies on invasive Acacia spp showed that Acacia

earnsii (black wattle) contains a significant amount of tannin; hence,
t can be exploited as a tannin feedstock ( Joseph and Sekomeng, 2017 ;
koli et al., 2018 ). Using immobilised tannins for the remediation of
ater will consequentially lead to the application of invasive species

o create ecological benefits. We aim is to develop low cost and
co-friendly materials from invasive A. mearnsii with water remediation
otential; to address the concern of Pb and Ni pollutants in water. 

. Materials and methods 

.1. Chemicals and reagent 

Analytical grade chemicals and reagents were used in this
nvestigation. Deionized water was used as a medium in this study. 

.2. Plant collection site and authentication 

The samples of A. mearnsii (Black wattle) stem bark was collected
rom Heidelberg, Ratanda (latitude 26°55 ′ 35’’ S and longitude 28°31 ′ 99’’
) ( Fig. 1 ), Gauteng Province, South Africa. Authentication of the plant
as done at the South African National Biodiversity Institute, Pretoria,
outh Africa, and a voucher number: 17062 was assigned. 

.3. Extraction of tannin and quantification 

Collected stem barks were air-dried and milled using a Drotsky S4
ammermill. According to the method of Ferreira Júnior et al. (2012) ,

annin was extracted, the resulting menstruum was freeze-dried at
 55 °C under vacuum, and stored in a desiccator. According to the
olin ‐Ciocalteu procedure, the amount of tannin in the extract was esti-
ated and expressed as mg/g of the extract ( Naima et al., 2015 ). 
2 
.4. Cross-linking of tannins 

Approximately 48 g of extracted tannin was dissolved at 24 °C in
00 ml of NH 3 solution (13.3 N), 400 mL of benzaldehyde (37 wt%),
tirred and filtered. To the residue, 500 mL of distilled water was added
nd maintained at 70 C for 3 hr. Furthermore, vacuum filtration was car-
ied out followed by stirring and simultaneous addition of 0.1 N HNO 3 
about 100 mL). Thereafter, the mixture was filtered, washed, and al-
owed to cure at 80 °C before freeze-dried. The solid obtained was then
ulverized and sieved to give a 100 μm powdered product tannin resin
TR). 

.5. Iron-grafting of the resin 

According to Roto et al. (2016) ; about 1.5:1 mixture of FeSO 4 ·7H 2 O
nd FeCl 3 ·6H 2 O was introduced to 80 mL of hot water followed by
0 min of mechanical stirring. Thereafter, 62 mL of 25% NH 3 solution
as introduced followed by 31 g of TR with continuous stirring to give
 grey-like insoluble material. The product was washed to a neutral pH
ith water and labelled iron doped-tannin resin (Fe-TR). Fig. 2 below

s a brief summary of the experimental plan. 

.6. Characterisation of adsorbents (TR and Fe-Tr) 

.6.1. Zero surface charge (pH pzc ) analysis 

Following the protocol reported by Bakatula et al. (2018) , the adsor-
ent points of pH pzc were established by the solid addition procedure.
nto various 100 mL conical flasks containing either 0.1 M HCl or NaOH
olution; about 50 mL solution of NaCl (0.01 N) with initial pH (2, 4,
, 8, and 10) was introduced. The initial stabilizing pH readings were
oted, followed by the addition of 0.1 g of the adsorbent, stirred at
50 rpm for 2 h; thereafter, the filtered and the final pH of the mixture
as documented. 

.7. Batch adsorption experiments 

Batch adsorption investigations were conducted to ascertain the in-
uence of initial concentration, pH, temperature, and time on the ex-
raction efficiency of the adsorbents for Pb 2 + and Ni 2+ ions. 

To a conical flask, approximately 0.5 g and 50 mL of adsorbent and
etal ions at a predetermined concentration were added; respectively.
fter each sorption study, the concentration of the residual metal ion
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Fig. 2. Schematic diagram of experimental set-up. 
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as determined using inductively coupled plasma optical emission spec-
rometry (Perkin Elmer, Optima 5300 DV, MA). The sorbent loading at
ime (t) was evaluated using Eq. (1) : 

 = 

(
𝐶 𝑖 − 𝐶 𝑓 

)
𝑉 

𝑚 

(1)

Where q(mg/g): sorbent loading, V(L): volume of sorbent, m(g): the
ass of sorbent, C i and C f : are the initial and final ion concentrations

n ppm. 

