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Abstract

In this study, graphene oxide/polyamidoamine G4 was used as a biocompatible nanocomposite adsorbent to adsorb di-
chromate ions. In alkaline solutions, dichromate ions changed to chromate ions which were not adsorbed on the surface
of adsorbent. Thus, experiments were carried out in acidic and neutral water solution. Under these conditions, adsorp-
tion sites of adsorbent were protonated by primary and ternary amine groups of adsorbent shown as -NH;" and -NHR,*
respectively that adsorbed dichromate ions through electrostatic interactions. Adsorption isotherms of dichromate on
graphene oxide/polyamidoamine G4 were obtained under various ionic strengths, pHs and temperatures. Isotherms
were analyzed by the adsorption isotherm regional analysis (ARIAN) model. The highest observed adsorption capacity
of this process was 246.7 mg g™! at pH = 0 and 318 K. Tests at pH = 2 showed that this process was endothermic. Adsorp-
tion kinetic experiments were carried out under various initial dichromate concentrations, pHs, temperatures, shaking
rates and ionic strengths and were analyzed by the kinetics of adsorption study in the regions with constant adsorption
acceleration (KASRA) model and intraparticle diffusion, ideal-second-order (ISO) and non-ideal process of adsorption
kinetics (NIPPON) equations. The four-region ARIAN and KASRA models using a series of equations can interpret ther-
modynamics and kinetics of interactions of adsorbent and adsorbate under different conditions, respectively. Pb>* Cd?,
Cr3* and tannic acid were separated by graphene oxide/polyamidoamine G4 from dichromate ions and the graphene
oxide/polyamidoamine G4 was recycled by using an alkaline solution.
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1. Introduction

The wastewater produced by industries like cosmet-
ics, tannery, petrochemistry, paper and food factories are
dangerous for life and pollution of water sources by them
is considered as one of most important threats for environ-
ment. There are different chemical, physical and biological
techniques for wastewater treatment and some of them are
filtration,! adsorption,? precipitation,® coagulation,* ion
exchange,” ozonisation,® aerobic’ and reverse osmosis®
which most of them are not economic and have a complex
nature. Among them, adsorbents used in adsorption
method are high efficient, mostly recyclable and low cost
compared with other treatment methods.

Polyamidoamine (PAMAM) compounds are envi-
ronment friendly dendrimers®!? and some application of
them are using them as drug delivery vehicles,!! dendrim-
er-drug conjugates,'> dendrimer/gene complexation,!®

size adaptive dendrimer clustered nanoparticles,'* cancer
gene therapy,!® as an anti-atrophic agent,'® anti-inflamma-
tory and anti-thrombotic agent,'” pulmonary drug deliv-
ery agents.!® PAMAM compounds are generally synthe-
sized from ethylenediamine and methyl acrylamide
through a divergent method.!*-?? These dendrimer struc-
tures grow outward by alternating between Michael addi-
tion reaction of the methyl acrylate molecule to amino-ter-
minated surface of a core initiator molecule
(ethylenediamine) that leads to an ester-terminated outer
layer (called half-generation) and then coupling of this
compound with ethylenediamine to produce an ami-
no-terminated surface (called full-generation). In this
work, the products of the subsequent syntheses were called
G-05G0,G0.5G1,G15G2,G25G3,G3.5and G
4 which G is an abbreviation for generation. PAMAM gen-
eration 4 (PAMAM4) like other integer or full generations
is an amino-terminated PAMAM dendrimer,?* Fig. 1.
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Fig. 1 A PAMAM4 dendrimer fragment

Graphene oxide (GO) films are two-dimensional
structures which are composed from ultra-thin layers and
have large surface areas. They were produced through the
modified Hummer method.?*?*> To produce GO, strong
oxidizing agents, like permanganate, make oxygenated
functionalities in the graphite structure and produce
graphite oxide. Graphite oxide is a hydrophilic compound
and can be exfoliated in water and some organic solvents
by sonication?® and monolayer or few-layer oxygen-func-
tionalized flakes of GO are produced in its dispersion. In
this work, GO was produced from sonication of graphite
oxide in DMF and in spite of graphite oxide, GO is not
toxic.?’ GO has applications in catalysis,”® nanocom-
pounds,?® energy storage,*® biomedical usages®' and poly-
mer composite materials.*?

