¢! Desalination and Water Treatment
www.deswater.com

o doi: 10.5004/dwt.2017.20393

63 (2017) 135-144
February

Development of new hybrid nanosorption/ceramic microfiltration

for Cu(Il) removal

Wanida Chooaksorn, Rachnarin Nitisoravut®

School of Bio-Chemical Engineering and Technology, Sirindhorn International Institute of Technology,
Thammasat University, Pathum Thani 12121, Thailand, Tel. +66 (0) 2986 9009 Ext. 2304; Fax: +66 (0) 2986 9009 Ext. 2315;
emails: snitisor@siit.tu.ac.th (R. Nitisoravut), chooaksorn@hotmail.com (W. Chooaksorn)

Received 1 April 2016; Accepted 25 August 2016

ABSTRACT

A new technique has been developed for Cu(Il) removal using simultaneous filtration and adsorp-
tion by coating modified nanochitosan on a ceramic microfiltration membrane. It offers continuous
operation and ease of chitosan nanoparticle usage without flow retardation. In this work, nanochi-
tosan (CMCN), nanochitosan cross-linked with glutaraldehyde (CMCN-GLA), and polyethylene gly-
col (CMCN-PEG) were coated onto a microfiltration ceramic membrane, and then tested for Cu(Il)
removal performance. Among the three materials tested, CMCN-GLA provided the highest adsorp-
tion capacity of 240.3 mg/g at a flow rate of 2.5 mL/min. It is greater than a 30% improvement of
adsorption capacity, as compared with native nanochitosan. This is about 2.4 times higher than a pre-
vious study on simultaneous adsorption-filtration. The experimental data was found to fit well with
the Thomas model.
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1. Introduction

Heavy metals in the environment may be attributed to
an improper discharge and inadequate treatments of waste-
water from various industries such as metal finishing, bat-
tery manufacturing, electrical cables, and mining industries
[1-3]. The heavy metals of concern include cadmium, chro-
mium, mercury, copper, and lead [4]. Copper (Cu(Il)) is an
important trace element for the health of humans, plants,
and animals. However, overexposure to Cu(Il) leads to acute
effects such as abdominal pain, headache, nausea, dizziness,
vomiting, diarrhea, and cancer [5,6]. Many techniques have
been developed for Cu(Il) removal from wastewater [7-9].
Of these techniques, adsorption is the most prominent and
effective method for Cu(Il) separation from wastewater [10].
Nevertheless, the adsorption process regularly needs an addi-
tional step to separate an adsorbent from treated wastewater.

* Corresponding author.

Chitosan is an outstanding adsorbent for Cu(Il) adsorp-
tion, even at low concentrations [11]. It can be modified by
many chemicals to improve its properties and extend its
applications, such as cross-linking using epichlorohydrin,
formaldehyde, or glutaraldehyde (GLA) and graft copoly-
merization with polyethylene glycol (PEG), vinyl acetate,
acrylonitrile, or polystyrene [12-16]. Graft copolymerization
is an effective method to enhance water solubility, chelating,
adsorption capacity, selectivity, antibacterial, and antiox-
idant properties. There are two positions to graft onto chi-
tosan, which are covalent binding with hydroxyl groups on
acetylated or deacetylated chitosan, and free amine groups
on deacetylated chitosan [17]. Moreover, there are three
initiating methods, which are chemical initiation, radiation
initiation, and enzyme initiation [13,18,19]. Several research-
ers reported that the solubility in water of chitosan-grafted
copolymer with PEG depends on PEG molecular weight,
weight ratio of PEG, degrees of N-substitution, and degree
of deacetylation [20]. Kim et al. [21] studied the behavior of
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modified chitosan, poly N-isopropylacrylamide-grafted chi-
tosan cross-linked with GLA, and reported that the modified
chitosan can be thermo- and pH-sensitive, which may affect
its applications. The possible use of chitosan has attracted
much attention for the use of its nano-scale particles. Several
studies have also used nanochitosan in the development of
drug delivery.

However, there are limited numbers of studies that
have reported on chitosan nanoparticles (CN) for waste-
water treatment. This is because of their unique properties
of nanometer sizes, high specific surface area, high surface
functional groups, and high potential for metal binding.
Moreover, CN are biocompatible, with no known toxicity
to human and environment. These properties would benefit
large-scale environmental applications, particularly heavy
metal removal from wastewater treatment [22-24].