.8. Evaluation of thermodynamic variables 

The enthalpy ( ΔH 

o ) and entropy ( ΔS o ) changes were extrapolated
rom the slope and intercept of the plot of lnK D vs 1/T ( Eq. (2) ); respec-
ively, while the Gibbs free energy change ( ΔG 

o ) was calculated from
q. (3) . 

n 𝐾 𝐷 = − 

Δ𝐻 

𝑜 

𝑅𝑇 
+ 

Δ𝑆 𝑜 
𝑅 

(2)

𝐺 𝑜 = − 𝑅𝑇 ln 𝐾 𝐷 (3)

Where, R: is the ideal gas constant (8.314 J.mol − 1 K 

− 1 ), T: tempera-
ure (K), and K D : distribution coefficient ( 𝓁·mol − 1 ). 

.10. Adsorption kinetics models 

For the absorption kinetics studies; at optimal conditions, a mix-
ure of 0.5 g and 50 mL of the adsorbent and 100 ppm metal ions;
espectively, was stirred for 60 min at 150 rpm, filtered; followed by
3 
he determination of ion concentration. All analyses were done in trip-
icate and reported as mean. The fitness of the absorption kinetics was
valuated according to several models. The quadratic and linear forms
f the Pseudo-first-order kinetic model are presented in Eqs. (4) and
5) ( Jiang et al., 2015 ): 

𝑑 𝑞 𝑡 

𝑑𝑡 
= 𝐾 1 

(
𝑞 𝑒 − 𝑞 𝑡 

)
(4) 

og 
(
𝑞 𝑒 − 𝑞 𝑡 

)
= log 𝑞 𝑒 − 

𝐾 1 
2 . 303 

𝑡 (5)

Where q e and q t : is the amount of ion adsorbed at equilibrium and
ime t in mg/g; respectively, t (min): time, and k 1 (1/min): rate constant.
sing the linear plot of log (q e − q t ) against t; the values of q e and k 1 
ere extrapolated. 

After the integration and application of the boundary conditions to
he quadratic form of the Pseudo-Second-order kinetic model (6), the
inear form of the model was expressed as Eq. (7) . The rate constants
 2 (g/mg. min) and q e , which were extrapolated from the slope and
ntercept of the plot of t/q t against t was used to determine 

𝑑 𝑞 𝑡 

𝑑𝑡 
= 𝐾 2 

(
𝑞 𝑒 − 𝑞 𝑡 

)2 
(6) 

𝑡 

𝑞 𝑡 
= 

1 
𝐾 2 𝑞 𝑒 

2 + 

1 
𝑞 𝑒 
𝑡 (7)

After applying the boundary conditions and integrating the Elovich
inetic model (8), the linear form was expressed as Eq. (9) according to
u et al. (2009) . 

𝑑 𝑞 𝑡 

𝑑𝑡 
= 𝛼 𝑒𝑥𝑝 

(
− 𝛽𝑞 𝑡 

)
(8)
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Table 1 

Elemental composition of the sorbent materials. 

Elemental composition (%) Tannin TR Fe-TR 

Carbon 53.66 79.00 68.20 

Hydrogen 3.08 5.67 5.06 

Nitrogen – 5.56 6.26 

Oxygen 43.26 10.07 20.47 
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 𝑡 = 

1 
𝛽

ln 𝛼𝛽 + 

1 
𝛽

ln 𝑡 (9)

Where 𝛼 is the initial ion sorption rate in mg/g. min and 𝛽 is the
hemisorption surface coverage and activation energy in mg/g. 

The study by Hameed et al. (2008) , expressed the intraparticle dif-
usion kinetic model as in Eq. (10) . The linear plot of q t against 

√
𝑡 was

sed to work out the constants C and K int . 

