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isted synthesis of porous
glutaraldehyde-polyethyleneimine particulate resin
for selective copper ion binding and recovery†
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and Mikael Larsson ab

Porous ion-exchange resins with features of high selectivity, high capacity, fast adsorption kinetics and

chemical stability over a wide pH range are attractive for extracting precious metals like copper and

upcycling waste. In this study, porous glutaraldehyde-polyethyleneimine (GA-PEI) particulate resin was

synthesised using diatomaceous earth (DE) particles as a bio-template. The crosslinking of PEI by GA was

successfully conducted on the surface of DE. Removal of the template DE, merely by chemical etching

with potassium hydroxide, resulted in the porous GA-PEI particulate resin. The resin showed excellent

selectivity for copper ions in binding and recovery from solutions as complex as real legacy acid mine

drainage liquid. The copper ion uptake capacity of the GA-PEI resin was determined to be >8 times

greater than non-etched GA-PEI-DE particles. Under the investigated conditions, the GA-PEI resin

showed higher selectivity to copper ions from real legacy acid mine drainage liquid compared to the

commercial resins Purolite S930 Plus and Lewatit TP 220. Importantly, the absorbed copper ions could

be released by simply adjusting pH of the solution to 1. For uptake from acid mine drainage liquid at pH

4 and elution at pH 1, purer copper solutions were achieved with GA-PEI compared to Purolite S930

Plus or Lewatit TP 220 following two cycles of iteration. The results indicate the great potential for using

the porous GA-PEI resin in copper extraction under real-world conditions.
Introduction

Copper is mined in large quantities. Over the last ten years the
volume of processed ore has increased continuously as the ore
grade has declined.1–3 The recovery of copper from ore is never
complete and remaining copper is le in tailings.4 With new
regulations on mining, it may be a struggle to meet the expo-
nential growth in copper demand with population increase and
urbanisation.5 To meet such increasing demand it is imperative
to not only improve efficiency of copper extraction, but also
develop effective ways to source and recycle copper in the tail-
ings and wastewater. Such methods should be fast, easy and
economical, and requiring minimal consumption of energy,
such as ion exchange and adsorption processes.6 It will not only
mitigate the environment issue/pollution caused by copper ions
in the wastewater but also add value by recycling copper.7
South Australia, Mawson Lakes, South

pson@unisa.edu.au; haolan.xu@unisa.

ty College London, 220 Victoria Square,

tion (ESI) available. See DOI:

hemistry 2018
Among various current copper recycling methods such as
ultraltration,8,9 electrodialysis,10 chemical precipitation,11,12 bio-
adsorption,13 froth oatation,14 photocatalysis,15 magnetic sepa-
ration16 etc., selective adsorption of copper ions followed by
controllable release is one promising pathway.17,18 Recently,
materials such as PEI resin attracted intensive research interest
due to its strong affinity and selectivity to copper that can scav-
enge copper ions even at trace concentrations in seawater.19,20

Nanometer thin coatings of polyethyleneimine when crosslinked
with glutaraldehyde (GA) demonstrated signicantly enhanced
selectivity towards copper even when organic material such as
polysaccharides from the seawater were adsorbed on the coating's
surface.21–23However, to apply thismaterial to extraction of copper
from solutions with high copper ion concentrations, a much
greater adsorption capacity of PEI resin is required. Porous
structures are an excellent candidate to enhance the adsorption
due to large surface areas and channels that enable rapid mass
transport.24–26 Here, we utilized diatomaceous earth (DE) particles
as a bio-template to prepare a porous, high surface area GA-PEI
resin. PEI was crosslinked in the presence of GA on the surface
of DE particles followed by chemical etching to remove the DE
template, resulting in a porous GA-PEI particulate resin. The
copper uptake was performed at pH 4 and the GA-PEI resin ach-
ievedmuch greater (>8 times) copper ion uptake capacity than the
GA-PEI-DE particles. Liberation of the adsorbed copper was
RSC Adv., 2018, 8, 12043–12052 | 12043
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Scheme 1 A concept for high-surface area, high-capacity resins for
Cu extraction from solution. Porous GA-PEI resin is prepared using
diatomaceous earth as a template. In solution, Cu is specifically
adsorbed via Schiff-base chemistry at pH 4 and can be eluted by
lowering the pH to 1.