Membrane filtration is widely used for heavy metals
removal, particularly ultrafiltration, nanofiltration, reverse
osmosis, and electrodialysis [25]. Membranes have great
ability for heavy metal removal, high permeate fluxes, conve-
nient operation, and space savings [25,26]. Moreover, using
membrane filtration allows continuous operation and can be
simply integrated with other methods [3,26].

The combination of adsorption and membrane filtration is
of interest. In this study, a ceramic microfiltration membrane
was used as a filter and support material for nanochitosan.
In order to shorten the treatment process and to enhance the
Cu(IT) removal, nanochitosan was coated on the surface of a
membrane, resulting in simultaneous filtration and adsorp-
tion on the membrane surface [18]. Moreover, the ceramic
membrane (CM) provides the support for CN and removes
the difficulty associated with filtration of nanoparticles, as
well as facilitates the reuse and regeneration of the nanochi-
tosan [27]. Chelation was used to overcome the mass transfer
limitations by coating biosorbents, nanochitosan, and mod-
ified chitosan GLA and PEG, on the surface of CMs. Their
efficiencies for Cu(Il) adsorption were explored. Continuous
flow adsorption studies were conducted to obtain break-
through curves and to evaluate the membrane adsorption
performance by using a kinetic model.

2. Materials and methods
2.1. Chemicals and materials

Chitosan flakes with average molecular weight 50 kDa,
size of 1-3 mm, and 85% deacetylation were obtained from
Bio 21 Co. Ltd, Chonburi (Thailand). All the chemicals
used were of analytical grade. Acetic acid, copper nitrate
tetrahydrate (Cu(NO,),-3H,0, 99.9%), sodium tripoly-
phosphate (TPP, 99.9%), GLA (25%), polyethelene glycol
(PEG), sodium hydroxide (NaOH), sulfuric acid (H,SO,),
and hydrochloric acid (HCI) were manufactured by Merck,
Thailand. All glassware was washed with 1:1 nitric acid
(HNO,, 65%) from Carlo Erba, Thailand. The working
standard solutions of 1,000 mg/L Cu(II) were prepared by
dissolving Cu(NO,),-3H,O in deionized water (DI water).
Standard solutions at other concentrations were prepared
with dilutions from the prepared stock solution.

A cross-flow microfilter was obtained from Tami
Industries (Germany). It was made of ZrO,-TiO, composite,
250-mm length, 6-mm internal diameter, and 10-mm outer

diameter. The membrane has a nominal pore diameter of
0.45 um and an effective surface area of 0.0047 m?

2.2. Adsorbent preparation
2.2.1. Preparation of chitosan nanoparticles

CN were prepared according to the ionic gelation method
with TPP as an ionic cross-linker [28]. A homogeneous solu-
tion of chitosan was prepared by dissolving 200 mg of chi-
tosan flake in 200 mL of 1% acetic acid. This was stirred for
2 h. at room temperature until all flakes were dissolved. A
TPP solution (1.0 mg/mL, 25 mL) was gradually added to the
solution at a rate of 1.0 mL/min, at a mixing speed 1,200 rpm.
The process is based on the interaction between the neg-
atively charged phosphate groups of the TPP and the pos-
itively charged amino groups of chitosan. TPP, which has
three phosphate groups, can interact with the amino groups
on several locations of the chitosan chains, leading to the for-
mation of the nanoparticle size colloids [29].

2.2.2. Preparation of cross-linked chitosan nanoparticles

To increase the stability and binding properties of these
CN, they were further modified, using either GLA or PEG as
follows:

(a) Chitosan nanoparticles-glutaraldehyde (CN-GLA): CN
can be further cross-linked using GLA. The 0.5 mL of 25%
GLA solution was added to the CN solution at an average
mixing speed of 1,200 rpm for 2 h.

(b) Chitosan nanoparticles-polyethylene glycol (CN-PEG):
PEG (200 mg) was added to 250 mL of CN solution and
mixed thoroughly using a magnetic stirrer at a mixing
speed of 1,200 rpm for 2 h.

2.3. Coating of nanochitosan onto ceramic membrane

Firstly, a CM was cleaned with DI water. Then it was
burned in a hot-air furnace at 600°C in order to remove any
organic residuals that remain. After cooling to room tem-
perature, the membrane was then coated with the selected
chitosan solutions (CN, CN-GLA, or CN-PEG) by immersing
the membrane into the solution for 2 min, followed by drying
at 60°C in an oven for 15 min. The 2-min coating was selected
from the preliminary tests (not shown). A coating time
beyond 2 min did not result in much increase in the amount
of CN coated onto the membrane. This step was repeated ten
times in order to coat a sufficient amount of chitosan onto the
CM. Finally, the coated membrane was dried at 60°C for 1 h.
and stored in a desiccator prior to use.

