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Abstract

Heavy metal water pollution is a global concern in recent years. Copper is a toxic metal at higher concentrations (> 20 pg
/g) and needs to be removed using ion exchanger systems. This study investigates the removal efficiencies of copper by the
non-metallic fraction (NMF) waste printed circuit boards (PCBs). The high maximum adsorption capacity of copper by the
PCB-derived material after activation with KOH was 2.65 mmol/g, and the experimental isotherm was best correlated by
the Temkin model. Finally, this study presents a novel dual site adsorption/ion exchange mechanism, wherein the potassium
(from the activation) and calcium (present in the structure) served as ion exchange sites for the copper in the solution. There-
fore, this recycling study, focusing on cyclic environmental management, converts a major waste material to an activated ion
exchange resin (high capacity) for the removal of copper from wastewater solutions and successfully regenerates the resin

for re-use while producing an acidic copper solution for recovery by electrolysius or chemical salt precipitation.

Keywords E-waste derived resin - Binary site resin - Novel binary site-copper exchange model - Isotherm analysis -

Adsorption/exchange mechanism

1 Introduction

Water, without dispute, is one of the most vital resources
for human life sustainability; daily human activities require
water for drinking, food generation and many industrial
activities. However, water pollution seems to pose one of
the most critical global concerns. Increasing population
and industrialization causes water scarcity issues, affecting
approximately 80% of the world. Additionally, the reduction
in clean water sources due to climate change is a further
growing concern.

Heavy metal pollution is highly significant, with large
amounts released from anthropogenic sources in mobile and
toxic forms. It threatens both human and aquatic life due
to its toxicity and carcinogenicity [1]. Furthermore, several
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review articles on heavy metal presence in the environment
[2] have reported heavy metals, including cadmium, zinc,
and copper, are related to toxic pollution in its dissolved
form [3]. In the present study, the heavy metal of interest,
copper, is used in pipes, wires, cookware, and in drink-
ing water and swimming pools in the form of copper sul-
fate. Copper salts are also present in birth control pills and
devices [4]. Additionally, copper is one of the most toxic
heavy metals extensively present in industrial waters due
to its versatile applications in industries including electro-
plating, etching, plastics, and metal finishing [1]. It is an
essential element for human functioning, however, when its
concentration is higher than 20 pg/g, it becomes toxic [5].
Several research groups have focussed on the removal of
heavy metals from different sources of polluted water. Fur-
thermore, there are plenty of review articles published to
summarize all these studies [6]. Heavy metals are currently
removed using electrochemical [7], electrocoagulation and
precipitation [8], electrodeposition [9], ion exchange [10, 11],
thermal and mechanical-chemical processes [12], membrane
[6] and phytoremediation [13]. There are various wastewater
treatments available,each has its advantages and disadvan-
tages, especially in terms of capacity, efficiency, costs, feasi-
bility, and environmental impact. For instance, the process of
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coagulation-flocculation is cheap and straightforward; how-
ever, it leads to incomplete heavy metal removal and the pro-
duction of a massive amount of sludge. Similarly, inexpensive
techniques such as precipitation are inefficient in removing
heavy metal concentrations while producing toxic sludge.

Some studies have focused on adsorbents that remove
heavy metals as they act as ion exchangers das Gracas et al.,
2015; [11] in addition to synthetic ion exchangers [14].
Some examples of adsorbents and resins used for copper
removal are biochars [15, 16], bone char [17-19], natural
ion exchange materials, such as peat [20, 21], calcium algi-
nate [22], activated bamboo [23], aminated MCM-41 [24],
pyrolysed tyre char [25], iron nanocomposites [26], hydro-
gels (Ozay et al., 2020), CNT-dendrimers [27], magnetic
adsorbents [28] and synthetic resins such as, imino-diacetate
resin [29, 30] and Lewatit Monoplus [31].

Furthermore, a recent review by Wadhawan et al. [32]
states that the adsorption process is gaining attention for
the treatment of industrial wastewaters because of its sim-
ple design, cost-effectiveness, and low investment. Addi-
tionally, removal inefficiency and regeneration restrict their
commercialization,researchers are working on increasing
functionalization to enhance adsorption capacities and fac-
ile separation.