Fig. 1 Two-step process of synthesis of glutaraldehyde crosslinked
polyethyleneimine resins using diatomaceous earth particles as
biotemplate.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
0/

31
/2

02
5 

1:
04

:3
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
achieved by adjusting the pH of solution to 1. A graphical
description for the cyclic process of copper uptake (pH 4) and
elution (pH 1) is given in Scheme 1. The GA-PEI porous resin is
capable of extracting copper from real legacy acid mine drainage
(AMD) solutions, an industrial wastewater. Under the investigated
conditions, GA-PEI showed superior performance in copper ion
uptake capacity and selectivity compared to the commercial
Purolite S930 Plus and Lewatit TP 220, conrming signicant
potential in real-world applications.

Experimental
Methods and materials

Commercial, ne DE particles were obtained from Diatoma-
ceous Earth Online (Australia) and commercial synthetic resins
Purolite S930 Plus and Lewatit TP 220 obtained from Lenntech
(Australia). Branched polyethyleneimines (PEI) Lupasol® HF
(56 wt% in H2O, MW ¼ 25 000 g mol�1), and Lupasol® P
(50 wt% in H2O, MW ¼ 750 000) were provided by BASF (Swe-
den) and stored under N2. Glutaraldehyde (GA, 25 wt% in H2O)
was purchased from Sigma-Aldrich (Australia). Copper(II)
sulphate pentahydrate (CuSO4$5H2O) and potassium hydroxide
(KOH) were purchased from Chem-Supply (Pty Ltd) (Australia).
The legacy acid mine drainage solutions were kindly provided
by Copper Mines of Tasmania (Australia). 1 mol L�1 sulfuric
acid and 2.5 mol L�1 sodium hydroxide solutions were prepared
from reagent grade concentrated H2SO4 (98 wt%) (Scharlau
Chemie, Australia) and NaOH pellets (Chem-Supply, Australia),
respectively. Nitric acid (HNO3) (<69%, TraceSELECT®, for trace
analysis) was bought from Sigma Aldrich (Australia). Ultrapure
water with a resistivity of 18.2 MU cm was obtained using
a Milli-Q® Advantage A10 water purication system and the pH
was monitored during experiments using an ION 700 meter
equipped with a pH electrode (Eutech Instruments, Singapore).

Porous DE templated GA-PEI preparation

The method adopted for the GA-PEI coating of the DE particles,
reported previously,17 is described briey here: rst, DE
12044 | RSC Adv., 2018, 8, 12043–12052
particles were puried using concentrated sulfuric acid fol-
lowed by washing in Milli-Q water and drying at 100 �C. The
dried particles were dispersed in 1 wt% solution of PEI in
0.5 mol L�1 NaCl at pH 9, achieving a nal concentration of
10 wt% (DE plus PEI). Dispersion was achieved by ultra-
sonication for 15 minutes, followed by mixing on an orbital
mixer for 30 minutes. The particles were then separated by
centrifugation, rinsed 3� in Milli-Q water and suspended in
0.5 wt% glutaraldehyde solution for cross-linking PEI with
thorough mixing (30 minutes). Finally, particles were washed
2� in Milli-Q water, 2� with sulfuric acid at pH 1 and 2� with
Milli-Q water and dried overnight at 80 �C.

The GA-PEI coated DE particles were used as a template and
a selective etching of silica was performed using alkaline KOH
solution to obtain the porous GA-PEI particulate resin as illus-
trated in Fig. 1. The method applied was as follows: rst, 2 wt%
of GA-PEI-DE particles were dispersed in 50 mL of 4 mol L�1

KOH solution in falcon tubes. The etching was performed over
six days and dispersions were agitated on an orbital mixer to
promote uniform etching. In xed intervals of 24 hours, the
particles were centrifuged down at 4000 rpm for 5 minutes with
a small amount (ca. 0.1 g) of sample extracted for analysis and
solution was replaced with fresh 50 mL of 4 mol L�1 KOH.
Second, aer the etching process was complete, the product was
washed 5� sequentially with Milli-Q water to remove salt ions
and other unwanted residues and separated from solution by
centrifugation. Finally, the particles were dried in the oven at
60 �C overnight. The dried product, obtained as a hard pellet,
was crushed to a ne powder using a mortar and pestle and
stored in a desiccator to ensure moisture control.
X-ray photoelectron spectroscopy

The rate of silica dissolution during KOH etching of the DE
template was examined over six days at 24 hour intervals. Each
dried pellet was ground to a ne powder for which the silica
content and Si/N ratio was evaluated using XPS. The XPS
measurements were undertaken usingmonochromatized Al Ka-
rays (1486.7 eV) at a power of 225 W on a Kratos Axis-Ultra
spectrometer (160 eV analyzer pass energy for survey scans,
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra00454d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
0/

31
/2

02
5 

1:
04

:3
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
20 eV for high-resolution scans) and an analysis spot size of
�300 � 700 mm. The data processing (peak tting) and quan-
tication was performed with the casa XPS soware, using
a Tougard type background subtraction. A single sample was
analyzed for each time-point and the elemental composition of
the sample was determined as the average of measurements at
two different spots.