PAMAM compounds are soluble in water and or-
ganic solvents like DMF and ethanol. Thus, in this re-
search, for using them as adsorbent, they should be im-
mobilized on an insoluble compound like GO. In this
work, a GO suspension in DMF and a solution of
PAMAM4 (an amino-terminated polyamidoamine) in
DMF were mixed and interactions like electrostatic and
dipole-dipole interactions between amine groups of
PAMAM4 and carboxyl groups of GO,? and hydropho-
bic and Van der Waals interactions between their func-
tional groups and physical entrapment of GO nanosheets
in PAMAM4 dendrimers produced graphene oxide/pol-
yamidoamine G4 nanocomposite (abbreviated as GO/
PAMAM4) which was a stable precipitate in the used
temperature and pH range.

Potassium dichromate that produces dichromate
(DC) ions and in this work was considered as a pollutant,
is an anjonic dye used as an oxidizing agent and analytical
reagent in different laboratory applications, an etching
material and for cleaning glassware, tannery,* photogra-
phy and printing.>*

As-synthesized GO/PAMAM4 was characterized by
FTIR, XRD, BET, SEM and EDS techniques Authors ana-
lyzed effects of different parameters like pH, temperature,
ionic strength, shaking rate, DC concentration and time
on adsorption capacity of GO/PAMAM4 for DC. Kinetics
and thermodynamics of adsorption of DC on GO/
PAMAM4 were studied by the KASRA and ARIAN mod-
els and ISO and NIPPON equations. Hereafter, in this
work, neutral water is called water.

G4

2. Materials and Methods

2. 1. Chemicals

Potassium dichromate (K,Cr,0-) (>99.9%), sodium
nitrate (299%), potassium permanganate (>99%), sodium
chloride (>99.5%), sodium hydroxide (>98%), hydrochlo-
ric acid (37%), concentrated sulfuric acid (98%), hydrogen
peroxide (30%), methanol (299.9%), ethanol (299.9%),
ethylenediamine (299%), methyl acrylate (=99%), N,N-di-
methylformamide (DMF) (299.8%), lead nitrate
(Pb(NO3),) (99%), chromium nitrate (Cr(NO;),.9H,0)
(99%) and cadmium nitrate (Cd(NO;),.4H,0) (98%) were
purchased from Merck. Graphite powder (<20 pum) and
tannic acid was purchased from Sigma-Aldrich. All chem-
icals were used without further purification.

2. 2. Instruments

Pore Size Micrometrics-tristar 3020 equipment (to
obtain BET isotherms), Malvern Zetasizer instrument (to
obtain zeta potential), PerkinElmer Frontier FTIR spec-
trophotometer, Rigaku D-max C III X-ray diffractometer
(XRD) using Ni-filtered Cu-Ka radiation (\ = 1.5406 A),
MIRA3 TESCAN instrument at 15 keV used to take FES-
EM (field emission scanning electron micrograph) and
EDS (energy dispersive X-ray spectroscopy) spectra.

2. 3. GO Synthesis

35,36

By following the published procedure,>-°® graphite
oxide was prepared through a modified Hummer’s meth-
0d.2>?* Then, GO was made by sonication of graphite ox-
ide for 30 min in DMF and at room temperature.

2. 4. PAMAM4 Dendrimer Synthesis

PAMAM4 dendrimer was synthesized using methyl
acrylate and ethylenediamine, based on published meth-
0ds.!722 Similar to our earlier works with generation 2 of
PAMAM,*>% the first synthesized PAMAM generation
was named G -0.5 and after that G0, G0.5,G 1,G 1.5, G
2,G2.5,G 3,G 3.5 and G 4 compounds were prepared.