The thickness of membrane-coated layer (CMCN,
CMCN-GLA, and CMCN-PEG) was evaluated based on Eq.
(1) [30,31]. Weights of the membrane before and after deposi-
tions were determined:

_ My 1
Ap(1-¢) @

where L is the membrane thickness; m, is the mass of mem-
brane support ZrO,-TiO,; m, is the total mass of the support
and the coated CN; A is the membrane area (0.0047 m?);
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p is the theoretical density of ZrO,-TiO, (5.68 g/cm’); and ¢
the assumed porosity of the membrane (25%).

2.4. Characterization methods

The CN were characterized for their morphologies
and sizes using an atomic force microscope (AFM) (Seiko
Instrument Model SPI 4000). Morphology of the CM, coated
with various adsorbents, was characterized by a scanning
electron microscope (SEM; Hitachi Model S-3400N) and
field emission scanning electron microscope (FE-SEM) (JEOL
Model JSM-7800F). Elemental and chemical analyses were
examined by an Oxford energy dispersive spectrometer (EDS/
EDX; LINK ISIS200). The equilibrium concentration of Cu(II)
was determined by using an atomic absorption spectropho-
tometer (AAS; Perkin Elmer Analyst 200). A pH meter (Mettler
Toledo Model SG2-SevenGo™) was used to measure pH.

2.5. Experimental setup and procedure

The pilot unit used for adsorption-microfiltration exper-
iments is illustrated in Fig. 1. The unit was designed as a
single-channel tubular membrane. It was equipped with
a feed tank, rotameters, control and drain valves, pressure
gauges, and a feed pump. The feed tank was filled with Cu(II)
solution. Permeation and adsorption tests were performed at
a gauge pressure of 1 psi.

The adsorption-microfiltration performance was stud-
ied with a control experiment without adsorbents. Samples
of feed, retentate, and permeate were collected at various
time intervals. The Cu(Il) adsorption and water permeation
through the adsorbent-coated CM were measured.

The permeate flux (L/m*h) was calculated using
Eq. (2) [32]:

G

T AAt @

J

where | is permeate flux (L/m*h); Vp is volume of permeate
(L); A is active surface area of membrane (m?); and At is time
collecting the permeate (h).

Retentate pressure
monitor gauge

Retentate

Feed

flow meter

Feed Retentate tank

Feed tank
Bypass

Membrane
housing Permeate tank

Feed pressurel
monitor gauge

Feed valve
Feed pump

Drain valve

Fig. 1. Experimental setup used for adsorption-microfiltration
experiment.

The amount of Cu(Il) bound to the adsorbent, or uptake
capacity (g, mg/g), can be calculated by using Egs. (3) and
(4) [33,34]:

qtotalz %J’Zgw (CU - ct )dt (3)
T =t @

where g, is equal to the area under the plot of the
adsorbed heavy metal concentration vs. time (mg); g, is
the maximum adsorption capacity (mg/g); Q is the flow
rate (mL/min); C, and C, are concentrations (mg/L) at ini-
tial and at set times, respectively; and m is the mass of the
adsorbent (mg).

Cumulative mass of Cu(Il) adsorbed (mg/g) is the total
amount of Cu(IT) adsorbed onto the chitosan calculated from
the decrease in the Cu(Il) concentration in the solution mul-
tiplied with the volume of the permeate collected up to that
run.

The breakthrough curves and the adsorption kinet-
ics of the membrane performance were analyzed using the
Thomas model. The Thomas model is based on a single resis-
tance mass transfer and is frequently employed to describe
fixed-bed adsorption where the external mass transfer is the
rate-limiting step [35]. The linear equation of the Thomas
model is given as follows [36-38]:

1n(?—1J=W—km C,t )
b Q

where k,, is the adsorption rate constant (mL/mg-min); g,
is the adsorption capacity (mg/g); M is the mass of adsor-
bent (mg); Q is the feed flow rate (mL/min); C, and C,
are the initial and effluent concentrations (mg/L), respec-
tively; and ¢ is the total flow time (min). A linear plot of
In( C,/C, — 1) vs. t can be used to obtain the adsorption
rate constant (k) and the adsorption capacity of the sor-
bent (gq,).