Mastersizer

The dispersion of GA-PEI resins in Milli-Q water was used for
analyzing the average particle size distribution by laser
diffraction using Mastersizer 2000 (Malvern Instruments Ltd.,
U.K.). The particle sizes of 10%, 50% and 90% of the total
volume distribution are reported as D10, D50 and D90
respectively.

Scanning electron microscopy (SEM) and EDX analysis

A drop from the dispersed GA-PEI-DE/GA-PEI particles in Milli-
Q water was placed on a conducting carbon sticker over an SEM
stub by using a glass Pasteur pipette. The particles were air
dried followed by coating of a gold layer through a sputtering
technique to avoid charging in the electron microscope. The
SEM images were obtained using a Carl Zeiss Microscopy
Merlin SEMwith a GEMINI II Column. The SEMwas operated at
2 kV in a high-resolution column mode (probe current: 100 p�A)
and the working distance was optimized to 2.5 mm. The
secondary electron images were recorded by Everhart–Thornley
secondary electron detector. The composition was examined
using energy dispersive X-ray (EDX) spectroscopy attached to
the SEM. Also, the hydration and joint swelling of the GA-PEI
resin was observed under ESEM (FEI Quanta 450 FEG Envi-
ronmental Scanning Electron Microscope).

Copper uptake kinetics by GA-PEI resin

To evaluate the rate of adsorption of copper by the GA-PEI resin,
0.087 g of GA-PEI particles were dispersed in 100 mL of 50 ppm
copper solution in Milli-Q water under constant agitation using
an overhead stirrer. The pH of the solution was set to 4.06 using
0.1 mol L�1 H2SO4. The copper uptake was monitored over 5
hours with 1 mL extracted at predetermined times and ltered
through a 0.45 mm PTFE syringe lter. The collected samples
were analysed for the extent of copper ion removal by calcu-
lating the concentration of residual copper ions in solution
using UV-visible spectrophotometry.

Adsorption isotherm

To understand the mechanism and efficacy of copper adsorp-
tion of the GA-PEI resin, an isotherm was determined and
compared with two commercial resins, Purolite S930 Plus and
Lewatit TP 220. Prior to use, commercial resins Purolite S930
Plus and Lewatit TP 220 were puried according to the following
protocol. The measured amount of resins were dispersed in
Milli-Q water and agitated at room temperature for 24 hours
followed by centrifugation at 4000 rpm for 5 minutes and
supernatant was discarded. The resins were then washed with
This journal is © The Royal Society of Chemistry 2018
pH 1 H2SO4. Aer agitation for 30 minutes, resins were centri-
fuged (4000 rpm, 5 minutes), supernatant discarded and resins
washed 3� in Milli-Q water. The pH of solution was then
adjusted to 4 using 2.5MNaOH and dispersed with agitation for
30 minutes before centrifuging as above, supernatant discarded
and resins washed 3� in Milli-Q water followed by drying in the
oven overnight at 45 �C.

For adsorption tests, a series of 50 mL falcon tubes were
employed and lled with a constant volume of 40 mL of the
solution spiked with 50 mol L�1 copper ions. The resins were
added in varying concentrations ranging from 0.025–0.15 wt%
and the pH of dispersions was adjusted to 4. The dispersions
were agitated on an orbital shaker and centrifuged at 4000 rpm
for 5 minutes aer the equilibrium was assumed to have been
established by 24 hours. The supernatant was collected for the
analysis of the residual copper ion concentration with UV at
lmax of 275 nm.
UV-visible spectroscopy

The copper uptake kinetics were determined and adsorption
isotherms were established from 50 ppm copper solutions in
Milli-Q water at pH 4. Aer the copper ion uptake, UV-visible
spectrophotometry (Varian Cary 300 Bio UV-Vis Spectropho-
tometer) was used to quantitatively determine the concentra-
tion of equilibrated Cu2+ ions remaining in solution. The
absorption spectra was recorded for the samples within the
wavelength range of 200–800 nm. The method utilized the
wavelength of maximum absorption lmax at 275 nm, a charac-
teristic of a UV active cuprammonium complex (Cu2+–PEI)
formed as a result of Cu2+ ion chelation to polyethyleneimine
and the absorbance dependent concentration of residual
copper was determined. The calibration was performed to
establish the response of themeasurement system to the known
concentrations of copper in solution. A linear relationship
between absorbance and Cu2+–PEI concentration was derived
(Fig. S1, ESI†) and utilized to determine the concentration of
copper corresponding to the absorbance recorded for experi-
mental samples at lmax of 275 nm.

