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The present research involves removing copper and nickel ions from synthesized wastewater by
using a simple, cheap, cost-effective, and sustainable activated green waste tea residue (AGWTR)
adsorption coupled with electrocoagulation (ADS/EC) process in the presence of iron electrodes. By
considering previous studies, their adsorbents used for treating their wastewaters firstly activate
them by applying either chemicals or activating agents. However, our adsorbent was prepared
without applying neither chemicals nor any activating agents. The operating parameters such as
pH, hydraulic retention time, adsorbent dose, initial concentration, current density, and operating
cost for both metals were optimized. In ADS/EC, the removal efficiency was obtained as 100% for
copper and 99.99% for nickel ions. After the ADS/EC process, Fourier transform infrared (FT-IR)
spectroscopy, Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS)
analysis were used to characterize the adsorbent green waste tea residue. The adsorption isotherm
and kinetic model results showed that the Langmuir and the pseudo-second-order were well-fitted
to the experimental adsorption data better than the Freundlich and pseudo-first-order models for
both Cu?* and Ni?* with their maximum adsorption capacity of 15.6 and 15.9 mg g2, respectively.
The above results give an option to recycle the metal-based industrial effluents, tea industry-based
wastes, enabling a waste-to-green technique for adsorbing and removing the heavy metals and other
pollutants in water.

People have begun to realize how essential excellent health is to them, and it is no longer merely important to
have a standard lifestyle for mankind. Because there is a direct relationship between environment, health, and
population, it is important to have a stable environment if we want to live a healthy life. Every day, the world’s
population grows, and this influences the ecosystem. The amount of water used increases as the population rises,
which directly affects the water bodies and aggravates the issue of water'. Increased demand leads to the develop-
ment of new industries and resources; more demands generate more industries and more resources. As a result
of increased industrialization, heavy metal poisoning in water sources and its severe health effects on human
society are becoming a major problem?. Because heavy metals are resistant to degradation and bioaccumulation
in living and nonliving organisms, people in many nations are exposed to them through contaminated water.
Heavy metals such as copper and nickel, as an example, have a negative impact on environmental sources>.
copper and nickel can be found in the amount of industrial effluents. Nickel allergies are common due to
coming into touch with nickel-containing objects, and the carcinogenic effects of Ni** are well recognized*.
Pollution of Cu?* is caused by manning activities, electroplating, smelting, and the utilization of copper-based
agrichemicals and manufacturing of brass. Copper is the most toxic metal to animals, and long-term inhalation
of Cu-containing sprays has been linked to an increased risk of lung cancer in those who have been exposed®. At
low levels, copper can play a significant role in human and animal metabolism. Too much copper, on the other
hand, can cause serious side effects and toxicological concerns like convulsions, vomiting, cramps, and even
death®. Nickel is a common metal in the environment, although little is known about its practical applications
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for humans and animals. Municipal and industrial waste and the usage of liquid and solid fuels all contribute to
nickel pollution. Nasal cancer, contact dermatitis, headaches, allergies, lung fibrosis, cardiovascular and kidney
damage, and other toxicological concerns are all caused by it*. The World Health Organization (WHO) esti-
mates the maximum permitted concentrations of Cu** and Ni** in drinking water to be less than 2 mg L™! and
0.02 mg L}, respectively’. So, the removal of both metals from polluted water is critical. Heavy metal removal
from contaminated water is done in different techniques, including anaerobic biological treatment®, sonolysis®,
and photocatalytic and oxidation destruction via ultraviolet/ozone treatment’, flocculation and coagulation',
adsorption'!, biodegradation'* and electrocoagulation'?, etc. However, these methods have several drawbacks,
including low removal efficiency, high running costs, and the production of a lot of sludge, which is not environ-
mentally friendly. Thus, to reduce potential pollution, high operating costs and low efficiency, the best answer to
this problem is to combine two or more efficient techniques. In this study, the integration of adsorption (ADS)
and electrocoagulation (EC) methods are suggested as an interesting alternative method to treat polluted water
and wastewater.

Heavy metal ions can be eliminated from contaminated water through the adsorption process, which is proven
effective. Due to its efficiency and low cost, ADS has been recommended to remove Cu and Ni metals from water
and wastewater. It does not produce secondary sludge'. Adsorbents such as lignocellulosic biomasses'® fly ash'¢,
powdered marble wastes'’, activated carbon'®, clays and biochars'® have all been used to remove contaminants,
including metal ions in the adsorption method. The adsorbents discussed above have drawbacks, such as low
efficiency, high cost, and limited availability. Our solution is to use activated green waste tea residue (AGWTR)
as a long-term, low-cost, and more effective adsorbent. It is easily accessible on a huge scale throughout the
world. No activating chemicals, coatings, or modifications were used to activate our material (AGWTR). In this
work, we chose AGWTR to decrease the barriers associated with dangerous chemicals, high cost-effective and
lengthier preparation processes to obtain the best removal efficiency of heavy metal treatment through the use
of an environmentally benign and sustainable adsorbent. This is the key research topic, and it involves activation,
which has a high adsorption capacity of*°.

The electrocoagulation process needs simultaneous metal dissolution from the anode electrode and hydrogen
gas and hydroxyl ions production at the cathode electrode. All contaminants that can be eliminated by electro-
coagulation include total organic carbon, heavy metals?!, antibiotics and medicines?, and organic pollutants
such herbicides, phenols, and textile dyes®. A sacrificial metal anode and a cathode are the two electrodes in an
electrochemical cell. The anodes in our study were iron (Fe) electrodes. The EC creates iron ions from a sacrificial
anode, which hydrolyze in water and produce various coagulant species. Coagulation is the process of combining
these coagulant species to generate bigger particles*. Coagulation is a process that uses coagulant chemicals to
destabilize particles and allow them to bind to other particles. Iron salts were hydrolyzed in water to produce
insoluble precipitates, which then adsorb on the surface of the particles, destabilizing their charge. Because the
particles have identical electric charges, which are usually negative, they have repulsive interactions®, found that
the hydrolyzed products had a positive electric charge. On the surface of the cathode, electrolytically created
gases, primarily hydrogen, are produced. Gas bubbles are produced as a result of favorable side reactions, which
aid in floating. These agglomerated pollutants form more agglomerates, which push higher and are destroyed in
the next step. On the cathode, a final electrochemical reaction called reduction may occur®.. The electrochemical
dissolution of the iron anode is much more complex because there are two oxidation states of iron species: Fe**
and Fe** (Eq. 1). According to solution pH and the dissolved oxygen, Fe** species can be potentially oxidized to
the Fe*" (Eq. 2) and finally hydrolyzed to form the hydroxide (Eq. 3)*°.