2.6. Membrane desorption

After the membrane was saturated, which is defined
as when there was no further change in Cu(Il) concentra-
tion flowing through the system, the adsorbed Cu(II) was
then desorbed with 0.1 M H,SO, solution at a flow rate of
10 mL/min. After desorption, the adsorption was repeated.
The adsorption-desorption of Cu(Il) was repeated for three
consecutive cycles.

The percentage desorption is expressed in Eq. (6):

Cuads — Cudes

% Desorption = %100 (6)

ads

where Cu_, is the amount of Cu(Il) adsorbed (mg), cal-
culated using Eq. (3), but without division by the sorbent
mass, and Cu,_is the amount of Cu(II) desorbed (mg), cal-
culated from the concentration of Cu(Il) in the desorbed
solution.
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3. Results and discussion
3.1. Characterizations of ceramic membrane surface

The size ranges of CN were estimated to be about
25-80 nm, which were measured by an AFM (Fig. 2(a)). The
figure indicates the spherical shape of CN on the surface of
the CM. Also, the FE-SEM image of the CN (Figs. 2(b) and
(c)) supports the AFM results. The adsorbents (CN, CN-GLA,
and CN-PEG) were deposited onto the surface of the CM.
This was to a thin layer of chitosan on the ceramic surface to
functionalize the membrane, thereby preparing the surface
for chemical modification [39]. Fig. 3 shows the morphology
of the CM surface with the three adsorbents, characterized by
SEM. Fig. 3(a) depicts the clear and coarse surface of the bare
CM. The surface, when covered with CN, became thicker and
smoother (Fig. 3(b)). Figs. 3(c) and (d) indicate the coatings
of the CM with CMCN-GLA and CMCN-PEG, resulting in
significant changes in the surface morphology, from a coarse
to smooth film-like morphology.

The difference of dried mass of the CM before and after
adsorbent depositions on the surface was used to calculate
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the amount of adsorbent coated on the membrane. Fig. 4
shows the thickness of CMCN, CMCN-GLA, and CMCN-
PEG, coated on the membrane, calculated according to Eq.
(2), which was 0.572, 0.669, and 0.692 pum, respectively. The
thickness of CMCN-PEG on the ceramic surface was the
highest, probably due to the binding properties of PEG 1000.
However, increasing the PEG amount may not always lead
to thicker coating. Bhattarai et al. [40] and Hou et al. [41]
investigated the grafting of PEG onto chitosan and observed
that due to the hydrophilic nature of PEG, the resulting poly-
mer may be able to dissolve in water better than the parent
chitosan. Increasing the amount of PEG in the coating may
therefore lead to the dissolution of the coating, which may
not be a desirable property here. Based on the previous study
on modified chitosan, GLA-cross-linked chitosan is more
hydrophobic than native chitosan [42].

The chemical composition of the CM with various adsor-
bents, as determined by EDS, is presented in Fig. 5. Fig. 5(a)
shows that the peaks assigned to Ti and O were domi-
nant (more than 90% of the total composition) for the CM.
The EDS composition after Cu(Il) adsorption provides the
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Fig. 2. (a) AFM images show the topographic and three-dimensional image of CN; (b) FE-SEM surface image of CM; and (c) FE-SEM

image of CN coated on the surface of CM.
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Fig. 3. SEM images: (a) CM; (b) CMCN; (c) CMCN-GLA; and (d) CMCN-PEG.

composition of Ti, C, and O, which were major constituents
of chitosan and the CM. Figs. 5(b)—(d) show direct evidence
for Cu(ll) uptake by various adsorbents after adsorption
(0.32%, 0.85%, and 0.16% by weight with CMCN, CMCN-
GLA, and CMCN-PEG, respectively).

3.2. Cu(ll) removal

The achievements of simultaneous removal of Cu(II) by
filtration and adsorption are illustrated in Fig. 6. Cu(II) was
unable to be removed by the bare CM, but can be adsorbed
by the interaction with nanochitosan and modified nanochi-
tosan. Cu(ll) removal, up to 89.38%, was accomplished by
CMCN-GLA, at a flow rate 2.5 mL/min (Fig. 6(a)). The spe-
cific adsorption capacity (mg Cu/g chitosan) was 240.3 mg/g,
which is 2.4 times higher when compared with the simul-
taneous adsorption-filtration study using native chitosan
by Steenkamp et al. [43]. When the flow rate was doubled
to 5.0 mL/min, the specific adsorption capacity decreased to
222.1 mg/g chitosan. Ata higher flow rate, a greater amount of
Cu(II) passed by the adsorbent, resulting in increased Cu(II)
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0.30
0.20 A
0.10 A
0.00 T T ]