The amount of copper adsorbed by the particles Qe (mg g�1)
was determined from the residual concentration of copper
remaining in solution post equilibrium, according to the
relation:

Qe ¼ ðC0 � CeÞ � V

W

where, C0 and Ce are initial and saturated concentration of
copper (ppm) in solution respectively, V is the volume of copper
solution (mL) and W is the mass of sorbent (g).
Preparation of standard Cu–PEI solutions

A series of standard solutions of copper were prepared by
diluting a 0.1 mol L�1 stock solution in Milli-Q water. Also,
a standard working solution of PEI (0.1 mg mL�1) was prepared
by diluting a 5 mgmL�1 stock solution in Milli-Q water. PEI and
copper solutions were mixed such that the molar concentration
of PEI was 20 times more than the highest used molar
RSC Adv., 2018, 8, 12043–12052 | 12045
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Fig. 2 XPS survey spectra showing quantitative peaks of constituting
elements in (A) acid washed DE, (B) GA-PEI-DE and (C) GA-PEI resin
after the 6th day of etching. The quantified peak areas of elements
were used to determine (D), the relative Si/N ratio for GA-PEI resins
reported with respect to the duration of etching (no. of days). Error
bars indicate (�)S.D. between measurements over spots per sample (n
¼ 2).
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concentration of copper for a xed volume of the resulting
cuprammonium complex (Cu2+–PEI) to ensure that the entire
copper was bound to PEI. The absorbance of Cu–PEI solutions
was measured at lmax of 275 nm and a calibration curve, i.e.
a plot of absorbance vs. known concentration, was obtained
(Fig. S1, ESI†). All the subsequent measurements were done
within the calibrated range of copper concentrations.

Sample preparation for UV spectrophotometry

From the experimental test solutions containing copper, 1.5 mL
was extracted using a 3 mL syringe and ltered through a 0.45
mm PTFE syringe lter. From the ltrate, 443.4 mL was added to
2556.6 mL of 0.1 mg mL�1 standard working solution of PEI and
3mL of the resulting solution containing Cu2+–PEI complex was
analysed for its absorption spectrum with a UV-visible spec-
trophotometer. The absorbance at 275 nm (lmax) was compared
against the calibration curve for determining the copper
concentration for the test samples.

Cu(II) ion removal and recovery properties of GA-PEI
compared with commercial resins from acid mine drainage
solutions

A comparative study was performed between GA-PEI and
commercial resins Purolite S930 Plus and Lewatit TP 220 for their
efficiency of copper recovery from complex, metal rich industrial
AMD solutions. The two AMD liquids used in the experiments were
legacies from previous mining operations in the Mt Lyell area and
were sampled from mine dewatering (MD) and leach pile (LP).
They contained similar metals but at different concentrations. The
experimental procedure was as follows: 200 mL of AMD solution
was poured to a 500mL glass beaker and under constantmagnetic
stirring, pH of the solution was adjusted to 4. From 200 mL of the
solution at pH 4, a 100 mL aliquot was centrifuged at 4000 rpm
over 5 minutes and the supernatant comprising dissolved metals
was separated.

The copper extraction was performed in 10 mL of non-
centrifuged (containing precipitated as well as dissolved metals)
and centrifuged (supernatant containing only dissolved metals)
AMD solutions in the presence of 3� excess resins. Dispersions
were mixed for 24 hours to equilibrate the resin bound copper to
that in solution, with pH monitored and kept at � pH 4 using
H2SO4/NaOH to prevent copper from precipitation at higher
pH,27,28 following which the resins were centrifuged again at
4000 rpm for 5 minutes. 1 mL of the supernatant was extracted
from the solution for analysis of the metal content with ICP-OES.
The pellets obtained aer centrifugation were separated from
solution, washed 2� sequentially in Milli-Q water at pH 4 with
mixing over 15 minutes each time and centrifuged at 4000 rpm for
5 minutes. Finally the copper was eluted from the pellet in 10 mL
of pH 1 solution prepared using H2SO4 with mixing on an orbital
mixer for 30 minutes. 1 mL of the solution was collected for
analysis of the metal content by ICP-OES. To test reproducibility of
results, the study was carried out in duplicates with the uptake and
elution cycle iterated two times to both purify the solutions in
terms of copper as well as examine the regeneration capability of
the resin.
12046 | RSC Adv., 2018, 8, 12043–12052
Inductively coupled plasma optical emission spectroscopy
(ICP-OES)