2. 5. GO/PAMAM4 Synthesis

The GO/PAMAM4 was synthesized based on the
procedure used for GO/PAMAM2 synthesis.>3” 5 g of
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PAMAM4 was dissolved in 20 ml of methanol and then
was poured dropwise to a round-bottomed flask including
a solution of 1 g GO in 120 ml of DMF (formerly dissolved
in DMF by 25 min sonication) stirred in 600 rpm. Then,
the solution was refluxed at 80 °C for 24 h. After this step,
GO/PAMAM4 was separated from solution by centrifug-
ing its solution in 6000 for 10 min. Then, 50 ml ethanol
was added to GO/PAMAM4 and was centrifuged in 6000
rpm for 15 min. This step was carried out for four times.

2. 6. The XTT Cell Viability Assay of GO/
PAMAM4

The XTT cell viability assay offers a straightforward
technique for assessing cellular metabolic activity as a sign
of cytotoxicity of GO/PAMAM4. The succinate-tetrazoli-
um reductase system, which is exclusive to metabolically
active living cells, reduces XTT (2,3-Bis-(2-Methoxy-4-
Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide),
a tetrazolium derivative, into a water-soluble orange prod-
uct. The quantity of live cells in the sample determines how
much orange product is produced. The total amount of
mitochondrial dehydrogenases in the sample decreases as
the number of live cells decreases. The absorbance, which
measures the quantity of orange formazan generated, di-
rectly coincides with this drop. Tumor cell lines used were
Hep2, Vero cells and human hepatoma G2 (HepG2)
cells.33 Details of this test were explained in Supporting
Information, Fig. S1.

2. 7. Adsorption Isotherms and Kinetic Tests

Adsorption experiments were carried out by adding
10 mL of DC solutions with different initial concentrations
t0 0.0015 g of GO/PAMAMA4. The solutions were shaken at
100 rpm in a temperature-controlled water bath shaker
(Fater electronic Co., Persian Gulf model) at 308, 318 and
328 K within +0.1 K for 6 h to reach equilibrium. The ini-
tial concentration ranges of DC were 1 X 107°-2 x 10+ M.
After completion of adsorption, DC concentrations were
measured by a UV mini 1240V Shimadzu spectrophotom-
eter at its maximum wavelength values. The A,,,, value of
DC at pHs of 0-6 (neutral water), was 350 nm. In alkaline
pHs, DC ion changed to chromate ion and its A, value
was 375 nm. DCadsorption capacity on the GO/PAMAM4,
q. (mg g1), was calculated using the following relation

(g —c )My 1)

Te =" 1000 w

where ¢, and ¢, are the initial and equilibrium concentra-
tions of adsorbate in each solution (M) respectively, M is
the molecular weight of adsorbate (mg mole™!), v is the
volume of solution (mL) and w is the weight of the used
adsorbent (g).

To carry out adsorption kinetic experiments, 0.0015
g GO/PAMAM4 samples were added to 10 mL of DC solu-

tions. In this series of experiments, initial concentrations
of used DC solutions were 5 x 107>, 1 x 10 and 2 x 107
M. These solutions were shaken at 40, 70 and 100 rpm in a
temperature- controlled water bath shaker (Fater electron-
ic Co., Persian Gulf model) at 308, 318 and 328 K and dif-
ferent ionic strengths and pHs. The DC residual concen-
trations in the solutions were measured at various contact
times during the adsorption process, by a UV mini 1240V
Shimadzu spectrophotometer at their values. To calculate
adsorption capacity of DC on on GO/PAMAM4, g, (mg
g 1), the following relation was used

(e, — ¢, )My
1000w

(2)

where ¢; and ¢, are adsorbate concentration (M) at time ¢
and the adsorption capacity at time ¢ (mg g™!), respectively.