CMCN CMCN-GLA CMCN-PEG
Type of adsorbent

Thickness of adsorbent layer (um)

Fig. 4. Thickness of adsorbent on ceramic membrane.

on the sorbent. For CMCN and CMCN-PEG, at a flow rate of
2.5 mL/min, the removal was achieved with specific adsorp-
tion capacity of 182.0 and 100.7 mg/g of chitosan, respec-
tively. The adsorption capacity decreased to 159.2 and 84.0
mg/g, respectively, at a flow rate of 5.0 mL/min for CMCN
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Fig. 5. SEM images of ceramic membrane surface coated with different adsorbents after Cu(II) adsorption at 15,000X, and EDS
analysis: (a) CM; (b) CMCN; (c) CMCN-GLA; and (d) CMCN-PEG.
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Fig. 6. Adsorption of Cu(Il) by various adsorbents, coated on the
ceramic membrane for different flow rates: (a) time course of
Cu(Il) removal efficiency; (b) adsorption capacity of Cu(Il); and
(¢) cumulative Cu(Il) mass with time.

and CMCN-PEG (Fig. 6(b)). When the surface of the mem-
brane changes from a particle-like morphology to a film-like
morphology, the adsorption rate decreased as the surface
area also decreased. The decreased percentage and adsorp-
tion capacity can be attributed to the insufficient time for
Cu(II) diffusion into the inner pores of the adsorbent [7,44].
Moreover, nanochitosan is more hydrophobic and can
also play an active role in Cu(II) sorption via free aldehyde
groups. This is because the chemical modification with
GLA [42] results in negative species to bind with Cu(Il)
[37,45]. Although a chitosan-grafted copolymer with PEG
can be used to recover cations from solution [46], this
results in greater water solubility, and therefore, there
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could be swelling [47,48]. However, note that the cumula-
tive amount of Cu(II) adsorbed increased with an increase
in flow rate, while the adsorption capacity (amount of
Cu(Il)/adsorbent loading) decreased. This result indi-
cates that the sorption of Cu(Il) took place primarily on
the adsorbent surface. The Cu(Il) adsorption started to
level off after 60 min of operation, and then approached
steady state conditions, after nearly 300 min of operation
(Fig. 6(c)). It appears that rapid uptake of Cu(II) occurred
at the beginning of operation, and the rate decreased there-
after and finally reached saturation.

A membrane study for three consecutive adsorption-
desorption cycles shows the stability of coated adsorbents on
the membrane surface and the ease of desorption. Desorption
of adsorbents can be successfully accomplished for three
consecutive cycles using 0.1 M H,SO, solution. The mech-
anism of desorption involves H* from H,SO,. The bound
Cu(II) undergoes both electrostatic and complexation reac-
tions, affected by the ionic strength of solutions [45,49]. Thus,
the electrostatic interaction between chitosan and Cu(Il)
becomes weaker, causing the release of adsorbed Cu(II) and
the adsorption sites to be evacuated. Similar desorption data
were also reported by Wambu et al. [50].

In addition, the membrane coating stability was eval-
uated based on the difference of the dry weight before
and after use of the coated membrane. Assuming that the
detachment during operation was the prime mechanism
for weight loss, it was found that the coating adhered to
the membrane surface quite well with most of the weight
losses occurred during the initial flow. At the flow rate of
2.5 mL/min, the weight loss after 180 min of operation was
about 15%. Additional loss of 3% occurred toward 300 min
of run time. The loss of weight during initial flow was sus-
pected to associate with the loose particles on the membrane
surface. At higher flow rate of 5.0 mL/min, the weight loss
was slightly larger of about 18% during the first 180 min.
Increasing run time to 300 min caused only 2% further loss
of weight.

