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ABSTRACT: The work reports the removal of cadmium from water by applying an efficient low-
cost lignocellulosic adsorbent, rooibos tea waste. The cadmium-loaded rooibos tea waste was used
for the photocatalytic abatement of sulfamethoxazole to cater to the setback of secondary
pollution mostly associated with the adsorption technique. The rooibos tea waste adsorbent
displayed a high removal efficiency of about 90.63% for 10 mg/L Cd(II) ions at 45 °C, 180 min
agitation time, pH 7, and a dosage of 500 mg. The process of Cd(II) adsorption was endothermic
and spontaneous. Also, the spent adsorbent was found to be efficient toward the photocatalytic
breakdown of 10 mg/L sulfamethoxazole with a degradation efficiency of 69% after 150 min. In
addition, the extent of mineralization of the sulfamethoxazole by the spent adsorbent as obtained
from the total organic carbon data was found to be 53%. Therefore, based on the results obtained
from this work, rooibos tea waste lends itself as a cheap, eco-friendly, easily sourced, and viable
adsorbent for the removal of toxic ions like Cd(II). Also, the successful reuse of the spent
adsorbent is a promising approach to cater to the major setback of secondary pollution associated
with adsorption technology.

1. INTRODUCTION
Pollution arising from highly toxic metal ions, such as
cadmium, continues to pose a great challenge globally.1 This
can be attributed to the exponential rise in industrialization
and urbanization.2 As a result of industrial activities associated
with mines, paints, electroplating, plastics, fertilizers, pesticides,
cadmium−nickel battery-producing factories, and so on,3,4

cadmium finds its way into the ecosystem, thereby constituting
a great risk to the health of human beings and aquatic life.5

Cadmium(II) ions are generally known to be nonbiodegrad-
able and persistent. Also, as a result of their long half-life, they
are not easily metabolized when present in the human body,
thus they can easily be concentrated in some organs such as
the kidney and liver.6,7 Cadmium has been reported to be one
of the most hazardous and deadly trace metals owing to its
toxicity and carcinogenicity even at a very low concentration.8

Water containing cadmium ions if consumed can inflict
irreparable damage to human body organs like the central
nervous system, peripheral nervous system, lungs, and
reproductive and skeletal systems.9−11 It is worth noting that
cadmium has been listed on the red list of priority pollutants
by the Department of Environment, United Kingdom, as well
as on the black list of the Dangerous Substance Directive in the
European Economic Community. Furthermore, the United
States Environment Protection Agency has equally grouped
cadmium as part of group B1 carcinogens.12 Hence, there is a
great and urgent need to develop an efficient wastewater

treatment technology that can remediate water containing
cadmium ions.
Several physical and chemical methods have been developed

and used to treat water containing Cd(II) ions. They range
from ion exchange to precipitation, coagulation/flocculation,
membrane filtration, reverse osmosis, solvent extraction, and so
forth.13 However, they suffer major setbacks such as the
generation of sludge, high energy consumption, and the
formation of other byproducts.14,15 Adsorption technology has
continued to distinguish itself as a suitable technique for the
remediation of wastewater contaminated with heavy metal ions
because it is cheap, simple to operate, and highly efficient, and
its raw materials are readily and abundantly available.
Agricultural wastes have continued to gain attention over the
years because they are relatively abundant, easily accessible,
cost-effective, and reusable. Agricultural wastes, such as papaya
seeds,16 Quercus robur acorn caps,17 Q. robur acorn peel,18

Quercus coccifera sawdust,19 Lupinus albus seed hull,20 pine-
apple leaf,21 Euryale ferox Salisbury seed coat,22 banana
pseudostem,23 pine cone,24 coconut shell,25 orange peels,26

macadamia nutshells,27,28 and Cedrela odorata seed waste,29
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have been used for wastewater remediation. Rooibos tea waste
is cheap, reusable, and simple to prepare and is readily
available. In addition, it contains cellulose, lignin, and
hemicellulose that serve as binding and active sites for
interaction with metal ions. Interestingly, rooibos tea has
been successfully applied for the removal of Cr(VI) ions,30 its
shoot has also been employed for the uptake of Cd(II) ions in
water.4 However, it is important to note that when rooibos tea
is brewed and consumed, the tea bag is discarded into the
environment, and this may lead to environmental pollution.
Therefore, we are also eliminating wastes from the environ-
ment by harvesting rooibos tea waste for adsorption purposes.
In a bid to turn what is a waste in the environment into a