Various methods of copper removal are available, includ-
ing cementation, membrane filtration, electrochemical, and
photocatalytic techniques. They also discuss adsorption on
modified natural material, biopolymers, industrial by-prod-
ucts, low-cost bio adsorbents, and nanomaterials. Although
physicochemical methods are the best treatment method
for copper removal, high operational costs remain a disad-
vantage. Also, adsorbents are low in initial costs and have
simple designs but are usually limited to specific ions. The
review concludes by stating the need for new testing of dif-
ferent bio-adsorbents for maximum efficiency.

Therefore, this study aims to find a cheap adsorbent/ion
exchange material derived from using an e-waste derived
material and propose a novel ion-exchange mechanism. The
e-waste derived resin contains both calcium and potassium
mobile ions, which act as ion exchange sites for copper. It is
also possible to regenerate the metal loaded ion exchanger
to recover and recycle the heavy metal and re-use the regen-
erated ion exchange material, thereby minimizing environ-
mental impact.

2 Experimental methodology
2.1 Chemical and materials
The adsorbent was made from the non-metallic fraction

(NMF) waste printed circuit boards (PCBs) received from
Hong Kong. The separation of the non-metallic fraction
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and the metallic fraction (MF) was conducted by the recy-
cling company using corona electrostatic separation [33,
34]. The non-metallic fraction (representing 70% w/w of
the ground resin board) had about 0.1% of metal content,
while the metallic fraction (representing 30% w/w of the
ground fraction) had more than 96% w/w copper and is sold
for commercial recovery. Analytical grade hydrate copper
(II) nitrate salt (Cu (NO;)2-6 H,0) and deionized water (DI
water) were used to prepare the simulated copper (II) ion
bearing effluents. All salts were purchased from Sigma-
Aldrich Corporation.

Additionally, NMF, the precursor, was continuously
stirred with potassium hydroxide (KOH), the activating
agent for impregnation, for 3 h at room temperature. The
ratio of potassium hydroxide to the PCB NMF e-waste was
in the ratio of 2:1 by mass. The slurry was then heated under
a nitrogen atmosphere (purity 99.99%) up to to 250 °C at a
rate of 5 °C min~! for 3 h in an 18 L muffle furnace (AAF
11/18, Carbolite, UK). By keeping the nitrogen atmosphere
constant, the furnace was cooled to room temperature. Also,
to remove the unreactive activating agent, the resultant mate-
rial was washed with hot water several times until the pH
value is neutral. Finally, the material was stored in a desic-
cator after it was dried at 110 °C for 24 h for the later char-
acterisation and water treatment experiments.

2.2 Characterization methods
2.2.1 Elemental analysis

Elemental composition was conducted using the CHNS ele-
mental analyzer (Elementar Vario EL III, Varian, Germany),
which provided the mass ratio of carbon, hydrogen, nitro-
gen, and sulfur in the material. Around 5 mg was carefully
weighed and placed in a tin foil container, and the weights
were recorded before sealing by compressing into a flat disc.
The instrument then combusted the sample by cracking in
a reductive atmosphere at 1423 K. The produced gases, a
mixture of CO,, H,O, N,, and NO,s along with the steam,
passed through adsorption columns and a thermal conduc-
tivity detection system (TCD). The constant helium flow
was used as a reference to measure the conductivity of the
combusted gases and subsequently quantifying the elements.
A qualitative analysis of the elements was conducted using
the X-ray fluorescence (XRF) technique (JSX-3201Z, Jeol).

2.2.2 Fourier transform spectroscopy (FTIR)

FTIR was used to identify the bond formations in the sam-
ple. The samples were first diluted with potassium bromide
(KBr) at a weight ratio of 1:100 and then compressed into
a flat disc. This study was carried out using Spectrum GX,
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Perkin Elmer FTIR spectrometer and recorded from 500 to _Vv (c,-c.) 1
4000 cm™". e = n\"o ™ Ce W

2.2.3 N, adsorption—-desorption studies/ BET analysis

The surface area of the raw and activated adsorbent materi-
als was conducted by Autosorbl-Quantachrome instrument
using adsorption—desorption of nitrogen at 77 K. The sample
underwent an outgassing process after keeping in the desic-
cator for 3 h at 150 °C to remove the moisture and impurities
on the solid surface.