 𝑡 = 𝐾 𝑖𝑛𝑡 

√
𝑡 + 𝐶 (10)

Where K int is the intraparticle diffusion rate constant in mg/g.min 1/2 

nd C is the constant which provides an understanding of the thickness
f the boundary layer. 

.11. Adsorption isotherms models 

To determine the isotherm model that best describes the sorption
rocess observed in this study; the following models were evaluated: 

Langmuir isotherm is expressed in the linear form as in
q. (11) ( Chowdhury et al., 2011 ). The constants ( 1∕ 𝐾 𝐿 and 𝑎 𝐿 ∕ 𝐾 𝐿 ),
re extrapolated from the intercept and gradient of the plot of C e / q e 
ersus C e . 

 𝑒 = 

𝑄 𝑂 𝑘 𝐿 𝐶 𝑒 

1 + 𝐾 𝐿 𝐶 𝑒 
(11)

Where q e is the amount of adsorbate adsorbed per unit weight of
he sorbent in mg/g, Q o is the optimal monolayer coverage capacity
n mg/g, b is the Langmuir isotherm constant in L/mg, and C e is the
mount in mg/L of the un-adsorbed ion at equilibrium. 

Dubinin-Radushkevich (D-R) Adsorption Isotherm model is represented
y the quadratic Eq. (12) , with the linear form presented in Eq. (13) in
he linear form ( Acharya et al., 2009 ). The linear isotherm plot of 𝐼𝑛 𝑞 𝑒 
gainst RT ( 1 + 

1 
𝐶 𝑒 
) gives q m, as the intercept. 

n 𝑞 𝑒 = ln 𝑞 𝑠 − 𝐾 𝐷 𝜀 
2 (12)

ith 𝜀 = 𝑅𝑇 

( 

1 + 

1 
𝐶 𝑒 

) 

(13)

Where K D (mol 2 /kJ 2 ): isotherm constant, and 𝜀 (J/mol K): isotherm
as constant 

Temkin Adsorption Isotherm is linearly presented in
q. (14) ( Pursell et al., 2011 ). Therefore, the plot of 𝑞 𝑒 against In

 e gives the intercept and slope; 𝐼𝑛 𝐴 𝑇 and 𝑅𝑇 ∕ 𝐵 𝑇 .; respectively. 

 𝑒 = 

𝑅𝑇 

𝑏 𝑇 
ln 𝐴 𝑇 + 

𝑅𝑇 

𝑏 𝑇 
ln 𝐶 𝑒 (14)

Where A T , b T, and R are the Temkin binding (L/mg), Temkin
sotherm(J/mol), and universal gas constants (J/mol K); respectively. 

Freundlich Adsorption Isotherm is linearly expressed in
q. (15) ( Arshadi et al., 2015 ). 

og 𝑞 𝑒 = log 𝐾 𝑓 + 

1 
𝑛 
log 𝐶 𝑒 (15)

Where K f is the isotherm constant (mg/g) and n is the adsorption
ntensity. The constants ( 𝐾 𝐹 and 𝑛 ) are extrapolated from the intercept
nd gradient of the plot of 𝐼𝑛 𝑞 𝑒 versus 𝐼𝑛 𝐶 𝑒 . 

. Results and discussion 

.1. Quantification of tannin and characterisation of the sorbents 

The extract yield and tannin content were determined to be 15.08
t% and 124.8 mg/g gallic acid equivalent; respectively. The TR and
e-TR were characterized by different analytical techniques, comparing
heir structural properties to detail the differences in their adsorption
apacities. 
4 
.2. Functional group analysis 

The surface functionality of the tannin extract, TR, and Fe-TR was
nalysed and the results presented ( Fig. 3 ). A close examination of the
annin and TR spectra reveals vibrational peaks at 3200–3600 cm 

− 1 

ndicative of –OH stretching frequency as reported in the study of
enavente-García et al. (2000) . However, there is a slight reduction in
he peak intensity of Fe-TR due to the surface formation of a metal-
xygen bond ( Sangeetha and Philip, 2012 ). Besides, the peaks around
500 – 1700, 1400 − 1600, and 1000 - 1300 cm 

− 1 correspond to the
 = O, the aromatic –C = C– and phenolic stretching vibrations; respec-
ively ( Gupta et al., 2013 ). 