2 —
Fe) — Fe(;;) +2e7, (1)
4Fe§atp +0, +4H" > 4Fef;tl) + 2H,0, @)
Fe?;q) + 3H,0 — Fe(OH); + 3H™. 3)

The main reaction at the cathode is hydrogen evolution (Eq. 4):

2H,0 +2¢~ — H, + ZOH(_aq)' (4)

Based on the above discussions, we have chosen the combination of adsorption with electrocoagulation (ADS/
EC) process as the most favorable methodology for wastewater treatment due to its simplest, less expensive,
require low electricity and giving superior and optimistic results compared with adsorption or electrocoagulation
method alone. It offers the following advantages: (i) simplicity of operation, (ii) rapid sedimentation, (iii) low
sludge production, (iv) environmental compatibility and tea waste is an attractive low material that can produce
low-cost activated carbon.

This study aims to remove Cu?** and Ni** from synthesized wastewater by combining the activated green waste
tea residue adsorption without applying any chemical reagents with electrocoagulation techniques in the pres-
ence of an iron electrode at the lowest possible cost. Our proposed technique and raw material, such as AWTR
adsorbent and Fe-Fe electrode, are better environmentally friendly and require low cost. Moreover, this provides
a potential solution to the problems related to waste tea disposal and low-cost activated carbon production.
Activated carbon made from waste tea has been discussed in few types of research, like Lokendra Singh Mukesh
Parmar, Hakan Elebi et al., and others have reported removal efficiencies of 89%, 82%, 75%, and 76% for copper
and nickel using tea waste, which are lower than our removal efficiencies shown in 3.2*7*!. However, no other
published studies have considered the preparation of activated carbon from waste tea without modifying or using
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Figure 1. The apparatus layout used in the experiments: (1) AGWTR, (2) ADS Vessel; (3) pump; (4) control
valve; (5) Stiller/Agitator; (6) direct current power source; (7) electro electric cell; (8) Flocs; (9) treated water in
reception tank; (10) iron electrodes and (11) magnetic stiller.

activated reagents for removing heavy metals from wastewater. Thus, the feasibility of preparing activated carbon
from waste tea without applying any chemical reagents was investigated in the current study. The comparison of
ADS and EC integration for both single and binary systems and the total operating cost was investigated in this
paper. The effects of pH, treatment time, adsorbent dose, initial concentration and current density on removal
efficiency were studied in this study. Adsorption isotherms (Langmuir and Freundlich) and the kinetic modeling
(pseudo-first-order, pseudo-second-order) of Cu?* and Ni** were discussed. This study, therefore, gives an option
to recycle the metal-based industrial effluents, tea industry-based wastes, enabling a waste-to-green technique
for adsorbing and removing the heavy metals and other pollutants in water.

Experimental section

Materials. Green waste tea residue (GWTR) was purchased from Pinduoduo Inc., China. The AGWTR
was produced using the physical activation processes. This activated carbon was derived from crushed GWTR
biomass and then sieved, resulting in a good adsorbent with a particle size of 0.45 um (mesh size) and finally
heated at 500 °C in 2 h. Synthesized wastewater was prepared from stock solutions of 1000 mg L™! Cu?* ion
obtained from copper chloride dihydrate (CuCl,-2H,0) and Ni** jon obtained from nickel chloride hexahydrate
(NiCl,-6H,0). The solution of 0.1 M sodium hydroxide (NaOH) and hydrochloric acid (HCI) was used for
pH adjustment and cleaning some materials. Iron electrodes bought from Taobao Inc. and DC power supply
(Maisheng MS-605D) also were used during the electrocoagulation process. During the experiment, double
distilled and deionized water were utilized.

Experimental setup. The lab-scale batch experimental setup combined the ADS/EC studies schemati-
cally shown in Fig. 1. The EC cell was constructed from a thick glass container with 20 cmx 10 cm x 0.5 cm in
length, width, and height, respectively. Copper and nickel solutions were agitated at 150 rpm (Agitator: Lichen
DF-101Z) and the Temperature was kept constant at 25 + 1 °C. The AGW TR was mixed with synthesized waste-
water at various dosages (0.1-5 g L™!) in the combined system. The synthesized wastewater volume used in the
experiment was 3 L. Iron (Fe-Fe) electrodes of 12 cm high, 7 cm wide and 0.2 cm in thickness were utilized
for the sacrificial electrodes where Fe-Fe were used for both anode and cathode and also they were arranged
in a monopolar configuration. The distance between electrodes was 1 cm. A peristaltic pump was also used in
this experiment. The submerged surface area of electrodes was 84 cm? and two plates were constructed in the
electrochemical reactor. The ADS process in the presence of AGWTR-reaction occurred from the bottom of the
reactor, while in the EC process, the electrodes-reaction happened at both the bottom and the top of the reactor.
We were using a DC power source with a current of 0-5 A and a voltage of 0-30 V; a continuous, direct current
was maintained for supplying current density.

Preparation of the adsorbent.  First, GWTR was thoroughly cleaned with distilled water to remove any
adherent particles and then dried in a hot air oven at 100 °C for 2 h. Then the dried biomass was crushed using a
crushing machine and sieved to get a good adsorbent with a fine particle size of 0.45 um (mesh). Finally, sieved
GWTR was placed inside the muffle furnace to heat it at 500 °C for 45 min in the N, atmosphere to convert the
green waste tea residue into activated carbon (biochar). After completion of the process, the activated green
waste tea residue (AGWTR) was taken out and cooled for 5 h and stored in a plastic rubber for further experi-
ment.

Preparation of electrodes. Iron (Fe-Fe) plates of 12 cmx7 cm x 0.2 cm dimension were utilized as elec-
trodes in both anodes and cathode. The iron electrodes were washed in 0.1 M HCI to remove rust and other
attached particles, then cleaned using a brush and distilled water before being dried in a dry oven at 70 °C for
10 min before they were used.