2. 8. Adsorption Isotherms and Models

Thermodynamics of adsorption was analyzed using
adsorption isotherms. Adsorption isotherms were studied
by the ARIAN model which is an abbreviation for "ad-
sorption isotherm regional analysis model".*%*! This model
was introduced by Samiey*® and is used for analysis of ad-
sorption isotherms up to four regions (I to IV). In this
work, isotherms included regions I, II and IV, and we ex-
plained about them. A comprehensive explanation about
the ARIAN model was written in Supplementary Infor-
mation. The region I of the ARIAN model is studied by
the Henry’s law:

qe = Kc, (3)

where there is a linear relation between adsorbate concen-
tration and adsorption capacity and K is the binding con-
stant of adsorbate on the adsorbent surface. This equation
studies the most active adsorption sites. In this model, re-
gion II starts from the starting second region concentration
(abbreviated as ssc) point. In region II, monolayer adsorp-
tion happens and is analyzed by an appropriate isotherm
such as the Temkin equation, etc. The Temkin equation*?
is written as

Ge = 1 In(cyce) (4)

where ¢, is a constant and ¢, is adsorption equilibrium
constant.

The region IV of this model begins where the ad-
sorption capacity reaches the maximum, showing a pla-
teau on the isotherm, or where the isotherm starts to go
down.*® Here, region IV showed the maximum. Depend-
ing upon the features of adsorbate and adsorption sites,
two or more sub-regions may be observed in each of re-
gions II or IIT or IV of an adsorption isotherm. Each of
these sub-regions are called a section and are character-
ized as IIA, IIB,... for the purpose of differentiation.
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Fig. 2. Typical adsorption isotherms of DC on mesoporous adsorp-
tion sites of GO/PAMAMA4 in different regions according to the AR-
TAN model

Typical adsorption isotherm of DC on GO/PAMAM4
based on the ARTAN model was shown in Fig. 2.

2.9. Adsorption Kinetic Models and
Equations

There are several equations for study of adsorption
kinetics. The intraparticle diffusion equation*® is written as

q, = dzfrﬂj +1 )

where kg is the rate constant for intraparticle diffusion
and I is the boundary layer thickness.

The KASRA model and KASRA equation**~* were
used for analysis of the adsorption kinetics, too. KASRA is
an abbreviation for “kinetics of adsorption study in the re-
gions with constant adsorption acceleration”. The KASRA
model is based on the three assumptions for adsorption of
an adsorbate species on an adsorption site: (1) each time
range that adsorption acceleration in it is constant, is
called a "region”, (2) there are two regions before reaching
the plateau region, and (3) the boundary between the first
and second regions is named starting second region (abbre-
viated as ssr) point and that of between the second and
third (plateau) regions is named kinetics of adsorption ter-
mination (abbreviated as kat) point. ssr and kat points are
determined by the KASRA equation***> which is given as
follows:

1 5 1 2
q, = Ea,f‘ + vy, —aty )t +q,, — Ea,fu‘_ — (v, — @, )y, (10)
where ¢, vy; and t,; are q,, velocity and time at the begin-
ning of the ith region, respectively and a; is the accelera-
tion of adsorption kinetics in the ith region whereas i =
1-3. Each g, is a negative value because during adsorption
process the adsorbate concentration decreases. In the first
region, ty; and g, are equal to zero. The second region be-
gins from ssr point which is assigned with the coordinates
to» and qq,. Finally, plateau (third) region starts at the equi-

librium time, ¢,, and equilibrium adsorption capacity, g,
which are coordinates of kat point. In this region, vy; = a3
=0, ty; = t,and qy3 = g, and Eq. (10) is simplified to g; = q..
Due to different features of the first and second regions,
parameters obtained for these two regions like rate con-
stants are different from each other.

In this work, to avoid confusion in relation to the re-
gions in isotherms and kinetic curves, kinetic regions are
shown using numbers like region 1, etc. Typical adsorp-
tion kinetic curves of DC on GO/PAMAM4 based on the
KASRA model were shown in Fig. 3.