2.2.4 X-ray photoelectron spectrometry (XPS)

XPS is a surface-sensitive spectroscopic technique that
quantifies the elemental composition, concentration, and
chemical states in a sample. In this study, the X-ray spectra
were acquired using the XPS-PHI5600 system, a monochro-
matic Al Ka as an energy source, 10 kV voltage, and a cur-
rent of 15 mA. Water molecules were removed by drying
and vacuum pumping the sample to avoid water adsorption
influence in the results. Additionally, a low-resolution range
spectrum was acquired by passing 70 eV pass energy, while
20 eV pass energy was used to obtain the high-resolution
narrow range spectrum.

2.2.5 Scanning electron microscopy with energy dispersive
x-ray spectroscopy (SEM—-EDX)

Scanning Electron Microscopy (SEM/EDX) was used for
the surface analysis of the samples, whereby high-resolution
images were received. The study of the X-rays emitted from
the sample also gives more quantitative elemental informa-
tion. A scanning electron microscope, Jeol JSM-6700F, was
used for the analysis after the samples were suspended in
ethanol, coated with gold, and dropped on the carbon tape.
The emitted X-rays also gave insight into the chemical com-
positions due to the atomic structure of the sample.

2.3 Experimental procedures
2.3.1 Methodology to perform isotherms

Adsorption studies were carried out in a temperature-con-
trolled shaker at 25 °C, 120 rpm by mixing weighed adsor-
bents with adsorbate solutions with specified concentra-
tions in plastic bottles. Inductively coupled plasma-atomic
emission spectrophotometer (ICP-AES) (Optima 7300 DV,
Perkin-Elmer) was used to measure the initial and final
concentrations. The uptake capacities (Qe) were calculated
using Eq. (1): -

C, and C, are the initial and final concentrations (mmol/L)
of the solution, respectively, V is the volume of the solution
in liters, and m is the mass of the adsorbent in grams. For
reference, the final pH values were also measured. All the
experiments were done in triplicate, and the obtained results
are within + 5% error.

2.3.2 Equilibrium isotherm

Single-component adsorption of Cu”* ions was carried out
to evaluate the prepared activated material’s adsorption
behavior and equilibrium capacity. Firstly, 50 mL of metal
ion solution, from the range of 0 mmol/L to 3.35 mmol/L
was added to 100 mL plastic bottles containing 50 mg of the
adsorbent each. These bottles were then placed in a shaker at
120 rpm and 25 °C until the equilibrium statewas achieved.
The solution pH was adjusted to an initial pH value of 5.0
resulting final pH values in the range 6.0 to 6.3 depending
on the solution final concentration. Further, the equilibrium
pH was measured, and the samples were filtered. Similar
experiments were employed for the binary component sys-
tem (calcium and potassium) to evaluate the behavior of the
material.

3 Model theory
3.1 Equilibrium modelling

Empirical design procedures to predict the performance of
the adsorption process are employed since the adsorption
process proceeds via varied mechanisms. Therefore, the
maximum capacity of adsorption was predicted under a set
of conditions between the adsorbed sites and metal solu-
tion concentrations. These sorption curves were obtained
by measuring the adsorption of metal ions onto the sorbents
with fixed dosage, temperature, and pH. The following iso-
therm models, shown in Table 1, were used to fit the experi-
mental data points and study the correlations of solid and
fluid phase concentrations. Furthermore, a non-linear sum
of the error squares (SSE) method was selected [35] to be
used to evaluate the best fit model.

The differences between the experimental values and the
calculated values were used to obtain the constants for each
isotherm equation, using the solver function in the Microsoft
Office Excel program for SSE as shown in Eq. (2):.