The metal content of the samples aer uptake and elution tests
from real AMD solutions were analyzed through ICP-OES (Per-
kin Elmer ICP-OES Optima 7300DV). The sample preparation
was done where 1 mL of the sample solution was extracted and
diluted 40� in Milli-Q water and acidied using 3–4 drops of
HNO3 to prevent bacterial growth in the containers. All the
results were processed with MSF (Multicomponent Spectral
Fitting). Calibration standards and QC standards were prepared
in 1% HNO3.
Results and discussion
Rate of etching of GA-PEI DE particles determined through
XPS analysis

The interaction of a strong base, KOH, with GA-PEI-DE particles
preferentially dissolves silica,29 leading to the continuous decrease
of Si content in the resulting particles. XPS survey spectra depict
the elements of O, N, C, and Si in DE (Fig. 2A), GA-PEI-DE (Fig. 2B)
and GA-PEI (Fig. 2C) particles respectively. It is noticed that the N
peak appears and C peak is intensied in the XPS spectra of GA-
PEI-DE (Fig. 2B) conrming the formation of crosslinked PEI
coating on the surface of DE template. Further intensication of N
andC peaks coupled with a decrease in Si (Fig. 2C) results from the
etching process. The Si 2p peak was utilized to quantify silica. The
calculated Si/N ratio of samples aer different etching times is
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Particle size distribution of GA-PEI resin.

Fig. 4 SEM images presenting morphology of GA-PEI-DE particles at
different length scales (A–E). Likewise, (F–J) show GA-PEI resin after
etching at different length scales.
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shown in Fig. 2D, which evidently shows that the major portion
(71%) of silica from the template DE particles was removed by
etching within just one day of exposure to the etching solution.
Further increase of etching time leads to little change in Si content.
One of the two probable reasons for the decrease in etching rate
could be the time i.e. temperature and concentration being
insufficient for the complete removal of silica. Etching of silica in
highly concentrated alkaline etching solutions is generally facili-
tated at high temperature (oen boiling) conditions30 which is
avoided in this study to preserve the physical stability and chem-
ical integrity of the GA-PEI on the surface of template DE. Secondly,
the DE particles may also have low levels of crystalline silica31

which has higher activation energy for the dissolution compared to
amorphous silica and also rate of reaction varies along the
differently oriented crystallographic layers32,33 in the DE structure
and thus limit the kinetics of etching process. Therefore, the
etching time applied for the preparation of GA-PEI resin in this
study is 24 hours.

Particle size distribution using mastersizer

The size and size distribution of the obtained GA-PEI resin parti-
cles were characterized by amastersizer. As shown in Fig. 3, a wide
size range from 2–150 mmwas detected. About 80% of the particles
were below 100 mm. The particle diameters of the 10th (D10), 50th
(D50) and 90th (D90) percentile were found to be 7.4 mm, 39.9 mm,
and 152 mm respectively. The polydispersity in the size of GA-PEI
particles is ascribed to the non-uniform DE templated particles
(Fig. S2, ESI†). A large fraction of small cracked pieces of DE
together with the intact ones were observed.

Surface morphology studies through scanning electron
microscope (SEM) coupled with energy dispersive X-ray
spectroscopy (EDX) for elemental analysis

SEM imaging was conducted to investigate the morphology of
the GA-PEI-DE particles and the GA-PEI resin aer DE etching.
Fig. 4A shows microscale hollow cylindrical frustules of GA-PEI-
This journal is © The Royal Society of Chemistry 2018
DE laying between fragments of cracked DE particles. Indi-
vidual frustules were �11 � 14 mm (Fig. 4B) with macropores of
size of 450–500 nm arranged in rows exhibiting a mesh like
tapestry along the sidewalls. A magnied view of the framework
(Fig. 4C) reveals the existence of mesopores (�45–60 nm),
rendering a hierarchical porous structure of GA-PEI-DE parti-
cles. It is noticed that each frustule had a ring opening at either
end (Fig. 4D) which also appeared to be porous (Fig. 4E). The
overall morphology and structure of the GA-PEI-DE agree well
RSC Adv., 2018, 8, 12043–12052 | 12047
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Fig. 5 Electronmicrographs along with corresponding spatial maps of
elemental distributions for (A) GA-PEI-DE and (B) GA-PEI resin ob-
tained by energy dispersive X-ray spectroscopy.