Batch adsorption/electrocoagulation coupling process. The combining experiment was studied as
follow: the amounts of activated green waste tea residue (GWTR) were tested and mixed with 3 L of synthe-
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sized solutions (1 L of copper, 1 L of nickel and 1 L of mixed of both metal solutions) in different Erlenmeyer
flasks, then the ADS studies were conducted in 100 mL and each solution had a concentration of 20 mg L.
The solution was stirred at 150 rpm and ambient Temperature was applied in this experiment. The sample was
collected regularly from an electrocoagulation cell and then filtered using Whatman microfiber filter of 0.45 um
pore size before being analyzed by atomic absorption spectrophotometer (AAS Z-5000, Japan). The pH was
maintained continuously using a multi-parameter instrument (SX725 pH/mV/DO meter). The characteristic of
mineral composition, surface morphology and bonding patterns of a compound found in AGWTR after ADS
and also compound observed in sludge after EC were evaluated by using the Fourier transform infrared (FT-IR-
Magna 560) spectra, Scanning electronic microscope (SEM), and EDS analysis (JEM-2100F, 200 kV). To confirm
the optimum level of high removal efficiency, the experiment was repeated at different levels. Effect of various
parameters have been investigated during the lab experiment treatment time (10-180 min), pH (2-8), agitation
speed (50-200 rpm), adsorbent dosage (0.1-5 g), initial concentration of Cu**and Ni** (20-120 mg L"), Tem-
perature (20-40 °C), current density (0.11-2.5 mA cm™) and total operating cost. The percentage of copper and
nickel ions removal was calculated from the following (Eq. 5)***%
Ce

Co —
%R = OT x 100. (5)

The mass balance equation was used to calculate equilibrium concentration, q. (mg g™!) of Cu** and Ni**
was given by**%:

v
4= (Co—Co) (6)

where C, and C, are the initial and equilibrium concentration of Cu?* and Ni** in mg L™!, m is the amount of
AGWTR (g) and V (L) is the volume of solution.

Adsorption isotherm modeling. Adsorption isotherm models in the equilibrium state have proven a
relationship between the amount of copper and nickel solution on AGWTR. Here are Langmuir and Freundlich’s
models were discussed in this study. Langmuir isotherm is valid for monolayer adsorption with the surface of
activated green waste tea residue as adsorbent'*, while the heterogeneous surface with multilayer adsorption is
suggested by Freundlich model*. The equation below can be used to express the Langmuir isotherm:

_ quLCe
Qe = 1+K.C. @)

By formulating the Langmuir equation to a linear form, the adsorption parameters of Langmuir were obtained.

1 1 1

- + —, 8
de QmKLCe dm (8)

where q, is the amount of metal ions (Cu?* and Ni**) adsorbed per gram of the AGWTR at equilibrium (mg g™'),
Q. the maximum monolayer coverage capacity (mg g™!), K| is Langmuir isothermal constant (L mg™) and C, is
the equilibrium concentration of adsorbate (mg L™). q,, and K| were determined from the slope and intercept of
the Langmuir plot of 1/q, versus 1/C.. The important features of the Langmuir isotherm model can be computed
in terms of equilibrium parameter R;, which is a dimensionless constant denoted as equilibrium parameter or
separation factor.

1

T 1+K.Co ©)

Rr
where C, is the initial concentration of metal ion (mg L), K;: Langmuir isotherm constant). R value indicates
the adsorption nature either unfavorable (R; > 1), linear (R = 1), favorable (0 <R <1) and irreversible (R =0).

Freundlich isotherm model is commonly applied to describe the process of adsorption features of the het-
erogeneous surface. The linear equation of Freundlich isotherm is expressed below:

1
Ing, = ;lnCe + InKF, (10)

where K is Freundlich isotherm constant (mg g™!), q.: the amount of adsorbed metal gram of the adsorbent at
equilibrium (mg g™), C.: the equilibrium concentration of adsorbate (mg L™") and n: adsorption density.

Adsorption kinetic modeling. To study kinetics that removed metal ions from a solution, the degree of
adsorption was calculated as a function of time. In this study, the concentration of Cu** and Ni** at time t, g,
(mg g™') was computed. The kinetic data were examined by using pseudo-first-order and pseudo-second-order
models. The pseudo-first-order kinetic model was developed and expressed as follows:

In(qe — q¢) = Inge — Kit, (11)

where, q.: the amount of adsorbed metal ion per gram of adsorbent at any time (mg g™!), q.: the amount of metal
ions adsorbed per gram of adsorbent at equilibrium (mg g™'), K, = the adsorption rate constant (min™') and tis a
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constant time (min). The adsorption rate constant K,was computed from the slope of the graph drawn In(g, — q;)
against t and the theoretical g, was computed from the breaking point on the graph.
While the pseudo-second-order kinetic model was developed and expressed as follows:

1 1 n t
—=—+ 12
@ Kgi  q (12
where, q;: the amount of adsorbed metal ion per gram of adsorbent at any time (mg g™!), q.: the amount of metal
ions adsorbed per gram of adsorbent at equilibrium (mg g™'), K, = the adsorption rate constant (g mg™' min™),
K, g2 is initial adsorption speed and t is a constant time (min). The adsorption rate constant K, and theoretical
q. values are calculated respectively from the slope and breakpoint of the graph drawn t/q, against t.

Energy consumption and amount of dissolved electrodes. Energy consumption is a very important
cost factor of the electrocoagulation treatment process. It is proportional to the electric current and applied
voltage?”. The following equation calculated the energy used for removing Cu®* and Ni**:

Ixt
w(kWhm =) = =%, (13)
\%
where W is energy consumption (kWh m™), L is the electric current (A), v is applied voltage (volt), t is the reac-
tion time (h) and V is the sample volume (m?). Additionally, Faraday’s law describes the mass of iron electrodes
dissolved in the solution?®. It is shown as:

I xtxM, (14)
Mpe = ————,
Fe 7F
where mg, is the mass of dissolved iron electrode (kg m™), I am the current (A), t is the electrolysis time (s),
M,, is the molecular mass of Fe (56 g g™* mol), z is the number of electrons involved in the reaction Fe (2) and
Faraday’s constant (96,485.34 C mol™).

Treatment cost (OC). Operating cost (OP). To calculate the viability of the electrocoagulation process, we
considered operational cost (OC) as one of the response variables and computed this variable to be applied as the
optimization methodology’s aim. The equation of determining the operating cost (OC) process was expressed
as follows®.

(15)

>

{USD} (Ix v t) X G + Con + (2214 ) x Cre + G,
1%

where I and v are the electrical current and voltage used during process time t, respectively, Ciyy, is the cost of
electricity for the industrial sector by a local provider, C,y is the cost of the hydrochloric acid (HCI) or Sodium
Hydroxide (NaOH) needed to set the pH to the required condition, M is the molar mass of iron, z is the valency
of iron in an ion form, F is the Faraday constant, Cg, is the cost per kilogram of iron, and C; is the cost of the
treatment for the produced sludge. Finally, V is the volume of the sample treated under such conditions.