SSE = Z (Qexp - qcal)2 2
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Tabl(-.;.1 Isotherm model Isotherm Equation References
equatons
Langmuir L= % [50]
Freundlich q,=a Fé}ZF [51]
Temkin q,=BInA; +BInC, (Temkin et al., 1940)
Dubinin-Radushkevich DR (RTI(1+1/C,)) [52]
Qe = Qm exp <——2E2/
SIPS or Langmuir-Freundlich (LF) g, = KipCetr [53]
e 1 +al‘Fc':I_P
Toth 0, = Q—C1 [54]
[Kr+Cm)] n
Redlich-Peterson — _KeC [55]
q 7
¢ 1+a, CR
where q, is theoretical sorption capacity calculated from 3 v , ,
each kinetic model, g, is the experimental sorption amount. & %
e . - —
The equilibrium isotherm with the least SSE value was cho- 2.5} P o - 4
sen as the best-fit isotherm model for this Cu ion exchange P &
system. Similar calculations were conducted for the potas- Lo# |
sium and calcium desorption systems. _ g
= 1
g 15 &
. . & .
4 Results and discussion oL 4 |
4.1 Materials characterization
05 &
Although the starting material is from a different batch of
groun.d printed circ.uit board (I?CB), the raw unactivated = e 2 = o = 3 =
material and the activated material from the PCB have been Ce (mmoVL)

characterized in our previous studies [33, 36]. Consequently,
the same methodologies have been used in the present
studyand the values are different but similar. Therefore the
characterization results are not presented and discussed in
the paper but we have included them in our Supplementary
Material.

Elemental Anlysis

Fourier transform spectroscopy (FTIR)

N, adsorption—desorption studies/ BET analysis

X-Ray Photoelectron Spectrometry (XPS)

Scanning Electron Microscopy with Energy Dispersive
X-ray Spectroscopy (SEM-EDX)

4.2 Experimental equilibrium results

Copper removal efficiency was studied at concentrations
ranging from 0 mmol/L to 3.3 mmol/L. As seen in Fig. 1,
the maximum experimental copper adsorption capacity
(Qe) is very high at 2.65 mmol/g. This capacity is higher
or comparable to most other research studies. Studies by
Mabhdi's research group on date seed removal of copper

@ Springer

Fig. 1 Equilibrium adsorption isotherm capacity, Qe, of copper ions
on activated resin (from non-metallic waste PCB) versus liquid phase
copper concentration, Ce, at 20 °C)

showed an increase in the adsorption from 0.421 mmol/g to
0.705 mmol/g after alkali treatment [37, 38].

Other biochar systems for copper removal include modi-
fied biochar [39], pyrolysed biochar (Park et al., 2016),
agro-industrial waste [40] with copper uptake capacities
of 0.28, 1.23 and 0.21 mmol/g respectively, and activation
with potassium hydroxide helped. According to Yu et al.
[41], nitrogen doping biochar increases copper adsorption
capacities up to four times or 1.63 mmol Cu*/g. Addition-
ally, other novel adsorbents; ion exchange nanoparticles
(Yurekli et al., 2019), activated carbon [42], sulphonated
multi-walled carbon nanotubes (Ge et al., 2014), amino-
functionalised silica [43] and alginate nanofibers [44] have
lower adsorption capacities of 1.76, 1.4, 0.94, 0.53, and
1.37 mmol Cu/g, respectively. Also, adsorption by sewage
sludge ash and aminated cellulose showed copper removal
rates of 0.13 mmol/g [5] and 1.09 mmol/g [45], respectively.
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Therefore, our material provides a better or comparable cop-
per removal efficiency.

4.3 Isotherm model analysis

A non-linear approach analyzed the different isotherm mod-
els mentioned in Table 1 — and compared them with the least
square of the errors method. Microsoft Excel Solver was
used to evaluate the model equations in the concentration
range compared with the theoretical values. Furthermore,
the sum of squared errors (SSE) for each model is used
to evaluate which model was the ideal fit. Table 2 shows
the estimated isotherm parameters and SSE values for the
adsorption isotherm model equations and SSE values of cop-
per on the activated material. All the models agree well,
as shown in Fig. 2a and b, with the experimental results
(adsorption of copper on the material), the Temkin model’s
best fit model with the least sum of squares of error (0.18).
Previous studies of copper removal using kernel activated

Table 2 Isotherm parameters and SSE of copper

carbon [46] and biochar [47, 48] preferred the Temkin model
for fitting the adsorption as well.

The Langmuir and Freundlich isotherm models consider
the adsorbate material to be homogenous and heterogene-
ous, respectively. Therefore, that justifies the differences
between the SSE values (0.45 for Langmuir and 0.27 for
Freundlich) to the experimental values. Furthermore, SIPS/
Langmuir-Freundlich and Redlich-Peterson models are
modified Langmuir models [49],our modeling results have
a difference in SSE of approximately 0.20 with the Langmuir
model. While Toth model displayed similar patterns, DR had
the highest SSE of 0.56.