material to remediate the same environment, we have decided
to explore the possibility of rooibos tea waste as a suitable and
efficient adsorbent material for the removal of cadmium metal
ions. Furthermore, to mitigate the general problem of
secondary pollution associated with the adsorption process,
the spent adsorbent, which is a combination of the rooibos tea
waste and the cadmium ions, will be used as a photocatalyst to
degrade emerging pharmaceutical pollutants such as sulfame-
thoxazole. The antibiotic sulfamethoxazole is a widely used
drug that belongs to the sulfonamide group.31 Drugs like this
undergo incomplete metabolism in the human body and thus
find their way through urine or feces into our water.32

Sulfamethoxazole has been reported in effluents arising from
wastewater treatment plants (0.004−9.460 mg/L),33 drinking
water (60−150 and 10−12 ng/L),31 and groundwater (1.11
mg/L).34 Sadly, sulfamethoxazole cannot be sufficiently treated
and eliminated by conventional wastewater treatment plants.
Therefore, there is a need for total mineralization of
sulfamethoxazole, which is why we chose it as our model
pollutant. It is important to note that the reuse application of
the spent adsorbent for photocatalytic degradation is still in its
infant state; hence, through our findings in this work, we shall
be contributing to the existing knowledge. To the best of our

knowledge, no work has reported the use of rooibos tea waste
for the adsorption of Cd(II) ions from an aqueous solution and
the reuse of the spent adsorbent as a photocatalyst for the
decontamination of water containing sulfamethoxazole.

2. MATERIALS AND METHODS
2.1. Synthesis of Rooibos Tea Waste and Character-

ization. Rooibos tea waste (RBTW) was harvested and
washed in hot water several times until the filtrate obtained
from RBTW became clear. Then, RBTW was dried at 80 °C
for 48 h. RBTW was then pulverized and sieved to obtain a
fine powder with uniform particle size.
The functional groups contained in RBTW were investigated

by attenuated total reflectance Fourier transform infrared using
a Bruker FTIR Alpha spectrometer (Germany). The
amorphous nature of RBTW was examined by X-ray
diffractometry (XRD, Rigaku Ultima IV, Japan). Scanning
electron microscopy (SEM; TESCAN, Czech Republic) was
employed to study the morphology of the adsorbent materials.
The elements present were ascertained using energy-dispersive
X-ray spectrometry connected to a scanning electron micro-
scope. X-ray photoelectron spectroscopy (XPS) analysis was
conducted on a Kratos Axis Ultra device, U.K., with a
monochromatic Al Kα radiation. The behavior of the
adsorbent in the presence of heat was also studied by
thermogravimetry analysis (TGA) Q500 (TA Instruments,
USA). The surface area was estimated using a Micrometrics
Corporation ASAP 2020 V4.00 surface area and porosity
analyzer. The optical properties of the spent adsorbent were
analyzed by UV−visible diffusive reflectance spectroscopy
(DRS) coupled with a Cary 60 UV−vis spectrophotometer
(Malaysia).

2.2. Batch Adsorption Experiments. Batch adsorption
studies were conducted to gain more insight into the removal
efficiency of RBTW toward the uptake of Cd(II) ions. The
effects of solution pH (2−7), RBTW dose (10−500 mg),

Figure 1. (a) XRD spectra of RBTW before and after adsorption, (b) FTIR spectra of RBTW before and after adsorption, and SEM images of (c)
RBTW and (d) RBTW loaded with Cd, and EDX spectra of (e) RBTW and (f) RBTW loaded with Cd.
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contact time (5−180 min), Cd(II) ion concentration (10−100
mg/L), and temperature (25−45 °C) were studied. Aliquots
were withdrawn and filtered using a syringe membrane (0.22
μm) to remove the adsorbent and the supernatant was
analyzed by inductively coupled plasma optical emission
spectroscopy. The experiment was carried out in triplicate,
and the average of the three results was reported.