(te,Ce.0e)

q:(mg g)

t (time)

Fig. 3. Typical adsorption kinetic diagrams of DC on mesoporous
adsorption sites of GO/PAMAM4 at pH = 2 based on the KASRA
model

The ideal-second-order (or abbreviated as ISO) equa-
tion® is given as

— ko
In[—q" q’}———’“ 1A 11)
ac q,.

i
where k; = k?q.?” k; and k7 are the first- and second-order
adsorption rate constants of the ISO equation in each re-
gion and are in M~! mg g”! min™! and M~! min!, respec-

My

. e -
tively and 4= [ﬂ] (where a = /0

), v is the volume

of solution (ml), w is the weight of the used adsorbent (g)
and M is the molecular weight of adsorbate (mg mole™).
As referred before, based on the KASRA model,
there are two regions in adsorption kinetic curves before
reaching the plateau which result from non-ideality in ad-
sorption process. In the first one, completely ideal adsorp-
tion happens on the bare surface of adsorbent. The pro-
gressively changes occurred on the surface of adsorbent in
region 1 finally result in emerging another ideal region
(region 2) in which adsorption carries out on a partly ad-
sorbate-covered surface. Using the ISO equation shows
that region 2 is composed from two another ideal parts
that are named 2a and 2b. The first part of the second re-
gion, 2a, begins after ssr point and the second one, 2b,
starts after starting second part (or abbreviated as sp) point
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and ends at the kat point.** Detailed explanation of the
ARIAN model equation was written in Supporting Infor-
mation.

If the ISO rate constant of a step obeys Arrhenius
equation, that step is adsorption- or reaction-controlled
and otherwise it is called diffusion-controlled. As referred
above, in some adsorbents, there are two or more different
adsorption sites which lead to observing two or more suc-
cessive adsorption kinetic curves in an adsorption kinetic
diagram. In these cases, region 1, (completely ideal) is only
observed in the first adsorption kinetic curve,* Fig. 3. De-
tailed explanation of the ISO equation was written in Sup-
porting Information.

The NIPPON equation is used to determine the ex-
act nature of the boundary of adjacent regions obtained
from the KASRA equation.*’” The NIPPON equation is
written as

gl =kn(1+1¢t)+cte (12)
where cte = g%, + k In(1 + t,). g%, k and ¢, are adsorption
capacity, rate constant and time in the starting point of the
assumed time range, respectively. When t << 1 we have
In(1 + t) = t and then

qt =kt (13)

Dimension of natural logarithm argument, 1 + ¢, is

time

in m Equation (12) was derived and introduced

by Samiey,” and was called “non-ideal process of adsorption
kinetics equation” or abbreviated as the NIPPON equation.
NIPPON is a Japanese name of Japan and means the origin
of sun. By taking the first and second derivatives of the
NIPPON equation, non-ideal velocity and non-ideal accel-
eration adsorption kinetic equations, Egs. (14) and (15),
were obtained respectively. These equations are as follows
.k

LS (14)
L+1

k
(1+1t)?
where vYand a were non-ideal velocity and acceleration

of adsorption of adsorbate, respectively. On the other
hand, at t = 0, v§ = k and a¥ = -k and at ¢ = ¢, we have

ay

(15)

N _1: -
Vg —lll'nm —O (16)
f—c0
a¥ =—lim =0 17)
(1+9)?*
[ —>00

where VY and a were non-ideal velocity and acceleration
of adsorption of adsorbate at t = t,, respectively. In initial
time ranges of adsorption process, adsorption is ideal and

may comply with the KASRA equation. Detailed explana-
tion of the NIPPON equation was written in Supporting
Information.

3. Results and Discussion
3. 1. Characterization of GO/PAMAMA4

BET nitrogen adsorption- based isotherms were
used to calculate the surface area of as-synthesized GO/
PAMAM4 and DC-adsorbed GO/PAMAM4 BET samples
obtained at pH = 2, Fig. S1. BET isotherms on these tests,
were Type IV and based on them, GO/PAMAM4 was a
porous material, Fig. S2.