Fig. 6 Cu2+ absorption kinetics to GA-PEI resin. Concentration of
copper remaining in solution (ppm) is given as a function of absorption
time (in seconds). The copper concentration was determined through
the UV-visible spectroscopy assay described.
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with that of pristine DE particles (Fig. S2, ESI†), which indicates
that the GA crosslinking of PEI on DE surface has no observable
impact on the morphology and structure.

Aer etching, it was found that the structure of the sidewall
collapsed, only rings remained (Fig. 4F–G). It is reasonable that
due to the removal of framework (Si) from the porous sidewall
by etching, the relatively so GA-PEI coating fails to support the
structure, inducing the collapse of the sidewall. However, small
pores and cracks still exist on the collapsed surfaces (Fig. 4H).
Similar to GA-PEI-DE particles, mesoporous structure in the
rings is preserved aer etching (Fig. 4J). The etched GA-PEI
particles are sensitive to the environmental humidity. As
shown in the environmental SEM images (Fig. S3, ESI†), it is
12048 | RSC Adv., 2018, 8, 12043–12052
clear that the GA-PEI fragment swells remarkably with
increasing humidity levels. This suggests capillary condensa-
tion of water molecules in the pores, which can further promote
ion adsorption in the aqueous solution.

Spatial element distribution of the GA-PEI-DE and GA-PEI
particles was investigated with Energy dispersive X-ray spec-
troscopy (Fig. 5). The elemental mapping indicate that the GA-
PEI-DE particles (Fig. 5A) have strong Si signal and relatively
weak C and O. Aer etching, an increase in the relative quantity
of carbon and oxygen was observed (Fig. 5B), although the Si
signal in GA-PEI particles appears brighter as compared to GA-
PEI-DE. This could be due to an underestimation of Si content
before etching due to the limited depth penetration of the
analysis subsurface hollow volume of the cylindrical 3-D frus-
tules, whereas aer etching and collapse of the frustules the
sample surface of GA-PEI appears relatively at. The escape
depth of the Si X-rays is considerably greater than those for C
and O and can then appear to indicate a greater content of Si per
volume. In support of this observation is the subsequent 10 fold
decrease of Si/C atom% ratio from 3.27 � 0.4 to 0.33 aer
etching determined as the average of measurements at four
different spots on the sample. Also, the residual silica present
aer etching is associated with the circular structures at the
ends of the frustules (Fig. 5B), which explains why the ring
structure is retained aer etching.

Cu uptake kinetics investigated through UV-visible
spectrophotometry

The kinetics of copper ion adsorption by the resulting GA-PEI resin
particles was investigated. In Fig. 6, the amount of copper ion
remaining in solution aer different uptake times is presented.
The copper concentration rapidly drops from initial 51.8 ppm to
30.3 ppm within 15 minutes, reaching 77% of its adsorption
capacity. The adsorption was completed within one hour.

Adsorption isotherm

The maximum adsorption capacity and binding affinity of the
GA-PEI resin for copper ions was investigated and performance
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Langmuir adsorption isotherms of copper from aqueous
solutions in 50 ppm solution in Milli-Q water at pH 4 for varying
concentrations of (A) GA-PEI resin and (B) Purolite S930 Plus resin.

Table 2 Metal concentration (ppm) at pH 4 of the mine dewatering
and leach pile samples of the acid mine drainage liquid. The conditions
used were non-centrifuged (NC) and centrifuged (C) before the
addition of resins with concentrations determined through ICP-OES.
Errors indicate �min/max (n ¼ 2)