2.3. Photocatalytic Degradation Experiment. The
spent adsorbent containing a cadmium-loaded RBTW
adsorbent was applied toward the degradation of sulfamethox-
azole in simulated wastewater. Simply, 50 mg of RBTW-Cd(II)
was dispersed into a 50 mL solution of 10 mg/L
sulfamethoxazole. The reactor was exposed to both UV and
visible light sources. Aliquots were drawn and filtered using a
0.45 μm syringe membrane. The supernatant was analyzed
with a UV−visible spectrophotometer (Cary 60 UV−vis,
Malaysia), and the degree of mineralization was monitored
using total organic carbon (TOC) analyzer (Teledyne Tekmar,
USA).

3. RESULTS AND DISCUSSION
3.1. XRD, FTIR, Surface Morphology, Elemental

Compositions, and Optical Properties. The XRD patterns
obtained before and after the uptake of Cd(II) ions by RBTW
are represented in Figure 1a. As expected for an amorphous
structure, RBTW showed two peaks at 2θ = 16.25 and 22.19°.
In addition, it was observed that the XRD patterns for the
cadmium-loaded RBTW showed the same diffraction peaks as
the raw RBTW. However, the difference in intensities showed
that cadmium ions were adsorbed onto RBTW. The XRD
result obtained from this work is similar to previously reported
works.4,35,36

Figure 1b shows the spectra of RBTW before and after the
adsorption of the Cd(II) ions. The peak at 3320 cm−1 is
indicative of the stretching vibrations of the hydroxyl group.37

This stretching vibration of the hydroxyl group arises from the

lignin, cellulose, and hemicellulose present in RBTW. The
band around 2921 cm−1 is indicative of asymmetric stretching
of C−H vibrations.30 Also, the band at 1729 cm−1 can be
indexed to C�O.38 Furthermore, the bands at 1030 and 564
cm−1 can be attributed to the S�O, CH, and CO� bonds.30

All functional groups identified are consistent with functional
groups associated with aspalathin and other related com-
pounds contained in Aspalathus linearis.30 After adsorption, it
can be observed that bands such as 3320, 2921, 1729, 1612,
1516, 1437, 1369, 1237, and 564 cm−1 moved to 3311, 2919,
1728, 1608, 1512, 1433, 1368, 1236, and 563 cm−1,
respectively. This implies that all functional groups such as −
OH, CO�, and C−H stretching vibration are likely to be
involved in the removal of cadmium ions via hydrogen
bonding, electrostatic interaction, and surface complex-
ation.39,40

The surface properties of the RBTW adsorbent were probed
with SEM. The images obtained from SEM for RBTW are
represented in Figure 1c,d. This showed that RBTW contains
clusters of particles with pores that serve as available sites for
the adsorption of Cd(II) ions (Figure 1c). After the adsorption
of cadmium, the SEM image obtained showed the presence of
white particles coated on the fibrous surface of the RBTW
adsorbent in which the white particles provide evidence that
Cd is adsorbed, as confirmed by EDX (Figure 1d). This
showed that there was an interaction between RBTW and the
cadmium ions. To corroborate this, the EDX spectra before
adsorption presented in Figure 1e can be seen showing the
presence of elements such as C, O, Cu, Mg, Ca, and Si, which
agrees with the elements expected to be present in the raw
RBTW. However, after the adsorption of Cd(II) ions, the EDX
spectra (Figure 1f) showed the presence of the elements in the
raw RBTW as well as Cd. We can therefore state at this point
that the presence of cadmium in the spent adsorbent
confirmed that there was an interaction between the RBTW
adsorbent and the Cd(II) ions in the aqueous solution.

Figure 2. XPS spectra of RBTW before adsorption. Scan survey for (a) RBTW, (b) C 1s, and (c) O 1s.
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To gain a better understanding of the behavior of RBTW
before and after adsorption in the electromagnetic spectrum,
UV−vis DRS was used to determine the absorption band edge
and band gap. As shown in the Supporting Information, Figure
S1a, the raw RBTW absorbed in the visible-light region, while
after adsorption of Cd(II) ions, it was seen that the absorption
band edge further increased in the visible-light region. This
enhancement showed that the presence of Cd(II) ions
improved the visible-light harvesting property of RBTW,
which, in turn, improved its performance. Similarly, from the
Tauc plot (Supporting Information, Figure S1b), the band gap
of pristine RBTW reduced from 2.27 to 1.65 eV after
adsorption. This implies that less energy would be needed to
cause excitation in the presence of light, and this will lead to
the production of charge carriers. Overall, both the raw and
spent adsorbents are visible-light active, but the spent
adsorbent will perform better in the photocatalytic degradation
experiment.