As a consequence of the crosslinking of the tannin, an in-plane
ending vibration around 1631–1697 cm 

− 1 corresponding to the N 

–H
as formed ( Rozenberg et al., 2004 ). Furthermore, there was a shift

n the C = O stretching vibration by 79 cm 

− 1 ; which was similar to
he results observed in the studies of Bourtoom and Chinnan (2008) ;
ui et al. (2014) ; Sionkowska et al. (2014) . After the interaction of the
dsorbent metal ions, the observed OH (3200–3600 cm 

− 1 ) and C − O
1197 cm 

− 1 ) bands on the spectra of TR showed a reduced intensity
Figure S1(a) Supporting Information). Which are possible coordina-
ion sites for Ni 2 + and Pb 2 + ( Di Rocco et al., 1997 ; Yruela, 2013 ). Af-
er metal-ion interaction, the spectra of Fe-TR showed a slight shift in
eak position indicating a possible ion exchange (Figure S1(b) Sup-
orting Information); similarly observed during the immobilization of
ons using biochars derived from broiler litters ( Uchimiya et al., 2010 ;

ang, 2012 ). 

.3. Elemental analysis 

The conversion of tannin to TR impacts the elemental component
f the adsorbent, causing an increase in the carbon content of TR due
o a crosslinking reaction. Comparatively, the grafting of Fe into the
R to produce Fe-TR resulted in increase in% carbon and% nitrogen
 Song et al., 2018 ) ( Table 1 ). 

.4. Thermal properties 

The response of tannin, tannin resin (TR), and iron-doped tannin
esin (Fe-TR) to temperature variation between 30–900 °C is docu-
ented graphically in Fig. 4 . According to Pintsuk et al. (2007) , the

egion of importance lies between the melting and degradation points of
ny material. The materials showed variable moisture loss (weight%) of
bout 8.44%, 3.76%, and 7.39% for tannin, TR, and Fe-TR; respectively,
t the same temperature (110 °C). Tannin showed the highest amount
f moisture loss due to the high amount of hydroxyl group found within
he crosslinked structure. 

The high weight loss in tannin and Fe-TR corresponds to the loss of
hysically bound water molecules and the strong affinity of Fe for water;
espectively, attributed to the presence of a-hydroxy group common to
ydrolysable tannins ( Danish et al., 2011 ). 

At the second decomposition stage (degradation step), the tannin lost
0% of its weight attributed to the breakdown of the natural polyphe-
ol backbone at around 230 °C ( Bothara and Singh, 2012 ). However,
he degradation step of the adsorbents occurred at a higher tempera-
ure of about 350 °C with 24.6% and 21.7% weight loss; respectively.
ence, degradation of TR and Fe-TR occurred at a higher temperature
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Fig. 3. FTIR spectra of the Tannin, TR and Fe-TR adsorbents. 

Fig. 4. Thermogram of the tannin and adsorbents (TR and Fe-TR) at 30 − 900 °C. 
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ompared to organic tannin obtained from A. dealbata bark with degra-
ation at 257.77 °C ( Lisperguer et al., 2016 ). Estimation of the ash gen-
rated after the complete combustion of TR, Fe-TR, and tannin is 46.5%,
2.4%, and 50.6%; respectively. Consequently, the large amount of ash
ormed by Fe-TR is due to the presence of Fe introduced during grafting.

.5. X-Ray diffraction (XRD) evaluation of the materials 

The obtained tannin and adsorbents were investigated by XRD
nstrument, equipped with Cu K 𝛼 radiation (1.54060 Å, 40 mA 45 kV)
5 
nd the diffractograms are presented in Fig. 5 . According to the XRD
attern of carbon material JCPDS number. 75–1621; and using the
cherrer equation the crystallite sizes of Fe-TR, TR and tannin were
1.94 nm, 5.93 nm and 12.38 nm; respectively. Tannin showed an
morphous characteristic ( Atiqah et al., 2018 ). In contrast to the char-
cter of the adsorbents which appeared to have a crystalline structure.
esides, the Fe-TR showed a unique pattern similar to the diffraction

attice of Fe 3 O 4 ( Shyam et al., 2013 ). 
There was no significant difference in the diffraction pattern of TR

fter the adsorption of Ni 2 + , a possible sign of physical interaction (Fig-
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Fig. 5. XRD patterns of tannin, TR and Fe-TR. 