Mine
dewatering

Mine
dewatering

Leach
pile

Leach
pile
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compared against two commercial resins, Purolite S930 Plus
and Lewatit TP 220. The amount of copper adsorbed by the
resins was determined by the solution concentration change
monitored with the UV-assay. The isotherms in Fig. 7 and
experimental values summarized in Table 1 include the results
from GA-PEI and Purolite S930 Plus resins only. The UV-Vis
spectrum for the Lewatit TP 220 resin indicated an undesir-
able leaching of material from the resin which interfered with
the analysis resulting in the distortion of absorption peak
intensity (lmax) by an overlapping absorption band at 275 nm
(Fig. S4, ESI†). The leaching was also conrmed visually as the
solutions turned yellow aer copper uptake. Therefore, the
absorption peak at 290 nm was utilized to monitor the residual
copper concentration corresponding to varying concentrations
Table 1 Langmuir isotherm constants and correlation coefficients
calculated from experimental data

Particles/resins Q0 (mg g�1) K (L mg�1) R2

Etched GA-PEI-DE 46.9 0.5 0.9972
Purolite 76.9 2.8 0.9994

This journal is © The Royal Society of Chemistry 2018
of resins (Fig. S5, ESI†). However, the calculated capacity is an
approximation and less than would be in the case of no leaching
for Lewatit TP 220 resins. Thus to avoid reporting undermined
capacity data, the results for Lewatit TP 220 resins are not dis-
cussed further in this section.

The adsorption on GA-PEI and Purolite S930 Plus resins was
found to obey the Langmuir model for which the equation in its
linearized form is given by:

Ce

Qe

¼ Ce

Q0

þ 1

KQ0

Here Qe refers to amount of copper adsorbed per unit mass
of the resin (mg g�1) and Ce is the residual copper concentration
in solution (ppm) at equilibrium. Q0, the maximum amount of
bound copper per unit mass, i.e. capacity (mg g�1) is calculated
from the slope (1/Q0) of the straight line from the Ce/Qe vs. Ce

plot. The equilibrium constant or the representative of the
binding strength of the resins K (L mg�1), is calculated from Q0

and y-intercept of the same plot (1/KQ0).
The Langmuir model describes sorption of a monolayer of

copper ions on the xed number of binding sites and/or func-
tional groups on the resins. The regression correlation coeffi-
cient value was greater than 0.99 indicating good t of isotherm
data to the model. The results also demonstrated more than
eight fold higher binding capacity (46.9 mg g�1) of GA-PEI resin
to that of GA-PEI-DE (5.4 mg g�1) reported elsewhere.34
Cu(II) ion removal and recovery properties of GA-PEI
compared with commercial resins from real acid mine
drainage solutions

The performance of GA-PEI resins for copper extraction in the
presence of other competing ions from the complex, real legacy
acid mine drainage (AMD) solutions was evaluated and
compared against the two commercial resins, Purolite S930 Plus
and Lewatit TP 220. The AMD solutions were characterized non-
centrifuged and centrifuged to differentiate and account for the
quantity of each metal chelated to the resin compared to that
precipitated in solution.
[M] ppm (NC) (C) (NC) (C)

Al 158.4 � 1.4 119.6 � 1.2 813.2 � 2.4 590 � 7
Cd 0.1 0.1 0.1 0.1
Cu 30.4 26.7 133.5 � 0.5 130.7 � 1.2
Fe 959.8 � 18.6 451.6 � 2.8 654.2 � 11 4.2
Ni 0.4 0.4 1 1
Pb <0.005 <0.005 0.3 0.3
Zn 18.5 17.5 12.1 13

RSC Adv., 2018, 8, 12043–12052 | 12049
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The initial concentrations of metals in mine dewatering
AMD and leach pile AMD solutions for non-centrifuged and
centrifuged solutions before the addition of resins are
summarized in Table 2. Here the results from only centrifuged
solutions are discussed, however data for the non-centrifuged
samples are provided in the ESI.† It can be seen that in the
Fig. 8 Bar graphs showing concentration of metals remaining in solution
(A–C) and leach pile AMD (D–F) for all the resins. In legends, control re
indicate �min/max (n ¼ 2). Bars are missing where data was below dete