3.2. XPS Analysis. To better understand the chemical
states of the elements present on the surface of RBTW, XPS
analysis was conducted. As illustrated by the survey scan
(Figure 2a), RBTW before adsorption showed energy bands

indicating the presence of C 1s and O 1s. After deconvoluting
the peaks of C 1s (Figure 2b), two peaks resulted at 282.38
and 283.78 eV, which is indicative of a C−C bond. In the same
vein, O 1s gave a peak at 530.77 eV, indicative of a C−O bond
(Figure 2c).41

After adsorption, the band energies of the survey scan
showed two extra peaks with energy bands, which can be
attributed 3Cd5/3 and 3Cd3/2, as shown in Figure 3a,d.42 Also,
there was a shift in the band energies of C 1s (Figure 3b) and
O 1s (Figure 3c), showing that there was an interaction
between RBTW and Cd(II) ions. The presence of these peaks
after removal of Cd(II) ions further established that cadmium
was present on the surface of the RBTW adsorbent material.

3.3. Thermogravimetric Analysis and Surface Area.
The effect of weight loss and decomposition of RBTW in the
presence of heat was studied by exposing it to a temperature
between 30 and 900 °C under nitrogen and synthetic air at 10
°C/min. The thermogram represented in Figure 4a indicates
that on increasing temperature, RBTW suffered a loss of
weight at two different stages. The initial loss in weight of 8.3%
occurred between 23 and 102 °C. This initial weight loss can
be attributed to the elimination of water molecules as well as

Figure 3. XPS spectra of RBTW after the adsorption of Cd(II). Survey scans for (a) RBTW/Cd2+, (b) C 1s, (c) O 1s, and (d) 3Cd5/3 and 3Cd3/2.

Figure 4. (a) Thermogravimetric thermogram of rooibos tea waste, (b) N2 adsorption/desorption isotherm of RBTW.
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additional volatile compounds present on the RBTW sur-
face.29,43 The next loss in weight of about 37.8% occurred
between 344 and 518 °C. This can be attributed to the
elimination of internal constituents such as hemicellulose,
cellulose, and lignin.44,45 It should be noted that above 518 °C,
RBTW retained its stability in heat.
The surface area and the estimated textural properties of

RBTW were investigated with BET analysis, and the estimated
BET value was 2.5108 m2/g. The N2 adsorption/desorption
isotherm of RBTW at −195.8 °C is represented in Figure 4b.
The BJH total pore volume and size were found to be
0.202641 cm3/g and 22.84 nm, respectively. The surface area
and pore volume of RBTW were higher than in the previous
report.46 It is noteworthy that the pore size of RBTW is within
2−50 nm, suggesting the mesoporous nature of the
adsorbent.47

4. ADSORPTION OF CD(II) IONS USING ROOIBOS TEA
WASTE
4.1. Effect of Solution pH. The solution pH plays a

critical role in any adsorption reaction as it influences the
speciation of the metal ions as well as the charges on the
surface of the materials used as an adsorbent.27,48,49 We
investigated the role played by pH in relation to the adsorption
capacity of RBTW for the removal of Cd(II) ions by varying
the pH between 2 and 7. As depicted in Figure 5a, increasing
the pH gave rise to a corresponding increase in the adsorption
capacity of RBTW. It was noted that the removal of Cd(II)
ions was low in a strongly acidic environment. However, as the
pH increases toward the neutral medium, a maximum
adsorption capacity of 11.2 mg/g and a removal percentage

of 53.49% was attained. From the zeta potential plot (Figure
5b), the point of zero charge of RBTW was 1.11. This implies
that RBTW was positively charged when the pH of the
solution was lower than 1.11, which means that there was a
repulsion between the positively charged surface of the
adsorbent and Cd2+, leading to reduced adsorption capacity
and removal efficiency. Furthermore, RBTW was negatively
charged when the pH was greater than 1.11, thus favoring and
aiding the uptake of Cd(II) ions by electrostatic interactions.12

However, we chose a neutral pH as our optimum pH to work
with because similar results reported in past studies confirm
that when the pH exceeds 7, the metal ions undergo
precipitation.42