Operating cost of activation carbon (OC,c). OC, was also calculated for this step, as shown in the equation
below (Eq. 16) to reduce the final effluent’s toxicity at the lowest possible cost®.

USD:| _ MAC X CAC (]6)

oC —_—
AC { m3 %4

where, M ¢ is the mass of activated carbon used during the adsorption and C, is the cost per mass unit of AC.

Total operating cost. The total cost of all treatment processes was computed as the sum of operating cost (OC)
and operating cost of activated carbon (OC,¢)*.

USD
OCrotal [?} = OC + OCyc. (17)

Result and discussion

Characteristic of adsorbent.  Scanning Electron Microscopy (SEM) analysis and EDS analysis. SEM was
used to characterize the surface morphology of AGWTR. The SEM photographs of AGWTR before adsorption,
after adsorption and after adsorption coupled with electrocoagulation of Cu®* and Ni** removal are showed in
Fig. 2a—e. The rough-stone-like with various larger holes have been observed in AGWTR before ADS Fig. 2a.
There are rugged holes on external surfaces like crispy pits, which are visible. The rubbish surrounding those
small holes causes the highest adsorption of both metals and they have been observed after adsorption of Cu?*
and Ni*', respectively (Fig. 2b,d). At the same time, (Fig. 2c,e) show a plane highway-like smooth surface un-
timely. This means that the rough potholes that were observed in (Fig. 2b,d) for the AGWTR, was diminished
and changed to smooth surface look like plane surface after copper and nickel adsorption coupled with elec-
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Figure 2. (a) SEM image of AGWTR before adsorption, (b) SEM image of AGWTR after adsorption of Cu®*,
(c) SEM image of AGWTR after ADS/EC of Cu?*, (d) SEM image of AGWTR after adsorption of Ni**, (e)
SEM image of AGWTR after ADS/EC of Ni**. (f) EDS spectra of AGWTR before adsorption, (g) EDS spectra
of AGWTR after adsorption of Cu*', (h) EDS spectra of AGWTR after ADS/EC of Cu?*, (i) EDS spectra of
AGWTR after adsorption of Ni** and (j) EDS spectra of AGWTR after ADS/EC of Ni**.
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Figure 3. FT-IR spectroscopy characterization of activated green waste tea: (X) (a) AGWTR before adsorption,
(b) AGWTR after adsorption of Cu?** and (c) AGWTR after ADS/EC of Cu**. (Y) (a) AGWTR before
adsorption, (b) AGWTR after adsorption of Ni** and (c) AGWTR after ADS/EC of Ni**.

trocoagulation process; this means that Cu?* and Ni** are absorbed maximally on AGWTR surface and also we
confirmed that our material (AGWTR) showed the active site to adsorb Cu?* and Ni?** in maximum?*,

As observed in Fig. 2f-j, the EDS spectrum showed that the AGWTR contained C, Fe, O,, Al, Si, Na, Cu, P, Cl,
Ni, K and Ca. The percentage of elements observed in AGWTR before adsorption is 79.89%, 17.52% and 1.92%
for carbon, oxygen and potassium, respectively and the remaining elements are Si, P, S, Cl, Al, and Ca have the
percentage of 0.69% (Fig. 2f). While Fig. 2g,i showed the morphology of AGWTR after the adsorption of copper
and nickel, respectively. Some changes appeared on the surface of AGWTR, where we found new peaks of copper
and nickel. Furthermore, the lack of a sodium peak in the EDS spectrum revealed that copper and nickel ions
swapped Na*. Then, the EDS analysis of AGWTR after adsorption coupled with electrocoagulation (Fig. 2h,j)
mainly represented some new peak of Fe, which was not observed in the first adsorption process due to the dis-
solution of Fe-electrode used during electrocoagulation in both copper and nickel ions removal spectrum. The
images observed from SEM in this research display similar results as those published by Nikolic and Yildiz***!.

Fourier Transform Infrared (FT-IR) analysis.  To investigate the characteristics of functional groups of activated
green waste tea as another adsorbent that is responsible for the Cu?* and Ni** adsorption on its surface, Fourier
Transform Infrared (FT-IR) spectrum analysis was performed. Figure 3x,y illustrate FTIR spectra of AGWTR
before ADS (a), AGWTR after ADS (b) and AGWTR after coupling ADS/ EC (c) for both Cu?* and Ni**, respec-
tively. In this research, the FT-IR spectrum of AGWTR was detected in the range of 1000-4000 cm™. The FTIR
spectrum of coupling ADS/EC for both copper and nickel absorption (c), there are seven distinct peaks, with a
strong band of amine or hydroxyl (N-H or ~OH) groups visible at wavenumber 3736 and 3730 cm™". The band
presented at 2923 cm™ and 2852 cm™! may indicate the ~C-H stretching vibration from aliphatic compounds*.
The aromatic ring vibration is observed at the sharp peak of 1604 cm™'%. The absorption at 1597 cm™ indicated
N-H bending in the adsorbent*. The C=N stretching in heterocyclic rings was also identified at wavenum-
ber 1437 cm™ while the peak appearing at 1373 cm™ showed the deformation vibration of ~-C-H groups of
alkanes®. The peak at 1316 cm™ is due to the C-OH stretching vibration of alcohols and finally, the carboxylic
acids were observed at peak 1156 cm™ of the AGWT. By analyzing the relationship between these metal ions
(Cu** and Ni**) removal, we observed that AGWTR shows almost similar functional groups responsible for the
Cu?* and Ni** adsorption on its surface. Nevertheless, some little differences have been observed on both metal
peaks of 1604 cm ™' and 1156 cm™ found in Ni** and Cu?* removal, due to interaction between Ni?* and carbon
aromatic structures and interaction between Cu?* the carboxylic acid groups, respectively on the surface of
AGWTR. As conclusion, Fig. 3x,y, have shown the presence of carboxylic acids, amines, and alcoholic aldehydes
and amides groups in AGWTR has a great role in adsorbing of both copper and nickel ions from wastewater,
and also the best removal of both metals ions have been observed on adsorption coupled with electrocoagulation
band. These results showed also that AGWTR can remove Cu?* and Ni** by both textural properties (micropo-
rosity and surface area) and their heterogeneous functional groups”

Effect of parameters. Effect of pH. 'The effect of pH on the ADS and ADS/EC process of copper and
nickel ions in the solution has been established and it has been considered the important parameter affecting
the performance of ADS and ADS/EC process in water and wastewater treatment efficiencies. In this study, the
pH value was adjusted in the range of 2-8. (Fig. 4a) shows that Cu?* removal in the ADS and ADS/EC coupling
process at different pH values, with an AGWTR dose of 1 g L™! at the current density of 1.19 mA cm™. The
percentage of Cu?* removal was a law at pH 2.0-4.0 during the ADS process because the solution was acidic,
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Figure 4. Effect of pH on (a) Cu?* and (b) Ni** removal of the synthesized wastewater during the
ADS and ADS/EC coupling processes (AGWTR dose=1 g L™, Initial conc.=20 mg L™! and Current
density=1.19 mA cm™2).

favoring the unseparated forms of functional groups*. The maximum removal efficiency of Cu?* for the case of
ADS was 76.2% at pH=6.0.