Table 2 

Adsorptive properties of the sorbents. 

Analysed Parameters TR Fe-TR 

Surface area (m 

2 /g) 1.6918 5.5386 

Pore volume (cm 

3 /g) 0.0025 0.0330 

Pore size (nm) 5.9696 23.8423 

u  

o  

T  

I  

p  

p  

i
 

s  

p

3

 

g  

s  

t  

m  

l  

a  

>  

B  

p  

s  

p

3

m

 

n  

d  

i  

c  

a  

i  

t  

(
 

o  

c  

a  

a  

s  

t
a  

i

3

 

c
 

t
 

l  

t  

i  

f  

s  

e  

l  

e

3

 

(  

a  

a  

t  
re S2, Supporting Information). However, there is a slight alteration
f the peak corresponding to 78° after the interaction of Pb 2+ with
R; suggestive of a strong interactive force (Figure S3, Supporting
nformation). Largely, there was little disturbance on the diffraction
attern of Fe-TR after the adsorption of Ni 2 + , although a prominent
eak at 78° was introduced, which may be attributed to the chemical
nteraction with the surface of Ni 2 + ( Osuwa and Mgbaja, 2014 ). 

Similarly, the interaction of Ni 2 + and Pb 2 + with Fe-TR caused no
ignificant variation in the crystal structure; therefore, such a physical
rocess is reversible ( Liu et al., 2013 ). 

.6. Surface area and porosity structure of the adsorbents 

Supporting information Figure S4 is the presentation of the nitro-
en adsorption and desorption isotherm of the adsorbents. Both ad-
orbents showed a type II isotherm based on the isotherm classifica-
ion by Rahman et al. (2006) , indicative of unrestricted monolayer-
ultilayer adsorption with unlimited layer formation and no saturation

imit ( Abbatt et al., 2008 ). Although, Fe-TR showed more favourable
dsorption of inert N 2 gas than TR, because, at a high relative pressure
 0.9, a steep increase indicates mesopore capillary condensation. The
runauer Emmett Teller (BET) analysis showed a surface area increase,
ore volume, and pore size for Fe-TR compared to TR ( Table 2 ). A large
urface area implies more adsorption surface and high adsorption ca-
acity ( Gupta et al., 2013 ). 

.7. Surface morphology and energy-dispersive X-ray (EDX) spectra of the 

aterials 

The micrography of tannin revealed a smooth, fine surface, with
o distinct porous structure and large particle size with no defined
6 
imensions. On the contrary, the Scanning Eelectron Microscopy (SEM)
mage of TR showed a well-defined morphology with a compact,
rystalline, porous nature. More so, the morphology of Fe-TR showed
 rough, heterogeneous, and irregular crevices ( Fig. 6 ). After metal
on uptake, the morphological analysis of TR and Fe-TR indicated
he formation of a whitish deposit and rough lump-like; respectively
Figure S5, Supporting Information). 

Elemental mapping and EDX spectra of the adsorbents were carried
ut and reported as (Figures S6 and S7, Supporting Information). The
olour mapping and spectra of the adsorbents revealed a significant
mount of carbon underlying the adsorbents’ organic nature. Besides,
 large amount of organic carbon; a significant amount of iron was ob-
erved on the surface of Fe-TR. After the metal ion-adsorbent interac-
ion, colour mapping confirms the random distribution of adsorbed Pb 2 + 

nd Ni 2+ ions ( Fig. 7 ), the spectra further confirm the presence of metal
on an evidence of ion interaction with the surface of the adsorbents. 

.8. Zero surface charge 

The effect of solution pH on metal ion adsorption, the point of zero
harge (pH PZC ) of TR, and Fe-TR were estimated ( Fig. 8 ). 

The pH PZC for TR and Fe-TR was found to be 7.3 and 6.4; respec-
ively. 