4.2. Effect of Adsorbent Dose. The adsorbent dosage in
an adsorption experiment significantly influences the extent to
which an adsorbent takes up metal ions in an aqueous solution.
It further provides insight into the adsorption capacity of the
choice adsorbent for the removal of heavy metals.50 The
influence of RBTW on the uptake of Cd(II) ions was
investigated by carrying out an adsorbent dosage study
between 10 and 500 mg. As shown in Figure 6, the uptake

of Cd(II) ions rose from 15.74 to 84.11% with a corresponding
increase in the RBTW dose. This increase can be ascribed to
the number of sites available in RBTW for the uptake of
Cd(II) ions. However, at a higher adsorbent dose, the surface
area of the adsorbent will decrease and the available sites for
the uptake of heavy metal ions suffer aggregation. This will
result in a decrease in the removal of Cd(II) because both the
concentration of the surface metal ions and the concentration
of the metal ions in the solution will be at equilibrium.51

Hence, increasing the adsorbent dosage does not improve the
removal of Cd(II) ions. Therefore, the optimum dosage used
for further studies in this work is 500 mg.

4.3. Effect of Contact Time. The impact of the contact
time between RBTW and Cd(II) ions was evaluated over a
time range of 5−180 min. As illustrated in Figure 7, the
removal of Cd(II) ions was swift within the first 5 min. This
rapid uptake was due to the available unoccupied active sites
and pores at the surface of RBTW. This was followed by a
slight increase until 60 min as the extent of the Cd(II) ion
removal further increased. Thereafter, the adsorption process
attained equilibrium between 90 and 180 min. At equilibrium,
there was no significant uptake experienced because the
available sites present on RBTW have been exhausted. This
trend agrees with what has been reported in the literature.1,4,52

Figure 5. (a) Effect of the solution pH. [Experimental conditions:
[Cd]0 = 40 mg/L, adsorbent dose = 100 mg, agitation time = 180
min]; (b) zeta potential of RBTW.

Figure 6. Effect of adsorbent dose [experimental conditions: [Cd]0 =
40 mg/L, pH = 7, agitation time = 180 min].

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08761
ACS Omega 2024, 9, 38348−38358

38352

https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08761?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.4. Effect of Initial Cd(II) Ion Concentration and
Temperature. The influence of the initial metal ion
concentration on the removal of Cd(II) ions using the
RBTW adsorbent was investigated by working with a
concentration range of 10−100 mg/L at 25, 35, and 45 °C.
As shown in Figure 8, it is worth noting that as the temperature

increased from room temperature to 45 °C, the adsorption
capacity of RBTW toward the uptake of Cd(II) ions increased.
This is due to the fact that an increase in temperature causes
the average kinetic energy of cadmium ions to gain
momentum, which makes them move toward the binding
sites of RBTW.53 Therefore, the number of available binding
sites on RBTW is a major factor in the uptake of Cd(II) ions.
In addition, an increase in temperature changes the internal
structures of RBTW and causes the bonds to become
weakened and break. Once this happens, the resistance is
weakened, resulting in the movement of the cadmium ions into
the readily available pores of RBTW.47

4.5. Adsorption Kinetics. To gain a better understanding
of the rate at which Cd(II) ions adhere to the RBTW surface,
the results obtained were fitted into pseudo-first-order (PFO),
pseudo-second-order (PSO) kinetic model, and intraparticle
diffusion (IPD) model as linearly expressed in eqs 1−3,
respectively

q q q k tPFO: ln( ) lnte e 1= (1)

t
q k q

t
q

PSO:
1

t 2 e
2

e

= +
(2)

q k t CIPD: t i
1/2= + (3)

Herein, qe and qt represent the Cd(II) ions adsorbed at
equilibrium and time t, respectively, and these are measured in
mg g−1. Also, the rate constants for the PFO kinetic model, k1,
and PSO kinetic model, k2, are measured in min−1 and g mg−1

min−1 respectively. In addition, ki represents the IPD rate
constant, and it is represented in mg g−1 min−1/2, while C
represents the thickness of the boundary layer.
Table 1 shows the values obtained from the plots of the PFO