Based on the BET isotherms, the BET surface area,
adsorption average pore diameter (by BET) and pore vol-
ume were 17.41 m? g1, 5.52 nm, 0.033 cm? g~! for as-syn-
thesized GO/PAMAM4 and 13.33 m? g, 5.47 nm and
0.029 cm? g! for DC-adsorbed GO/PAMAM4 at pH = 2,
respectively. As reported before,*® the surface area of GO is
9.10 m? g! and doubling the surface area in GO/PAMAM4
verified more exfoliation of GO layers during synthesis of
GO/PAMAMA4.

Data obtained from BET surface area measurements
of GO/PAMAM4 showed that its pores were mesopore
which involved in adsorption process. The obtained hys-
teresis loops of these BET isotherms were H3 which were
ascribed to aggregates (loose assemblages) of platelike par-
ticles (GO layers) forming slit-like pores.*

IR spectra of as-synthesized GO, PAMAM4 and GO/
PAMAM4 compounds and GO/PAMAM4 samples were
taken under various experimental conditions by using KBr
pellet technique, Figs. 4(a)-4(h). In the IR spectrum of
GO, peaks at 3090.0, 1727.3, 1653.8 and 1097.8 cm™! were
assigned to the vibration modes of -OH, -COOH, C=0
and C-O groups,” respectively, Fig. 4(a).

In FTIR spectrum of PAMAMA4, Fig. 4(b), the peak
at 3621.7 cm™! was assigned to stretching vibration
modes of ~OH groups of methanol impurity and 3336.5
cm™! was attributed to -NH, group and the peak at
1564.2 cm™! was assigned to the amide C=O group
stretching vibration modes, respectively.?>>1:52 The peaks
at 2867.0 and 1488.9 cm™! were assigned to the stretch-
ing and bending vibration modes of aliphatic CH, group
and peak at 1186.9 cm™! was attributed to ternary amine
stretching vibration modes respectively.>! Lack of peak
at 1740.0 cm™! assigned to carboxyl C=0O group pro-
posed formation of PAMAM4 from its 3.5 half genera-
tion.

FTIR spectrum of GO/PAMAM4 showed peaks at
1560.0 cm™! (assigned to ~-CONH- of PAMAM4), 2839
cm™! (attributed to aliphatic CH, group of PAMAM4)>?
and 3209.5 cm™! (assigned to —~OH group of GO) con-
firmed that the PAMAM4 was grafted onto the flakes of
GO, Fig. 4(c). This information showed that GO/PAMAM4
was synthesized successfully.
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Fig. 4. IR spectra of (a) as-synthesized GO, (b) PAMAM4, (c) GO/
PAMAM4 and DC-adsorbed GO/PAMAM4 samples at pHs of (d)
1, (e) 2, (f) 3, (g) 6 (water) and (h) 11

Peaks of -NH- part of amide groups in FTIR spectra
of DC-adsorbed GO/PAMAM4 at pHs of 1, 2, 3, water and
11 appeared at 1563.9, 1567.5, 1565.0, 1563.3 and 1560.3
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Fig. 5. XRD spectra of (a) as-synthesized GO, (b) as-synthesized

GO/PAMAM4 and DC-adsorbed GO/PAMAM4 samples at pHs of
(c) 1, (d) 2, (e) 3, (f) 6 (water) and (g) 11

cm™! were approximately similar to those of as-synthe-
sized GO/PAMAM4 that confirmed that -NH- part of
their amide groups didn't interact with DC ions, Figs.
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Fig. 6. FESEM images of (a) pristine GO/PAMAM4 and DC-adsorbed GO/PAMAM4 at pHs of (b) 1, (c) 2, (d) 3, (e) 6 (water), (f) 11, (g) and (h)
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4(d)-4(g) which was due to their involvement in reso-
nance forms of amide group. Also, as seen in Figs. 4(c)-
4(g), the IR spectra of the adsorbent in the pH range of
1-11 were very similar to each other that confirmed that
the GO/PAMAM4 was stable in the pH range of 1-11 in
the presence of DC.