According to Kumar et al. (2014) , it was delineated that at pH be-
ow and above the pH PZC; the net surface charge is positive and nega-
ive; respectively. By implication, the electrostatic attraction of cations
s favoured by the negatively charged surfaces while anion interaction is
avored on a positively charged surface. Hence, the negatively charged
urface of TR and Fe-TR favours the adsorption of Pb 2 + and Ni 2 + . How-
ver, other interactions such as complexation and precipitation may
ower the adsorption capacity of the metal ion, thereby delimiting the
ffect of surface charge ( Salis et al., 2011 ). 

.9. Optimising the adsorption parameters 

The removal of Pb 2 + and Ni 2+ ions showed pH-dependant sorption
Figure S8(a) Supporting Information), by implication the optimal
dsorption capacities for Pb 2 + and Ni 2+ ions on TR and Fe-TR occurred
t pH 4 and 6; respectively. These pHs are lower than their respec-
ive pH PZC ; hence, the observed interaction is not electrostatically
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Fig. 6. Micrographs of Tannin, TR, and Fe-TR. 

Fig. 7. EDX colour mapping of (a) TR and (b) Fe-TR. 

Fig. 8. Zero-point charge of TR and Fe-TR. 

7 
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Fig. 9. Plots of (a) pseudo-second-order equation, (b) pseudo-first-order equation, (c) Elovich equation and(d) intra-particle diffusion equation; for the sorption of 
Pb 2 + on TR. 

Table 3 

Thermodynamic parameters for the adsorption of Pb 2 + and Ni 2 + ions. 

Adsorbents ΔH o (KJ/mol) ΔS o (J/(mol/K) ΔG o (KJ/mol) @298K 

TR-Pb 67.29 233.32 − 2.99 

TR-Ni 26.51 57.66 9.56 

Fe-TR-Pb 31.95 134.2 − 8.15 

Fe-TR-Ni 16.76 34.19 6.98 
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avourable. This confirms the influence of pH on the chelating capacity
f the functional sites, the degree of speciation, and ionization of the
ons ( Singh et al., 2017 ). On the other hand, the concentration effect
evealed that ion uptake by the adsorbents increased with metal ion
oncentration until an equilibrium concentration were established
Fig. S8(b), Supporting Information), indicating an unrestricted
onolayer-multilayer adsorption process. This phenomenon perhaps is
ue to increased competition for the adsorption site as concentration
ncreases with more interaction between the metal ions; subjugating all
Table 4 

The kinetics model fitting parameters of Pb 2 + and Ni 2 + on the adsorbents. 

Sorbents Pseudo-First-Order equation Ps

K 1 (min − 1 ) q e (mg/g) r 2 q e

TR-Pb 0.0368 0.0759 0.3220 7.

TR-Ni 0.0398 7.6966 0.5780 11

Fe-TR-Pb 0.0378 0.0959 0.2540 10

Fe-TR-Ni − 4.8358 0.0045 0.5780 7.

Sorbents Elovich equation 

𝛼 (mg/g min) 𝛽 (g/min) r 2 

TR-Pb 7.1258 × 10 44 15.456 0.7100 

TR-Ni 1.1098 0.2917 0.8810 

Fe-TR-Pb 59.985 0.7282 0.3830 

Fe-TR-Ni 0.6877 0.4762 0.9480 

8 
ass transfer restrictions between the aqueous and adsorbent surface
eading to increased adsorption metal ions ( Rezaei, 2016 ). 

Thermal behaviour of the sorbents for ion uptake within the tem-
erature range considered in this study showed that temperature does
ot significantly perturb the capacity of Pb 2 + adsorption by both ad-
orbents. Although, there is a slight increase in the adsorption of Ni 2 + 

ith temperature (Fig. S9(a), Supporting Information). However, the
ontact time of the ions with the sorbents play a vital role in the re-
oval efficiency of ions in solution (Fig. S9(b), Supporting Informa-

ion); with equilibrium uptake of 10 min for Pb 2 + compared to 60 min
or Ni 2 + . However, Fe-TR and TR adsorbed the highest amount of Pb 2 + 

nd Ni 2+ in 10 min and 60 min; respectively. The amount of Pb 2 + re-
oved by Fe-TR from aqueous solution depends on the thermodynamic

onditions; which favours the displacement of Pb 2 + in solution by the
urface Fe. Moreso, in the case of TR, the Ni 2 + removal is not ther-
odynamically favoured; but proceeds via chelation by functional site

n the surface. After metal ion uptake, the morphological analysis of
e-TR indicated the formation of a rough lump-like surface compared
o the rough, heterogeneous, and irregular crevices before adsorption.
eudo-Second-Order equation 