The same results were reported by Ref.?*>. While the ADS/EC process, the highest removal efficiency was
achieved at pH =4.0, due to the presence of Fe(OH); in the solution highly depends upon the pH and concen-
tration of Fe** in the solution (Eq. 3). Generally, in ADS/EC, the removal efficiency occurs at low pH due to the
precipitation of Fe(OH), happened in the EC reactor. Similar results were observed by Ref.?!. In this process of
coupling ADS/EC, the observed removal efficiency was 100%, with a current density of 1.19 mA cm™2. Processes
used in copper removal for studying the effect of pH, are similar to nickel removal. Figure 4b shows the equilib-
rium removal efficiency of Ni** during the ADS and ADS/EC processes. The removal efficiency for Ni?* was 68.2%
at pH=6.0 during ADS, while when we applied ADS/EC, the removal efficiency was 99.98% at pH =4.0. As we
have seen in these results, the removal efficiency of Cu?* is higher than Ni** for both cases (ADS and ADS/EC).
Therefore, considering the removal efficiency of both metal ions, when we increase pH from 4.0, the amounts of
OH are increased in solution. Some of the hydroxide ions oxidized at the anode. This reaction inhibits the pro-
duction of the same amount of iron ions, consequently, the removal of Cu** and Ni** decreased. So, the original
pH of the synthetized wastewater (i.e. 4.0) can be chosen because there are no chemicals required. Therefore, due
to the production and the consumption of those hydroxide ions from reaction, the removal of Cu?* and Ni** in
solution increase during ADS combined EC when the initial pH is low*’. From the above explanations, we can
conclude that the initial pH after mixing the AGWTR with adsorbate increases the increases of Cu** and Ni**
removal compared to both ADS and EC alone. The same results have reported in Ref.*s.

Effect of electrolysis time. Time is an important parameter that influences the water and wastewater treatment
efficiency of ADS and ADS/EC coupling processes. As shown in Fig. 5, the effects of electrolysis time on cop-
per and nickel removal were studied in the range of 10 min up to 180 min at an optimum current density of
1.19 mA cm2 Both metals Cu** and Ni** during the adsorption process, the observation reveals that the Cu?**
and Ni?* removal increases with an increased adsorption contact time due to the presence of natural material of
AGWTR as shown in Fig. 5a,b. At 120 min of contact time, 1 g of AGWTR removed 73.51% of Cu?* and 66.01%
of Ni**, respectively. This increase in both Cu**and Ni** adsorption at the beginning of the ADS process was
happened because of the high availability of active surface sites on the AGWTR surface. When these available
sites were readily occupied, the following slow ADS is generally affected by diffusion into the interior pore spaces
of AGWTRY.

In general, the generated coagulant from iron electrodes increases with reaction time for the ADS coupled
with the EC process. The dissolution amount of iron was directly proportional to electrolysis time and therefore,
the quantity of Fe** or Fe** ions and their flocs increased with the electrolysis time, resulting in higher removal
efficiencies due to sweep coagulant and co-precipitation®. The removal efficiency of Cu®* and Ni®* increases
with an increase of reaction time until it reaches a maximum of 30 min as the optimum time, as observed Fig. 5.
This Fig. 5a,b showed that a total of 100% and 99.98% of copper and nickel ions were respectively removed in
the synthesized wastewater at 30 min with a current density of 1.19 mA cm™. The removal of both metal ions
Cu?* and Ni** with electrolysis time occurred through the production of Fe(OH), "sweep flocs” which have
large surface areas that are favorable for faster adsorption of Cu** and Ni** and adsorption of soluble organic
compounds from wastewater into flocs that holds many complexes of ferric polymeric hydroxide which are
responsible for eliminating the pollutants®'.
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Figure 6. Effect of Adsorbent dose on (a) Cu** and (b) Ni** removal of the synthesized wastewater during the
ADS and ADS/EC coupling processes (Initial conc.=20 mg L™! and Current density=1.19 mA cm™).
Effect of AGWTR dose. In this work, the effect of various adsorbent doses on the removal efficiency of cop-
per and nickel for simple ADS and ADS/EC coupling processes at different AGWTR doses were presented in
Fig. 6a,b and the adsorbent was ranged in between 0.1 and 5 g L' during 120 min. The ADS experiments show
that the efficiency of both metal ions (Cu?* and Ni**) removal increases with the increase of the adsorbent dos-
age. In the ADS process, the removal efficiencies for both metals were 86.70% and 64.33% for copper and nickel,
respectively, with 1 g L™! of AGWTR for contacting time of 120 min. These results showed that with an increase
of dosage, all copper and nickel ions in solutions may have interacted with the binding sites and then the high-
est Cu** and Ni** removal efficiencies are observed®. This may be happened due to the pretty number of ADS
sites and more available surface area with the increase of adsorbent weight®*. When AGWTR dosage is higher,
the ADS process onto the AGWTR surface is very fast and Cu®* and Ni** concentrations become lower in the
solutions. While the ADS/EC coupling process compared to the simple ADS technique, the adsorbent was added
in copper and nickel solution in the EC cell, resulting in a slow increase of Cu** and Ni** removal. When a dose
of AGWTR increased up to 1 g L', the copper and nickel removal reached 100% and 99.99% for Cu**and Ni**,
respectively, instead of 86.70% and 64.33% achieved during simple ADS. The ADS/EC occurred with both elec-
trolysis time of 30 min and current density of 1.19 mA cm™ for both metals removal. The metal removal percent-
ages increase with an increase in the adsorbent doses and therefore, the adsorption sites on the AGWTR surface
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Figure 7. Effect of Initial Concentration on (a) Cu?* and (b) Ni** removal of the synthesized wastewater during
the ADS and ADS/EC coupling processes (AGWTR=1 g L™! and Current density=1.19 mA cm™).

remain constant when the concentration of pollutants in the solution declines to the lowest value, as shown in
Fig. 6a,b>. Here 1 g L™' of AGWTR is enough to remove heavy metals in aqueous solutions at an instant level.