4.4 Mass balance analysis

The adsorption of Cu®* on the activated material takes place
via an ion-exchange mechanism. The hypothesis is that the
raw material, NMF, is an ion exchange material with calcium
(Ca*) exchange sites bound in an aluminosilicate matrix,

Langmuir Freundlich Temkin DR Redlich-Peterson SIPS/LF Toth
SSE 0.45 0.27 0.18 0.56 0.27 0.25 0.25
Para-meters K; =129 ap=2.44 B=0.15 Q,=2.54 Kgr=609 E1 K;r=8.73 Q,=3.73
a; =50.1 bp=0.09 Ar=T77.0 ES E=31.1El a,=248 E1 n =027 K;=0.08
b,=0.91 a p=2.53 n=0.19
E exponent
3 T T T T T 3 T T T T
g H —t ]
IO = — | I R |
AS' L ot
s "
L s 1 L «
2 & A M
1 :
c %
S 15F @ 3 15F o
g g \
g g
3 = |
o v
1 r I 1 o 1 = I
@ Q experimental
0.5 . 5 . 4
4 * Langmu.lr 0.5 l - Q experimental
#—  Freundlich ¥~ Redlich - Peterson
‘ ¢~ Temkin v SIPS/Langmuir - Freundlich
o ® 4 DR 0 i % Toth
o o5 1 15 2 25 3 3 0 o5 1 15 2 25 3 s
Ce (mmol/L) Ce (mmol/L)

(a)

(b)

Fig.2 Adsorption Isotherms Models for Copper on A-NMF at 20 °C a Langmuir, Freundlich, Temkin, DR b Redlich-Peterson, SIPS/Langmuir

— Freundlich, Toth
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and, after treatment, it has acquired potassium (K™) exchange
sites after activation with KOH, with available calcium sites
due to the matrix bonds cleavage due to the alkali attack. The
ICP-AES results confirm this statement. One copper (II) ion
(Cu®") can exchange with either one Ca®* or two K™ ions in
the adsorbent exchange material.

Figure 3 shows the adsorption of copper, along with the
desorption isotherms of calcium and potassium. The maxi-
mum desorption capacity of calcium and potassium occurs at
the highest concentration with 1.86 mmol/g and 0.80 mmol/g,
respectively. The maximum adsorption of copper and desorp-
tion capacity of calcium and potassium occurs at 3.5 mmol
KOH/L.

Theoretically, one divalent calcium or two monovalent
potassium ions should replace one copper ion, as confirmed
by Fig. 3, which shows the three metals' mole balance. The
calcium and potassium desorption values added together reach
values very close to the copper ion's capacity. Table 3 also
shows a small difference between the adsorption capacities and
the sum of potassium and calcium capacities (% error <4%).

The mass balance equation can therefore be represented
accurately by Eq. (3):-

Q.—Cu = Q4—Ca + Q40.5K (3)
_———
25} - o * ]
o
'
S
2 |

Qe (mmol/g)
R
T

[ ]
&
!
||
%
¥ L o
.00000' o < * N bl
05 ° Qe Cu ]
‘

2 4
&  QdCa+Qd05K
L] QdCa
® - Qd05K
0 1 |t I L I 1 L 1 I L
0 0.5 1 15 2 2.5 3 35

Ce (mmol/L)

Fig. 3 Mole balance of Copper, Calcium, and Potassium (initial pH
adjusted to 5.0; final pH ranged from 6.0-6.3)
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Table 3 Mass Balance values and % error of adsorption capacities of
copper and calcium and potassium

Ce Qe Cu Q4Ca+Qy0.5K % error
0 0.50 0.52 4.0
0 1.00 0.99 1.0
0 1.25 1.25 0.0
0 1.50 1.50 0.0
0.03 1.73 1.76 1.7
0.08 1.92 1.91 0.5
0.18 2.06 2.00 3.0
0.3 2.20 2.20 0.0
0.46 2.32 2.30 0.9
0.6 2.40 2.35 2.1
0.8 2.44 2.40 1.7
1.02 2.48 2.45 1.2
1.22 2.53 2.51 0.8
1.45 2.55 2.54 04
1.90 2.60 2.59 04
2.37 2.63 2.63 0.0
2.86 2.64 2.64 0.0
3.35 2.65 2.66 04