,exp (mg/g) K 2 (g/mg min) q e,exp (mg/g) r 2 

1390 0.6967 7.1480 0.9950 

.214 0.0025 14.556 0.9380 

.480 0.0413 10.787 0.9930 

0740 0.0019 10.917 0.6250 

Intraparticle-diffusion equation 

K diff (mg/g min 
1 
2 ) C r 2 

0.0212 6.9513 0.6020 

1.1634 0.7733 0.8000 

0.3679 7.6318 0.2170 

0.7036 0.5516 0.8410 
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Fig. 10. Plots of (a) pseudo-second-order equation, (b) pseudo-first-order equation, (c) Elovich equation and (d) intra-particle diffusion equation ; for the sorption 
of Ni 2 + ions on TR. 

Fig. 11. Plots of (a) pseudo-second-order equation, (b) pseudo-first-order equation, (c) Elovich equation and(d) intra-particle diffusion equation; for the sorption of 
Pb 2 + on Fe-TR. 
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urther, confirmed by the EDX colour mapping of the Fe-TR after ion
ptake (Figure S6 and S7, Supporting Information). 

.10. Thermodynamic parameters 

To further evaluate the thermodynamic parameter that governs the
dsorption processes, the ΔG 

o , ΔH 

o , and ΔS o ) were determined and pre-
ented in Table 3 . 

A negative ΔG for the removal of Pb 2+ by the adsorbents suggests
 spontaneous and feasible process; which is in agreement with the
apid interaction of Pb 2+ with the adsorbent. On the contrary, Ni 2 + 

ons showed a slight uptake with temperature due to the positive ΔG
 Lakshmi et al., 2009 ). The corresponding ΔH° values were endothermic
9 
or all adsorption processes with a positive ΔS o indicating an irreversible
rocess. 

.11. Predicting the kinetic and isotherm models for metal ion-adsorbent 

nteraction 

Table 4 shows the computed kinetic data for the adsorbent - ion inter-
ction ( Figs. 9 and 10 ). Adsorption of Pb 2 + on both adsorbents showed a
ood relationship between the experimental and calculated equilibrium
dsorption capacity (q e ) with correlation coefficient (r 2 ) > 0.99. Thus,
he rate-controlling process is best depicted by the Pseudo-second-order
inetic model, which favours a chemisorption process ( Aljeboree et al.,
017 ). Quite‘ the contrary, the adsorption data of Ni 2 + on to the adsor-
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Fig. 12. Plots of (a) pseudo-second-order equation, (b) pseudo-first-order equation, (c) Elovich equation and(d) intra-particle diffusion equation; for the sorption of 
Ni 2 + on Fe-TR. 

Table 5 

Equilibrium isotherm model parameters for adsorption of Pb 2 + and Ni 2 + ions. 