kinetic plot (Supporting Information, Figure S3a) and PSO

kinetic plot (Supporting Information, Figure S3b). The linear
regression value (R2) was found to be greater and unity in the
PSO (1.0000) as compared to that in the PFO (0.9603). This
implies that the adhesion of Cd(II) ions onto the RBTW
adsorbent materials fits more into the PSO kinetic model, and
this agrees with chemical adsorption.54 It further suggests that
there is either a sharing or transfer of electrons between RBTW
and Cd(II) ions, and Cd(II) is adsorbed by the formation of
either a covalent bond or ion exchange.55 In addition, the rate-
controlling steps in the adsorption reaction were investigated
by employing the intraparticle diffusion model, as shown in
Supporting Information, Figure S3c. According to the
literature, the adsorption process is said to be diffusion
controlled, provided the plot of qt vs t1/2 is a linear plot. Also,
intraparticle diffusion can be said to be the principal adsorption
rate-controlling step, provided the plot of qt vs t1/2 passes
through the zero origin, but if the plot does not go through the
zero origin, then the intraparticle diffusion is not the main
adsorption rate-controlling step.53 As depicted in Supporting
Information, Figure S3c, given the fact that the plot was a
nonlinear plot that did not pass through the zero origin, it can
be deduced that the intraparticle diffusion was not the major
adsorption rate-controlling step in the uptake of Cd(II) by
RBTW.

4.6. Adsorption Isotherm. In our bid to understand the
relationship between the Cd(II) ions and the RBTW
adsorbent at different temperatures, we fitted the data obtained
from the adsorption process using nonlinear Langmuir,
Freundlich, and Temkin models as represented in eqs 4−6,
respectively

Figure 7. Effect of contact time [experimental conditions: [Cd]0 = 40
mg/L, RBTW dosage = 500 mg, pH = 7, agitation time = 180 min].

Figure 8. Effect of initial concentration (agitation time = 180 min,
RBTW dosage = 500 mg, pH = 7).

Table 1. Kinetics and Intraparticle Diffusion Model
Parameters for the Uptake of Cd(II) by RBTW

Pseudo-First-Order Model
k1 (min−1) 0.0365
qe (mg/g) 0.065
R2 0.9603

Pseudo-Second-Order Model
k2 (g mg−1 min−1) 1.858
qe (mg/g) 3.37
R2 1.0000

Intraparticle Diffusion Model
First Stage

ki (mg g−1 min−1/2) 0.0178
Ci (mg/g) 3.26
R2 0.89

Second Stage
ki (mg g−1 min−1/2) 0.0009
Ci (mg/g) 3.36
R2 0.79
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where qm (mg/g), b (L/mg), KF (mg/g), n, AT (L/mg), bT (J/
mol), T (K), and R (8.314 J/mol/K) represent the maximum
adsorption capacity, the free energy of adsorption, Freundlich
constant related to adsorption capacity, adsorption intensity,
equilibrium binding constant related to the maximum binding
energy, Temkin isotherm constant corresponding to the heat
of adsorption, absolute temperature, and universal gas
constant, respectively.
The values deduced from the fitted plots and the correlation

factor are shown in Table 2. The adsorption of Cd(II) by
RBTW favored the Langmuir isotherm model because of the
highest R2 values obtained.

The dimensionless factor (RL) expressed with eq 7 is
important in gaining a better understanding of the feasibility of
the adsorption process

R
K C
1

1L
L 0

=
+ (7)

KL provides insight into the bonding of the adsorbent
surface for the solute ions, while C0 is the initial Cd(II)
concentration. The uptake of Cd(II) ions by RBTW is said to
be possible when RL is between 0 and 1. In our study, the RL
values for the three temperatures investigated were below 1.
This indicates the possibility of using RBTW to remove
Cd(II). We also compared the adsorption capacity of Cd(II)
by RBTW used in this work with other adsorbents, as shown in
Table 3 and this showed that RBTW possessed a better
adsorption capacity.

4.7. Adsorption Thermodynamics. The thermodynamic
principles that control the removal of Cd(II) ions by RBTW
were better understood by the values of ΔG°, ΔH°, and ΔS°
by using eqs 8 and 9

G RT Kln c° = (8)

K S
R

H
RT

m
q

C
ln c

e

e
= ° ° =

(9)

Here, R is the universal gas constant in J/mol/K, T is the
temperature in K, and Kc represents the equilibrium constant.
Also, ΔG°, ΔH°, and ΔS° represent the changes in Gibbs free
energy, enthalpy, and entropy, respectively. The values for the
enthalpy and entropy change were obtained from a plot of ln
Kc against 1/T as depicted in Supporting Information, Figure
S4. As represented in Table 4, the adsorption of Cd(II) ions by
RBTW is endothermic, as well as spontaneous. Also, the extent
of disorder at the interface of RBTW and Cd(II) increased.