4.5 Binary exchange model and analysis using
the desorption isotherms

As discussed in Sect. 4.4, Fig. 3 shows the experimen-
tal results of copper adsorption on the adsorbate material
with potassium and calcium exchange sites. The desorp-
tion modeling confirmed the proposed mechanism by
comparing the isotherm models. Figure 4a, b and Table 4
shows the desorption modeling isotherms of calcium and
potassium. They follow the same behavior as the copper
adsorption models and experimental results — with maxi-
mum desorption capacities at the highest concentrations.
When the copper adsorbed at the highest concentrations,
the calcium and potassium concentrations increased in the
solution, confirming the ion-exchange mechanism.

Therefore, there is a good correlation between the cal-
cium and potassium desorption isotherms models and the
copper models in both the experimental and theoretical
results. As in the copper adsorption case, the Temkin type
model was most applicable to the calcium and potassium
desorption model with the minimum SSE of 0.06 and 0.02,
respectively. With the proposed ion-exchange model in
Fig. 5, the loaded metal (copper) can be recovered and
recycled to reduce environmental impact. In terms of
regeneration, copper can be leached out by dilute acid at
pH 1.50 to 2.50, enabling the copper to be recovered by
electrolysis or precipitated as a salt.
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Calcium exchange
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(s ® - TemKin 4
4 DR
1 1 ! i 1 s Il i L
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®
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1.5 ]
"
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°
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-
o ]
0.5
l ° Q experimental
* Redlich - Peterson
ok = v SIPS/Langmuir - Freundlich
L Toth
0 0.5 1 1.5 2 2.5 3 35
Ce (mmol/L)
(b)
Potassium exchange
T T T
—
1.5 _—a—
;j"
T
)
3
E 1
&
© I
o |
0.5+ 1
® - Q experimental
| * Redlich - Peterson
oF = v SIPS/Langmuir - Freundlich
* Toth
1 1 1 1 I 1 1
0.5 1 15 2 2.5 3 3.5
Ce (mmol/L)
(b)

Fig.4 Desorption Isotherms Models comparison with adsorption with calcium and potassium at 20 °C a Langmuir, Freundlich, Temkin, DR b
Redlich-Peterson, SIPS/Langmuir — Freundlich, Toth

4.6 Comparison of models

This section compares the novel model methods applied in
this study with the experimentally measured data values.
The mass balance equation results from Table 3 and the

overall best-fit isotherm models from Fig. 2 are compared
with the novel model from Sect. 4.4 (Eq. 3 using the Temkin
model equation from Table 1).

Based on Eq. (3) and the best fitting isotherm expressions
for each of the three terms in Eq. (3), the following equation
obtained for the removal of copper from water:-

@ Springer



192

Adsorption (2022) 28:185-196

Table 4 Isotherm models results for calcium and potassium desorption

Langmuir Freundlich Temkin DR Redlich-Peterson SIPS/LF Toth
Calcium
SSE 2.25 2.11 0.06 0.48 2.11 2.11 2.11
Para-meters K[ =76.49 ap=1.69 B=0.12 Q,=1.70 Kr=883 E2 K p=3.70 Q,=372
a; =43.41 br=0.10 Ar=994 E3 E=259 Ap=522 E2 n p=0.20 K;=0.10
br=0.89 ap=1.18 n=0.03
Potassium
SSE 2.68 2.62 0.02 0.14 2.62 2.62 2.62
Para-meters K; =118 ap=1.48 B=0.08 Q=147 Kr=2827 E2 K;p=2.51 Q,=3438
a; =78.0 bp=0.06 Ar=T739 E5 E=359 AR =528 E2 n p=0.11 K;=0.07
br=0.93 a;p=0.69 n=0.02
HO — Si o Si HO —Si o Si
O Ssi o) O—Si 0
o si Q Si o si o’ si
(o] Al-O-si-O C‘,\ A—0—si—0
Si o) N\ i o)
il . @] Si Si 0] Si
o O A 0 i | Al o)
HO i ;
. Q o Al O HO—Si 0 4 A
0 = - Si O Si o] Si o Si—0 Si
° . O ca 0 0 0 ‘
HO—si - / 0]
: Al (OS] HO — Si | Al
(e} SI\\ \ o s 0 Si O §j
(‘) ; 0 o] Si
o i Si @) si 0
0 Si- O
o’
Ho' Si
(@) HO (b)