Effect of initial concentration. The effects of the initial concentration on the Cu?* and Ni** removal efficiencies
ata constant AGWTR dosage of 1 g L ™! are observed in Fig. 7a,b. As planned, the Cu?* and Ni** removal percent-
ages were greater at lower initial Cu** and Ni** concentrations in the solutions for both processes (ADS and ADS/
EC). For the case of ADS, we have investigated the maximum removal efficiency for both metal ions, by studying
their different initial concentrations in their solutions. The experiments are conducted to the different Cu** and
Ni?* concentrations of 20, 40, 60, 80, 100 and 120 mg L% In this study, the removal percentage of copper and
nickel ions was 85.08% and 67.37%, respectively, in the adsorption process. These results were shown that the
removal efficiencies were decreased with increasing Cu?* and Ni?* ion concentrations, as observed in Fig. 7a,b.
This has happened because Cu?* and Ni** ions have quickly adhered to the ADS sites and these adsorption sites
resulted from the adsorption efficiencies become higher®. Similar results have been obtained by Farihahusnah
Hussin®. For the ADS/EC coupling process, Cu?* and Ni?* was slightly decreased when their initial concentra-
tions were beyond 20 mg L™! because of the slowest coagulation rate; this means that the removal efficiencies
were lower at the higher initial concentration values. Here, the removal efficiencies of both Cu** and Ni** ions
in this process decreased from 99.98% to 89.13% and 99.20% to 84.46%, respectively, as increases from 20 to
120 mg L™'in a time of 30 min as was shown in Fig. 7a,b. The reason is that the number of coagulants generated
was nearly the same and cannot be affected by initial concentration values. This quantity of sludge was unable
to eliminate all initial Cu?* and Ni** concentration values®. The same results have been discussed by Zakaria®’.

Effect of current density. ~Current density is one of the most important parameters which affect the effectiveness
of the ADS/EC coupling process; it is used to determine the gas bubbles production and the coagulant dosage
rate, growth and size of the flocs®**. Current density strongly affects both transfers of mass at the electrodes and
solution mixing. To study the performance of ADS/EC coupling process for Cu?* and Ni** removal, with 1 g of
AGWTR and 2 iron (1 for anode and other 1 for cathode) electrodes, experiments (four solutions for each metal
ion) were evaluated out at the optimum parameters of electrocoagulation process: Electrolysis time =30 min,
[Cu?*] and [Ni**]=20 mg L', pH=4.0, inter-distance of electrodes=1 cm, sacrificial area electrodes=84 cm?
and stirring speed =150 rpm. At low current density, an insignificant amount of anode dissolves and Cu?* and
Ni?* removal decrease?'.

In general, as it is known, the removal of metal ions from wastewaters increases with the increase of dos-
ages of iron in chemical coagulation®. Both copper and nickel ions removal in ADS/EC is thus expected to be
determined by the number of hydrous oxides produced in the solution. Faraday’s law states that the mass of
dissolved iron (Eq. 14) is directly proportional to current density (j)**. As a result, the creation of metal-hydrous
ferric oxide complexes is typically used to define Cu?** and Ni** elimination by ADS coupled with EC. Figure 8a,b
displays that in 30 min, the removal efficiencies for both Cu?* and Ni?* are 100% and 99.99%, respectively and
also these results showed that the removal efficiency of both metals are higher than those we found in the case
of electrocoagulation alone. Thus coupling the ADS process to the EC on AGWTR is very effective and also, the
target of the reduction of energy consumption was achieved. As we observed in the results, we found that with
increasing current density, the removal efficiency for both metal ions increases due to higher dissolution of iron
electrode material with higher formation rate of hydroxides resulting from co-precipitation. Also, production
of more sludge is obtained from iron electrodes due to that higher rate of dissolution of the anode and those
amounts of sludge enhance the removal of both Cu?* and Ni** efficiency due to sweep at elevated current density.
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Figure 8. Effect of Current density on (a) Cu®>* and (b) Ni** removal of the synthesized wastewater
during the ADS and ADS/EC coupling processes (Activated green tea waste dose=1 g L™!, pH=6, Current
density=1.19 mA cm™?, Initial conc. =20 mg L' and contact time =120 min).

1.0392 1x10™* 0.945 | 0.0542 7.613 0.991 |0.9770 3.06x 107 0.926 | 0.0247 9.304 0.946

Table 1. Isotherm and Kinetic study parameters for Cu®* and Ni** adsorption.

Additionally, the Fe-Fe electrode was found to be better compared to the other electrodes and the generation
of more bubbles was observed at the higher current density of 1.19 mA cm™ and increases both mixing and
metal removal efficiency®. The other previous research has also reported that the metal ions removal efficiency
increases with increasing current density®>°'.

Isothermal study. In combining ADS with EC, the adsorption isotherm for removing Cu?** and Ni** from syn-
thesized wastewater by AGWTR was investigated using Freundlich and Langmuir isotherm models. The cor-
relation coefficients of both isotherm models are determined with their theoretical parameters and are observed
in Table 1. The results obtained from experiments of both metal ion showed that Langmuir isotherm was the
best-fitted model with higher regression coeflicients of R*=0.997 and R*=0.912 compared to the Freundlich
isotherms (R*=0.996 and R?=0.944) for copper and nickel ions, respectively (Fig. 9). The maximum regression
coefficient indicated that copper and nickel ions are absorbed by AGWTR, forming a monolayer on its surface.
For both copper and nickel ions, the maximum adsorption capacity of the adsorbent was estimated using the
Langmuir isotherm, (g, = 15.6 mg g™') and g, = 15.9 mg g') at 25 °C, and were compared to several heavy
metals removal found from the other researches, as observed in Table 2. These studies were carried out with
a working volume of 100 mL of wastewater combined with 1 g of AGWTR, agitation speed of 150 rpm, and a
working temperature of 30 °C, and an initial concentration of both Cu?* and Ni** of 20 mg L' of the adsorbate.
Here, Langmuir adsorption states that at particular sites of a homogenous surface of the AGWTR consisting
of a fixed number of similar sorption sites, adsorption happens and the process of adsorption occurs as the
saturation of these sorption sites®”. The adsorption was limited to the monolayer layer coverage of both metal
ions. Langmuir plot of Ce/q, versus Ce was plotted in Langmuir isotherm and a straight line was observed. The
Langmuir constant parameters q,, and K; were computed using (Eq. 8) as mentioned previously are observed in
Table 1. This also showed that the activated green tea waste residue and Fe-electrode are an effective, competitive
adsorbent and low-cost for both Cu** and Ni** adsorption. We have seen also that the removal efficiencies and
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Figure 9. Adsorption/electrocoagulation isotherms: (a) Langmuir isotherm for Cu**, (b) Freundlich isotherm
for Cu?*, (¢) Langmuir isotherm for Ni** and (d) Freundlich isotherm for Ni**.