4.8. Influence of Coexisting Ions. It is well-known that
numerous metal ions exist in wastewater and natural water.
Therefore, in this study, we further went ahead to probe into
what happens when Ni2+ and Cu2+ coexist with Cd2+ in
wastewater. Supporting Information, Figure S5, shows the
adhesion of Ni2+, Cu2+, and Cd2+ ions on the RBTW
adsorbent. In Cd2+ ion adsorption, Ni2+ and Cu2+ were
inequitable with Ni2+ ion, having the better effect on increasing
from 10 to 150 mg/L, thereby causing a reduction in Cd2+ ion
adsorption from 80 to 26 percent removal. Therefore, the
order of interference was Ni2+ > Cu2+, which is connected to
the Z/R value of cations Ni2+ (2/0.70 nm) and Cu2+ (2/0.73
nm). From the result, Cd2+ (2/0.154 nm) ions were less
adsorbed because of repulsion forces produced with higher
electron affinity to Cu2+.65

4.9. Adsorption Mechanism. As reported earlier, the
adsorption kinetics revealed that the rate at which Cd(II) ions
adhered to RBTW fits more into the pseudo-second-order
kinetic model. This implies that the available sites of RBTW
and the Cd(II) ions in the solution controlled the mechanism
of the chemical interaction that existed between the Cd(II)
ions and the RBTW adsorbent. We can therefore infer that
there was a possibility of an interaction between the Cd(II)
ions and the functional groups available on the surface of the
adsorbent. The FTIR spectra represented in Figure 1b
confirmed all functional groups present in RBTW before and
after the removal of Cd(II) ions. The shifts in the peaks after

Table 2. Adsorption Parameters for Cd(II) onto RBTW
Adsorbent

temperature (K)

isotherm model 298 308 318

Langmuir
qmax (mg/g) 6.68 6.97 7.13
KL (L/mg) 0.16 0.17 0.20
R2 0.9905 0.9869 0.9783

Freundlich
N 2.69 2.69 2.80
KF (mg/g) 1.53 1.62 1.80
R2 0.9089 0.9071 0.8803

Temkin
AT (L/mg) 1.66 1.78 2.03
bT (kJ/mol) 1.41 1.46 1.49
R2 0.9782 0.9744 0.9601

Table 3. Comparing the Adsorption Capacity of Cd(II) by
RBTW with Other Adsorbents

adsorbent adsorption capacity (mg/g) references

corn cob 5.09 56
poplar branches 2.10 57
hazelnut shell 5.42 58
bagasse fly ash 6.19 59
oak bark char 5.40 60
wheat bran 0.70 61
phragmites biomass 6.40 62
sawdust 5.37 63
bagasse fly ash 2.00 64
RBTW 7.13 this work

Table 4. Thermodynamic Data for Cd(II) onto RBTW
Adsorbent

temperature (°C) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol/K)

25 −319.48 +8.216 +0.012
35 −365.92
45 −406.88
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adsorption further substantiate our inference that there was an
interaction between the functional groups and the Cd(II) ions.
For example, the O−Hstr vibration band moved from 3320 to
3311 cm−1. This is indicative of hydrogen bonding between the
Cd(II) and the −OH groups of RBTW.39 Again, since all of
the major peaks shifted, it further corroborated the fact that
there was indeed a reaction between the Cd(II) ions and
RBTW. In addition, the SEM images with and without
cadmium showed that the pores available in the raw RBTW
were filled by the Cd(II) ions after adsorption (Figure 1c,d).
Furthermore, EDX (Figure 1e,f) validates the presence of
Cd(II) ions in the spent RBTW. The XPS spectra of RBTW
after adsorption showed that the energy bands of C 1s
increased (Figure 3b), while those of O 1s reduced (Figure
3c). Also, additional peaks of Cd5/2 and Cd3/2 (Figure 3d) are
indicative of cadmium appearing after adsorption. This indeed
confirms the presence of cadmium in RBTW after adsorption
as well as the oxidation state of cadmium as Cd2+ in the
RWBT/Cd2+ spent adsorbent. In summary, the adsorption
pathway illustrating the adhesion of Cd(II) ions to the surface
of RBTW is shown in Figure 9.