Sorbents Langmuir isotherm Freundlich isotherm 

Q max (mg/g) b (L/mg) R L r 2 n K f (mg/g) r 2 

TR-Pb 40.650 0.0511 0.1636 0.9740 0.4819 4.6612 0.987 

TR-Ni 13.763 1.0092 0.0098 0.9880 0.4476 12.797 0.969 

Fe-TR-Pb 120.63 0.5964 0.0165 0.9390 1.5901 17.394 0.927 

Fe-TR-Ni 110.74 2.5083 0.0040 0.9990 2.7586 14.067 0.910 

Sorbents Temkin isotherm Dubimin-Radushkevich isotherm 

b T (J/mol) A T (l/mg) r 2 Q s (mg/g) E (KJ/mol) K DR (mol/KJ) 2 r 2 

TR-Pb 220.89 1.6224 0.9700 22.247 1.000 5.0 × 10 7 0.9870 

TR-Ni 199.12 3.9353 0.8850 2.8137 2.2360 1.0 × 10 7 0.9730 

Fe-TR-Pb 721.70 39.975 0.8540 11.457 4.0820 3.0 × 10 8 0.8770 

Fe-TR-Ni 1218.7 346.57 0.8940 11.851 7.0710 1.0 × 10 8 0.9990 
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ents showed that there might be more than one kinetic model in play.
he two plausible assumptions are the Elovich and intraparticle kinetics
odels, indicating adsorption on a heterogeneous surface ( Largitte and
asquier, 2016 ), as well as adsorbate. diffusing into the adsorbent’s in-
er pores after being initially adsorbed on to the adsorbent’s surface; re-
pectively, this observation further supports multilayer adsorption. Fur-
hermore, the boundary layer thicknesses (C) of the adsorbents are less
han 1, suggesting that the rate-determining step is influenced by intra-
article diffusion and external mass transfer ( Nethaji et al., 2013 ). This
ould have caused the prolonged time required for the adsorption of
i 2 + to reach equilibrium compared to Pb 2 + ions. 

To establish the optimal uptake capacity of the adsorbents for the
ons, the data from the batch equilibrium investigations were fitted into
 model to describe the adsorption process ( Figs. 11 and 12 ). The pa-
ameters obtained by data fitting into the adsorption isotherm equa-
ions ( Table 5 ) ; they revealed that four adsorption isotherms showed
ood correlations (r 2 ≥ 0.970) for the ion-adsorbent interactions. Fur-
hermore, the cement the possibility of monolayer and multilayer ad-
orption. The adsorption capacity ( q max ) showed that the mass of Pb 2 + 

ons adsorbed is greater than that of Ni 2 + . 
Furthermore, evaluation of the adsorption intensity (n), showed that

 ⟨< 1 for the interaction of ions with TR and n > 1 for the interaction
10 
ith Fe-TR, indicating a chemisorption and physisorption process; re-
pectively ( Afroze et al., 2016 ). According to Maji et al. (2007) , it was
nferred that a mean free energy less than 8 KJ/mol suggests a dom-
nating physical process; although some degree of chemisorption was
bserved on TR. More so, the mean free energy for the ion - Fe-TR in-
eraction implies that the adsorption taking place on the adsorbent sur-
ace is driven by a physical process. Hence, ion-adsorbate interactions in
his study are reversible. The dimensionless separation parameter (R L ) ≤
.1636; this suggests that the processes were all endothermic and spon-
aneous process as further confirmed by the Temkin isotherm constant
B T ) ( Pandey et al., 2015 ). 

. Conclusions 

Based on our findings, A. mearnsii is a good feedstock for tannin,
hich can easily be crosslinked and Fe-grafted to produce the tannin

raps for Pb 2 + and Ni 2 + . These tannin traps have good thermal sta-
ility, morphology, and surface chemistry. The crystallite sizes of the
dsorbents were smaller compared to tannin with size of 12.38 nm;
owever, the% carbon and nitrogen were significantly higher. The
runauer–Emmet–Teller analysis of the adsorbent showed that iron-
rafting of tannin after crosslinking increases the surface area, pore
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olume and pore size, which are prerequisites for enhanced adsorption.
he interaction of Pb 2 + ions with both adsorbents is spontaneous and
overned by the pseudo-second-order kinetic, on the contrary, the
onspontaneous interaction of Ni 2 + ions is better described by the
ntraparticle kinetics and Elovich models. The equilibrium isotherms
evealed that the mechanism is a blend of both chemisorption and
hysisorption processes. The adsorbents showed a type II isotherm with
dsorption capacities of 40.650 mg/g and 13.763 mg/g for Pb 2+ and
20.63 mg/g and 110.74 for Ni 2 + ion by TR and Fe-TR; respectively
hich is strongly pH-dependant. The sorption of metal ions on to Fe-TR
ave a higher maximum adsorption capacity in comparison to their
orption on to TR. Finally, evaluating the effect of Fe-grafting on the
erformance of the TR, it can be concluded that grafted Fe causes a
ignificant improvement in the adsorption performance of tannin-base
dsorbent when used for water treatment. 
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