Max.adsorption
Biomass/waste name | Activated agent Created as adsorbent | Adsorbate capacity (mg g™') References
ir;gﬁewaste tea No any activating agent | Without activation Cu?* and Ni** 15.6 and 15.9 Present work
Sewage sludge ZnCl, Activated Cu, Zn, and Al 15.58,24.09 and 27.70 | 8
Bamboo
. . Cu(II), Cd(II) and 0.4,0.17 and 0.40 6
gx; No any activating agent | Activated Pb(ID) 0.4, 025 and 0.39
. . . Pb(II), As(III) and 147.05, 151.51 and 70
Pistachio shell Fe;0, NPs@AC@SO;H | Activated cd(im 119.04
Sugarcane ZnCl, activated Cu?*, Ni** and Pb** 2.99,13.24and 19.3 7
Coconut shell H,PO, Activated Cd(11) 33.71 72
Vegetable wastes H;50,, H;PO, and Activated Cd*, Ni** and Zn** 4.97,3.29 and 3.07 &
NH,NO,
Sand a-Fe,0; Coated Cu(II) 3.93 *
Sugarcane Bagasse H,PO, Activated Hg 107.7 ™

Table 2. Comparison of maximum adsorption capacities for heavy metals on some adsorbents.

maximum adsorption capacities of both metals onto AGWTR and Fe-electrode in a real environment was also
checked and the better results have observed in Table 3.

The Langmuir isotherm type was discussed and we found that the adsorption is favorable for adsorption of
both Cu*" and Ni** due to R (the dimensionless constant separation factor) (Eq. 9), which ranges from 0 <R <1
and the values of our R; were found to be 0.04 for both metals removal. Similar results were discussed: tartrazine
adsorption onto Moringa oleifera seed®®, dye adsorption onto tea waste’* and Methylene Blue Dye from industrial
wastewater using prepared Activated Carbon'®.

Kinetic studies. To investigate the kinetics models for removing Cu?* and Ni?* by conventional ADS and
ADS combining with EC process, the linear pseudo-first-order and pseudo-second-order kinetic models were
analyzed to fit the experimental kinetic data. For pseudo-first-order, K; was developed from the plotted slope
of In (g — q¢) versus t (Eq. 11) while the pseudo-second-order kinetic model was plotted by taking qit Versus
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Conc. Cu** and Ni** Conc. Cu*" and Ni?** after | Conc. Cu?** and Ni** after | Maximum adsorption % Removal for ADS/EC
before ADS (mg L) ADS (mgL™) ADS/EC (mgL™) capacity (qe) (mg g™) process
Sr. no. Water sample analyzed Copper(II) | Nickel(II) | Copper(II) | Nickel(II) | Copper(II) | Nickel(II) | Copper(II) | Nickel(II) | Copper(II) | Nickel(II)
1 Changchun cars industry |7 | 84.5 41.7 33.6 2.03 2.4 10507 8.247 98.104 97.7591
wastewater
2 Kiao Hetai wastewater 826 72.1 324 302 1.44 17 8.116 7.04 98.256 97.94189
treatment plant
3 Yinma River 61.3 40.03 238 214 0.17 1.03 6.113 3.9 99.722 98.31974

Table 3. Results of ADS/EC of Conc. Cu?* and Ni** by AGWTR from different water samples.
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Figure 10. Adsorption/electrocoagulation Kinetic study (a) pseudo-first kinetic for Cu?*, (b) pseudo-second
kinetic for Cu®*, (c) pseudo-first kinetic for Ni** and (d) pseudo-second kinetic for Ni**.

t (Eq. 12). They were tested according to the mentioned models and the correlation coefficients with the rate
constants in both models are shown in Table 1. A linear relationship was calculated, K, provided from inter-
cept and qe (obtained from the slope) values were determined. The values of coefficient R? derived from the
plots of both pseudo-first-order and pseudo-second-order kinetic models were computed and the results were
showed that the coupling ADS/EC process is led by pseudo-second-order of a kinetic model for both metal ions
removal. For copper ions and Nickel ions removal, in pseudo-first-order kinetic model, w, (1.055 mg g’l), K,
(0.006 h™"), R?=0.945 and q. (0.977 mg g™!), K, (0.0184 h™!), R?=0.926, respectively. For pseudo-second-order
kinetic model, q. (0.23 mg g™!), K, (7.61 h™!), R?=0.980 for Cu** and q. (0.15 mg g*), K, (9.3 h!), R?=0.946 for
Ni?* could be observed from calculation. These facts showed that the pseudo-second equation model is the best
fit to the experimental data with high R? and also sorption of copper and nickel follow the pseudo-second-order
kinetic model as shown in (Fig. 10), which meant that the adsorption rate was mainly regulated by chemisorp-
tion.

Energy consumption and amount of dissolved electrodes. The energy consumption cost compu-
tations are necessary to calculate the feasibility of the ADS/EC application, not only to investigate the greatest
interest of the metal removal efficiencies but also the consumption of power consumed for this technology appli-
cation, as mentioned previously in Eq. (13), and (Eq. 14). Here, the energy consumed and the amount of dis-
solved iron electrodes have been calculated and the results are shown below: A current density of 1.19 mA cm™,
A =84 m? of electrode and a constant voltage of 8 V were used the optimum current density 1.19 mA cm™ The
reaction time was chosen to be 30 min and the volume was 100 mL=0.0001 m>. Then, the energy consumption
was calculated according to Hussin, where w(kWhm™3) = 1xDx¥ - 0.1x0.0001x30x8 ) 4 kwh m~* while mp,

60x0.0001
is the mass of dissolved iron electrode (kg m™), M,, is the molecular mass gf Fe (56 g g™ mol), z is the number
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Figure 11. Combination of Cu?* and Ni** jons in solution with 20 mg L™ at T=30 °C.

of electrons involved in the reaction Fe=2 and Faraday’s constant (96,485.34 C mol™!), mp, = % =
1.4509 x 10-° kg m ™. Therefore, W (kWh m™) =0.4 kWh m™~ and mp, = 1.4509 x 10-° kg m~, respectively. Thus,

these results are better than other results reported by other researchers, such as Refs.>*%.