Fig.5 Schematic representation of the proposed adsorption novel mechanism

Q. — Cu = Cu adsorption; Q4 — Ca = B¢,In Apc, + Bg,In Ce;
Qg —0.5K =0.5(Bgln Ay + Bgln Ce)Q, —Cu = Bg,InApg,
+ Bg,InCe + 0.5(BgIn Arx + Bgln Ce) )

Q. —Cu = 0.12(In 994 x 10° + In Ce)
+ 0.5(0.02)(In 739 x10° + InCe) )

Equation (5) reduces to Eq. (6), a composite model
equation:-

Q. —Cu =2.02+ 0.13In Ce )

Table 5 shows the validity of the composite Eq. (6) for
copper removal since it correlates well with the experimental
and calculated copper adsorption values (Temkin model);
and the summation of the desorption values of calcium and
potassium. The mean squared error (MSE) between the sug-
gested models and the experimental adsorption capacities
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of copper by the adsorbent is <0.01. As seen in Table 3 and
discussed before, the desorption model equation or the mass
balance results showed little difference from the experimen-
tal values. Similarly, the desorption model's MSE values
are 0.00, followed by the Temkin model and the composite
equation with errors of 0.01 each. Since the composition
equation summarizes the Temkin equations of calcium and
potassium; similar error values to the Temkin values for cop-
per are expected. Also, Fig. 6 shows the similarity in the
behavior of the three models with the experimental values
as well.

4.7 Regeneration

The objectives of an adsorbent exchange resin regenera-
tion is twofold: (i) provide refreshed treated spent adsor-
bent material back to its original form for further service;
(ii) recover the adsorbed metal or metal salt for recycle and
reuse.
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Table5 Adsorption capacities of copper from different models
(experimental, desorption model, calculated Temkin model, and pro-
posed composite equation)

Qe exp Q4Ca+Q 05K Qe calculated Qe compos-
(Desorption model)  (Temkin model) ite equation
0.50 0.52 0.67 0.54
1.00 0.99 1.03 0.91
1.25 1.25 1.38 1.28
1.50 1.50 1.74 1.65
1.73 1.76 1.91 1.82
1.92 1.91 2.06 1.98
2.08 2.00 2.18 2.11
2.20 2.20 2.26 2.19
2.32 2.30 2.33 2.26
2.40 2.35 2.37 2.30
2.44 2.40 241 2.35
2.48 2.45 2.45 2.39
2.53 2.51 2.48 241
2.55 2.54 2.50 2.44
2.60 2.59 2.55 2.48
2.63 2.63 2.58 2.52
2.64 2.64 2.61 2.55
2.65 2.66 2.63 2.58
Mean 0.00 0.01 0.01
Squared
Error
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Fig.6 Copper exchange models comparing experimental, calculated,
mass balance results with the proposed composite equation

In this study hydrochloric acid was used to regenerate the
copper loaded resin and the results are shown in Table 6.
Three regeneration samples were performed at 3 min and
5 min and one at 10 min, with copper percentage recoveries
of 82.14%, 82.50% and 82.65% respectively using an acid
concentration of 0.1 M. When the acid concentration was
increased to 0.2 M the percentage copper removal by regen-
eration was 91.70%, 93.4% and 93.5% at 3 min, 5 min and
10 min respectively. The parameters studied were the acid
concentration and contact time. The contact time as shown
does not have a significant effect on the recovery of the cop-
per ions and the recovery efficiency is relatively constant
after 5 min or more.