5. PHOTOCATALYTIC DEGRADATION OF
SULFAMETHOXAZOLE USING CD(II) SPENT
ADSORBENT

Adsorption is known to promote secondary pollution by the
generation of a spent adsorbent. Therefore, in a bid to mitigate
this, we used the Cd(II) spent adsorbent as a photocatalyst
under a UV lamp and visible light for the degradation of
sulfamethoxazole. As shown in Supporting Information Figure
S6, the reaction was left to equilibrate in the dark for 30 min
before the irradiation. In the presence of a UV lamp, the extent
of sulfamethoxazole degradation was found to be 53.2% after
150 min. However, under visible light, the extent of the
breakdown increased to 69%. This increase showed that the
RBTW-Cd(II) spent adsorbent absorbs more in the visible-
light region, thereby resulting in the generation of photo-
generated charge carriers that significantly took part in the
degradation of sulfamethoxazole. When the RBTW/Cd(II)
spent adsorbent is irradiated, electrons are ejected from the
valence band and enter the conduction band, leaving a
photogenerated hole at the valence band. The photogenerated
holes are a strong oxidant that can react directly with the
sulfamethoxazole to break it down. The holes can also react
with water molecules to produce hydroxyl radicals, which also
take part in the degradation process. Similarly, the photo-
generated electrons react with dissolved oxygen to produce

superoxide. The complementary effects of the oxidants and
highly reactive radicals promote the extent of degradation of
sulfamethoxazole. The possible reaction mechanism is shown
in Figure 10.66 We also compared the removal performance of
the spent adsorbent with other catalysts in the degradation of
pharmaceuticals, as shown in Supporting Information, Table
S1.

The apparent rate constant under the UV and visible-light
sources was deduced by analyzing the data using the PFO
kinetic model as reported in eq 10

C C ktln / t0 = (10)

From the results obtained, the degradation of sulfamethox-
azole using the spent adsorbent was faster in the presence of
visible light (0.01020 min−1) than in the UV lamp (0.00698
min−1). The degree of mineralization as obtained from the
TOC content was 53%. This result further validates the
efficiency and suitability of RBTW/Cd(II) for photocatalytic
abatement of pharmaceutical contaminants in water. It equally
shows that the reuse application of spent adsorbent as a
catalyst for the photocatalytic degradation of sulfamethoxazole
offers a viable alternative in alleviating the problem of
secondary pollution, which is commonly associated with
adsorption technology.

6. CONCLUSIONS
Overall, we successfully prepared, characterized, and applied a
cheap, readily available, and efficient adsorbent material,
rooibos tea waste (RBTW) for the removal of Cd(II) ions
and reused it for the photocatalytic degradation of
sulfamethoxazole. The synthesized RBTW exhibited a
satisfactory adsorption capacity and efficiency of 7.13 mg/g
and 90.63%, respectively, for 10 mg/L Cd(II) ions at 45 °C,
180 min agitation time, pH 7, and dosage of 500 mg. The
uptake of Cd(II) ions by RBTW was well fitted by the pseudo-
second-order kinetic model and best described by the
Langmuir isotherm. Furthermore, the cadmium-loaded adsorb-
ent successfully degraded 69% of 10 mg/L sulfamethoxazole
within 150 min by using visible light. The degree of
mineralization from the TOC data showed that 53% of
sulfamethoxazole was mineralized by the spent adsorbent.
Thermodynamically, the adsorption process was endothermic
as well as spontaneous. Also, this study has given the proof of

Figure 9. Adsorption mechanism showing the interaction between
Cd(II) ions and RBTW.

Figure 10. Mechanism of sulfamethoxazole degradation.
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concept that the rooibos adsorbent can successfully retain
cadmium and that the cadmium-loaded adsorbent can be
reused for photocatalysis. It is acknowledged that it has paved
the way for some future work to check the life span of the
catalyst and how to reuse the catalyst once it has become
spent. In general, due to the satisfactory performance of
RBTW in the remediation of Cd(II) ions and the efficient
performance of the spent adsorbent in the breakdown of
sulfamethoxazole, RBTW lends itself as a suitable material for
the treatment of wastewater polluted with other heavy metals
and to be reused to prevent secondary pollution, which is a
major setback of adsorption technology.
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