Competitive adsorption and electrocoagulation in binary metal systems. In this research, the
competitive ADS/EC of copper and nickel ions in their binary solutions were studied similarly as described
above. These experiments were investigated at a temperature of 30 °C at initial pH of 6.0. The main objective of
this experiment was to investigate the effect of both Cu** and Ni** coexistence on the total capacity of adsorp-
tion in the presence of AGWTR combined with Fe-electrode. The result was observed in (Fig. 11). As observed
in that figure, the values of the adsorbed amount of Cu** and Ni?* are found and are described by referring to
the following conditions (the initial pH of the solutions was kept at 6.0, 1 g of AGWTR per 20 mL of solution
at 30 °C and reaction time of 30 min for both metals) which were ranging from 1.35 to 1.89 mg L™'and 1.22
to 1.83 mg L™ for copper and nickel ions, respectively that were not greater than those for single-component
solutions (1.44 to 2.0 mg L™ and 1.39 to 1.99 mg L™ for Cu®* and Ni**, respectively). Single metal ion present
impeded through the uptake of another metal in the system, and both metals uptake were little lower than that
in a single system. This showed that functional group of AGWTR surface have a relatively strongest affinity for
copper ions than nickel ions.

Reusability study. The reusability of the adsorbent is a very important that aspect of the water treatment
process. In this study of reusing material, especially AGWTR and Fe-electrode, we conducted ADS/EC pro-
cesses using Cu?* and Ni** as pollutants. ADS coupled with EC processes are similar to that we have discussed in
experimental part 2.5. After ADS/EC, the sludge was separated by filtration procedure using Whatman micro-
fiber filter of 0.45 um pore size. To regenerate our materials, water and Hydrochloric acid of 0.1 M were used to
wash Cu?* and Ni** that AGWTR adsorbed at the previous stage and no solvent has been used here. As observed
in Fig. 12a,b, the removal efficiency of Cu?* and Ni?* in three cycles are 94.87%, 81.39% and 69.23% and also
91.99%, 79.09% and 65.1% respectively. It is perfect, stable, easy and it can be applied repeated ADS coupled with
EC of heavy metals. A cycle of this study were repeated three times as shown above for deciding the reusability
potential of AGWTR and Fe as adsorbent and electrode, respectively.

Treatment cost. The operational cost computations are necessary to calculate the feasibility of the ADS/EC
application to investigate the greatest interest in the metal removal efficiencies and the most economical effect
of this technology application. As we have discussed above, the total operation cost (OCr,,) is the summation
of different costs linked to the adsorption coupled with electrocoagulation process operation as it is showed by
(Eq. 17). OCrpta1 = (Energy consumption x Electricity cost) + (Electrodes consumption x Anode price) + chemi-
cal added x Chemicals price (the cost of the hydrochloric acid (HCl) or Sodium Hydroxide (NaOH) needed
for pH adjustment) + cost of the treatment for the produced sludge or (OCr,,) =The total cost of all treat-
ment processes was computed as the sum of the cost of operating cost (OC) found in (Eq. 15) and operat-
ing cost of activated carbon (OC,) for (Eq. 16)**. Here, Cqy,=0.104 USD kWh™, Cp.=0.0145 USD kg™,
C,=0.083 USD ton™! or m*”, V=0.0001 m®, Z=2, Faraday’s constant (F)=96,485.34 C mol™', the molecular
mass of Fe (M,,)=56 g g™' mol, I=0.1A, v=8.0 V, t=30 min, Con=0,Myc=1g and C,=0.00334 USD kg’l.
Therefore, according to the Egs. (15) and (16), the cost of operating cost (OC) has been calculated and it has fund
to be 0.1246 USD m™?, including electricity price and transportation distance (max. 40 km), while the operating
cost of activated carbon (OC,¢) was 0.0334 USD m>, respectively. Finally, the Eq. (17) was used to calculate the
total cost of the adsorption combined with the electrocoagulation process, it was approximately 0.128 USD m™,
which is less than other costs found from other current studies®®. Noticeably, the total operation cost (OCroq1)
depends on the prices of market of consumables and costs of sludge management and also the amount of water
treatment technologies. Therefore, treatment of wastewater by this study (ADS/EC) respects Chinese standard
costs.
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Figure 12. Maximum removal efficiency with reuse of the generated AGWTR for (a) Cu?** and (b) Ni** removal
using ADS/EC process. (AGWTR=1 g; Cu®* and Ni** =20 mg L' at T=30 °C).

Conclusions

This work studied the removal of Cu** and Ni** from synthesized wastewater via ADS and ADS coupled with EC
onto activated green waste tea residue. It was observed that our AGWTR is successfully proved as a cheap, cost-
effective and sustainable adsorbent for heavy metal removal in synthetic wastewater. The operating parameters
for both metal ions were: pH=6.0, t=120 min, AGWTR dose =1 g and initial conc. =20 mg L™ for single ADS.
While in ADS/EC process was optimized at pH=4.0, t=30 min, AGWTR dose =1 g, initial conc. =20 mg L' and
j=1.19 mA cm™. Their removal efficiencies for Cu**and Ni** were 73.51% and 66.01% in single ADS, while in
ADS/EC process, 100% and 99.9% for Cu**and Ni*', respectively. Our AGWTR was prepared without applying
neither chemicals nor any activating agents. The adsorption isotherm showed that Langmuir isotherm was the
best-fitted model compared to the Freundlich isotherm model. The maximum adsorption capacity of AGWTR
is obtained to be 15.6 and 15.9 mg g! for Cu** and Ni*", respectively. The kinetic study of both metals followed
a pseudo-second-order kinetic model. SEM shows folded cracks and various large holes on the external surfaces
of the activated green tea residue, which look like the structure observed on GO generated from the graphite.
Sorption on a single system was found to be more effective in producing desired or intended results than the
one on the binary system and our results showed that the treatment cost is 0.128 USD m™. Finally, based on the
results found in this work, It is well understood that the use of the AGWTR adsorption coupled with EC tech-
nique is the cheapest compared with single ADS and EC technique for heavy metal removal due to remarkable
low adsorption dose, energy consumption and it can be applied on a large scale for municipal and industrial
wastewater treatment.
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