12050 | RSC Adv., 2018, 8, 12043–12052
AMD solution from mine dewatering, aluminium (>100 ppm)
and iron (�450 ppm) were the most prevalent ions compared to
copper (26.7 ppm), whereas in the leach pile solution,
aluminium (>500 ppm) was the only element more abundant
than copper (>100 ppm), and followed by zinc (<20 ppm) in both
solutions. In Fig. 8, following the rst uptake at pH 4, the resins
following uptake/elution cycles in centrifuged mine dewatering AMD
fers to the centrifuged MD/LP AMD at pH 4 without resins. Error bars
ction limits.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Bar graphs showing normalized metal percent recovery in
eluates from centrifuged (A) mine dewatering AMD and (B) leach pile
AMD post second elution cycle for GA-PEI (black) and Purolite S930
resin (grey). Error bars indicate �min/max (n ¼ 2).
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reduced the copper concentration to less than 1 ppm in solution
except for the Lewatit TP 220. The Langmuir adsorption
isotherms revealed higher copper binding capacities for Pur-
olite S930 Plus and Lewatit TP 220 resins from a single metal
solution at pH 4. However, in real and complex solutions such
as AMD where copper is present at much lower concentration
compared to other metals such as aluminium and/or iron, GA-
PEI extracted copper most selectively outperforming both the
commercial resins. For the sorption of Zn, Ni and Cd, Lewatit
TP 220 demonstrated the highest sorption affinity followed by
Purolite S930 Plus and GA-PEI bound the least of all the three
metals. Also, lead precipitates at pH 4 and variation in its re-
ported eluted concentration in Fig. 8D could be due to the
difference in the capture of precipitates over ltration. The
elution of the bound metals was performed in the same volume
(10 mL) of H2SO4 solution at pH 1 and the efficiency of copper
recovery was evaluated. Even though the centrifugation at pH 4
removed precipitates, the presence of resins in supernatant
caused further hydrolysis of dissolved metals such as
This journal is © The Royal Society of Chemistry 2018
aluminium and iron resulting in their increased rate of
precipitation as hydroxides that re-dissolve at pH of 1 and
contaminate copper puried eluates. The contamination was
reduced through washing with Milli-Q water at pH 4 in between
uptake and elution and even further aer the second elution
cycle in case of all the resins.

For the evaluation of eluate composition aer the second
and nal elution cycle, the percentage of metal recovery in both
the AMD liquids was normalized for GA-PEI and Purolite resins.
In Fig. 9, under the used conditions, only GA-PEI and Purolite
S930 Plus resins could elute copper with GA-PEI presenting the
highest copper recovery of 65% from mine dewatering and 70%
from leach pile AMD as compared to Purolite S930 Plus resins in
which case copper recovery was 64% and 58.8% from mine
dewatering and leach pile AMD respectively. On the other hand,
elution of bound metals from Lewatit TP 220 resins resulted in
the elution of metals except copper both in centrifuged (Fig. 8
and S6 ESI†) and non-centrifuged solutions (Fig. S7C, F and S8,
ESI†) and therefore under the used conditions, resin could not
be regenerated for re-use. From the resins that eluted copper at
pH 1, the most puried copper solutions were obtained from
GA-PEI resins where contamination due to other metals was less
than 15% in comparison to 40–60% from the Purolite S930 Plus
resins (Fig. 9). Upon comparing percentage copper recovery
between mine dewatering and leach pile AMD for the same
volume of solution and mass of GA-PEI resin, more copper was
recovered from the leach pile solution. This could be due to
a comparatively higher copper concentration in the leach pile
AMD which saturates binding sites in the GA-PEI resin leading
to more binding and subsequent recovery. This study thus
concludes the signicance of GA-PEI resins to be efficient and
selective in removing copper in the presence of co-existing
metal rich complex systems and also suggests reusability over
large number of sorption–desorption cycles without any loss of
performance efficiency.

Conclusions

Enhanced copper adsorption capacity per unit mass of the GA-
PEI resin was achieved. The water permeable, porous structure
of the GA-PEI resin facilitates mass-transport and copper
adsorption. Copper uptake was rapid with 77% of the active
sites in the GA-PEI resin being saturated with copper in the rst
15 minutes. When employed in mix-metal rich industrial AMD
solutions, GA-PEI resin preferentially scavenged copper ions
and outperformed commercial resins Purolite S930 and Lewatit
TP 220 in terms of selectivity. Furthermore, even in the presence
of highly competing co-existing metals like aluminium and iron
in concentrations far greater in the uptake solution, eluate
chiey contained copper. The GA-PEI resin revealed the
maximum percentage recovery compared to the commercial
resins. This study therefore suggests that GA-PEI resin holds
great potential to be used as an environmentally safe reagent to
purify as well as remediate complex real life solutions for
copper. Ongoing efforts involve the optimization of this process
and producing material with particle size and porosity suitable
for use in columns so that AMD solutions could be treated in
RSC Adv., 2018, 8, 12043–12052 | 12051
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large volumes to produce high purity solutions in terms of
copper, without dismantling the columns. Further optimization
may increase the capacity per unit mass of the material with
more effective removal of the underlying template.
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