Although the regeneration contact time did not influence
the copper recovery efficiency very much after 3, 5 and even
10 min, however, the acid concentration made a significant
impact on the copper desorption. When the initial concentra-
tion of HCI was 0.3 M, the material started to dissolve and
around 5% of the material was lost. Further increases in HCI
concentration to 0.5 M and 1.0 M, resulted in 45% and 100%
respectively of the material being dissolved in the acid solu-
tion. However, by controlling the initial acid concentration
in the range of 0.1 M to 0.2 M, then it was possible to desorb
more than 80% and 90% respectively of copper ions from the
resin. The recovery efficiency increases around 10% when
the initial concentration increases from 0.1 M to 0.2 M.

After the recovery of the copper ions, the material was
backwashed with water several times and then filtered, fol-
lowed by drying. After the drying process, the material was
tested for the uptake ability for the second round, metal ions
removal study.

The results of copper removal capacities by the fresh and
regenerated adsorbent for three samples after initial adsorp-
tion and then after two rounds of regenerationin, namely,
the first and second rounds are presented in Table 7. The
results show that the removal capacity is decreasing at each
regeneration.

The reason for the decreasing capacities during regen-
eration is twofold. The firstis due to some of the copper is
strongly adsorbed onto the resin and does not desorb under
the applied conditions. This effect can be seen and quantified
from the results in Table 6. Under the conditions studied in
Table 7 at 0.2 M acid concentration and 5 min contact time
the copper remaining on the resin adsorbent is of the order
of 6.5%. However, from the results in Table 7, the copper
uptake is 84% and not 93.5%; the theoretical amount of site
available based on the desorption only study. Consequently,
there is a second reason for the lower copper uptake. In order
to investigate the reason, a N, adsorption—desorption analy-
sis was used to investigate the change of the surface area
after the regeneration process.

The surface area analysis shows that the surface area of
the regenerated material is around 246 m?/g which is much

@ Springer



194 Adsorption (2022) 28:185-196
Table 6 Effectofacid HCI 01M  02M 025M 0.5M 1M
concentration and regeneration
time on copper recovery 3 min 82.41% 92.30% Sample 1 8% dissolved 45% dissolved 100% dissolved
efficiency 81.80%  91.30%  Sample 2
82.20% 91.50% Sample 3
5 min 82.90% 93.60% Sample 1
82.30% 93.10% Sample 2
82.30% 93.50% Sample 3
10 min 82.65% 93.50% Sample 1

larger that that of the original A-NMF around 218 m%/g.
However, despite the increase of the surface area, the pore
volume decreased from 0.80 cc/g to 0.58 cc/g. The decrease
of the pore volume might be a reason that the regenerated
material has lower adsorption capacity — active available
adsorption sites being removed during the regeneration pro-
cess, leaving the non-adsorbing sites at the surface. Another
reason is that the functional adsorption sites are occupied
by hydrogen ions during the acid regeneration process, and
some of these hydrogen ions are not exchangeable.

5 Conclusion

The results obtained show the activated non-metallic frac-
tion (A-NMF) of waste printed circuit boards as an excellent
ion exchange adsorbent for copper removal, being compara-
ble or better than many of the conventional ion exchange res-
ins and exchange-adsorbents created from waste materials.
The excellent copper adsorption capacity was 2.65 mmol/g
and the best fit was the Temkin model with the least sum of
squared error from the experimental data values. Addition-
ally, the aluminosilicate structure in the NMF paves the way
to a novel mechanism; when activated with alkaline KOH,
the created potassium sites with the existing calcium sites
serve as exchange sites for divalent copper ions in solutions.
Finally, the mole balance of copper and potassium and the
desorption model isotherms of calcium and potassium con-
firm the novel ion-exchange mechanism. Consequently, a
new model equation is proposed, which is useful in assessing
copper removal on binary site ion exchange materials.

Table 7 Comparison of copper removal capacity before and after two
regenerations using 0.2 M for 5 min

Sample No Metal Initial Capacity after ~ Capacity after
Capacity, st Regen, 2nd Regen,
mmol/g mmol/g mmol/g

Cu 2.61 2.19 (84%) 1.75 (80%)
Cu 2.65 2.25 (85%) 1.82 (81%)
3 Cu 2.62 2.17 (83%) 1.71 (79%)

@ Springer

Acid regeneration has proved to be successful by remov-
ing 80% of the adsorbed copper at each regeneration step
but more studies are required in this area to optimize the
regeneration phase and the eventual recovery of the copper
for re-use.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10450-022-00360-0.
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