3.3. Permeate flux

Fig. 7 shows the permeate flux evolution for vari-
ous adsorbents coated on a CM. As indicated, the flux is
inversely proportional to the thickness of adsorbent in
the order of CM > CMCN > CMCN-GLA > CMCN-PEG. A
rapid decline of flux occurred during the first 60 min and
slowly decreased thereafter until 100 min, then relatively
stabilized toward the end of the experiment at 300 min.
This initial decrease in flux may be due to the swelling of
chitosan, resulting in a reduced pore size and decreased
flux from the initial values. After 100 min, a slight decrease
in flux may be caused by membrane fouling and compac-
tion. CMCN-PEG has the lowest permeate flux, which
may be associated with a film-like morphology on the sur-
face and the hydrophilicity of the PEG, causing large film
swelling and reduced pore size [51]. The use of the hydro-
philic polymer PEG may, therefore, offer good filtration,
but with more resistance to flow. As reported by Jana et al.
[52], a slow decrease of flux may be due to a thicker chi-
tosan layer on the membrane surface, concentration polar-
ization, and membrane fouling.
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Fig. 7. Permeate flux of various adsorbents at: (a) 2.5 mL/min
and (b) 5.0 mL/min.

3.4. Breakthrough curves

The profile and slope of the breakthrough curves, as
indicated in Fig. 8, shows slight differences for the adsor-
bents. The CMCN-PEG saturated earlier than other adsor-
bents. The breakthrough times of all adsorbents decreased
with an increase in flow rate. At a high flow rate, Cu(II)
solution leaves the membrane before equilibrium occurs.
There is insufficient contact time for Cu(Il) adsorption,
leading to a low removal efficiency and uptake capacity.
[7,53,54]. This mechanism can be attributed to the fact that
earlier saturation leads to a shorter breakthrough time [55].
The results indicate that there was an overflow of the adsor-
bate in the membrane at a flow rate exceeding 5.0 mL/min.
The CMCN-GLA took a longer time to approach saturation.
This result indicates that the sorption occurred mainly on
the adsorbent surface.

3.5. Kinetic models

The kinetics study shows the adsorption capacity
of Cu(Il) onto several adsorbent-coated CMs, which is
described by the Thomas model. The R? values are in a
range of 0.920-0.990 and 0.880-0.972, at flow rates of 2.5
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Fig. 8. Breakthrough curves for various adsorbents at:
(a) 2.5 mL/min and (b) 5.0 mL/min.

and 5.0 mL/min, respectively. The coefficient of determi-
nation and model parameters are presented in Table 1
with variation of adsorbents and flow rates. Noticeably,
an increase of flow rate from 2.5 to 5.0 mL/min led to
a reduction of adsorption capacity for all adsorbents.
Although the Thomas model fits well all experimental
types and flow rates, good prediction of adsorption capac-
ity occurred only for CMCN and CMCN-GLA, at a low
flow rate of 2.5 mL/min. The great discrepancy between
the predicted and actual adsorption capacity for other
absorbents was probably due to a high superficial velocity.
For the CMCN-PEG, a poor prediction may be associated
with its solubility, which results in detachment of adsor-
bent from the supported membrane.

The earlier saturation occurred at higher flow due to an
increase of Cu(ll) mass transfer from the liquid film to the
adsorbent surface [7]. As the flow rate increased, the value
of g, decreased while k,, increased, which indicates that the
mass transport resistance decreases as a result of different
driving forces for adsorption between the adsorbent and
Cu(Il) [7,56]. This indicates that external or internal diffu-
sion is not the limiting step of mass transfer. On the contrary,
the mass transfer limiting step occurs in the first adsorption
stage due to surface reactions [57].
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Table 1
Characteristic parameters of the Thomas model for the adsorption of Cu(II) onto several adsorbents
Adsorbent Flow rate q, k,, Doz R?
(mL/min) (mg/g) (mL/mg-min) (mg/g)
CMCN 25 182.0 0.00054 184.7 0.972
CMCN-GLA 240.3 0.00053 265.0 0.923
CMCN-PEG 100.7 0.00048 179.9 0.880
CMCN 5.0 159.2 0.00220 93.6 0.920
CMCN-GLA 222.1 0.00190 183.6 0.990
CMCN-PEG 84.0 0.00170 45.9 0.986

4. Conclusions

A new hybrid nanosorption/ceramic microfiltration
membrane offers an alternative and efficient means for
Cu(Il) removal. The CM-coated CN, cross-linked with
GLA, shows the highest adsorption capacity of 240.3 mg/g,
for a flow rate 2.5 mL/min. The breakthrough curves were
dependent on flow rate and illustrated good performance
for CMCN-GLA. The experimental data correlated well
with the Thomas model. The membrane parameters can be
used for the design of treatment systems to remove Cu(II)
from wastewater. Desorption studies show the three cycles
of adsorption-desorption for CMCN, CMCN-GLA, and
CMCN-PEG.
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