Crystalline structure of as-synthesized GO, GO/
PAMAM4 and GO/PAMAM4 and several DC-adsorbed
GO/PAMAM4 samples were obtained under different ex-
perimental conditions, Figs. 5(a)-5(g). The weak peak of
as-synthesized GO at 20 of 9.9° was attributed to (002)
crystal planes® and broad peak appeared at 26 of 21.3° was
attributed to amorphous GO,>® Fig. 5(a). Broad peak of
pristine GO/PAMAM4 and DC-adsorbed GO/PAMAM4
samples at 20 of 21.9° was assigned again to the amor-
phous exfoliated structure of graphitic layers of its GO part
and peak observed at 26 of 9.9° of its GO part disappeared
due to its exfoliation after interaction with PAMAM4 den-
drimer, Figs. 5(b)-5(g). Peaks of XRD spectra of DC-ad-
sorbed GO/PAMAM4 at pHs of 1, 2, 3, water and 11 ap-
peared at 20s of 21.9° and were similar to each other which
confirmed that GO/PAMAM4 structure was stable under
used conditions, Figs. 5(b)-5(g).

Images of as-synthesized GO/PAMAM4 and its sam-
ples were taken at various pHs, Figs. 6(a)-6(h) and Fig. S3.
It was shown that average thickness of GO was 23.94 nm,
Fig. 6(h) and that of PAMAM4-covered GO layers in pris-
tine GO/PAMAM4 was 20.32 nm which confirmed that
GO/PAMAM4 was a two-dimensional nanocompound,
Fig. 6(a). Decrease in thickness of GO layers of GO/
PAMAM4 and change in morphology and decrease in
glossiness of GO/PAMAM4 layers, Fig. 6(a), compared to
those of GO, Fig. 6(h), verified formation of GO/PAMAMA4.
It was observed that PAMAM4 dendrimers surrounded
GO nanosheets surface and GO/PAMAM4 was formed
through electrostatic, dipole-dipole and Van der Waals in-
teractions between their functional groups.?> Also, as seen
in Figs. 6(a)-6(f), morphologies of GO/PAMAM4 in the
pH range of 1-11 were similar to each other.

EDS (energy dispersive X-ray spectroscopy) spectra
of pristine GO, pristine GO/PAMAM4 and DC-adsorbed
GO/PAMAM4 samples were taken under different experi-
mental pHs and confirmed that DC ions did not adsorb on
GO/PAMAM at pHs upper than 6, Table 1.

Also, it was observed that treatment of Hep2, HepG2
and Vero cells with GO/PAMAM4 in XTT assay had no
toxic effect on the cells compared to the control group and
showed that GO/PAMAM4 was an eco-friendly com-
pound, Supporting Information, Fig. S1.

Information obtained from IR, XRD, SEM, EDS and
BET techniques verified synthesis of GO/PAMAM4 nano-
compound.

3. 2. Adsorption Isotherms of DC on GO/
PAMAM4

As seen in Fig. 7, DC ions were changed to chromate
ions in pHs higher than 6 (water) and our investigation
showed that adsorption on the surface of GO/PAMAMA4
happened till pH of 6. It confirmed that only DC ions were
adsorbed on the surface of GO/PAMAM4. Adsorption
isotherms of this process were studied by the ARIAN
model at 308-328 K, various ionic strengths and pHs, Ta-
bles 2 and 3 and Fig. 8.
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Fig. 7. UV-Vis spectra of DC at pHs of 0, 2, 3 and 6 and those of
chromate ions at pHs of 11, 12 and 13 at room temperature. All tests
were carried out using 0.2 mM solutions of

As referred before, Figs. 3(c)-3(g), amide groups of
GO/PAMAM4, due to formation of resonance forms and
involvement of their -NH- part in these forms did not
interact with DC ions at pH range of 1-6.

In neutral aqueous (pH = 6) and pH = 3 solutions of
DC ions, only acidic form of primary amine groups of GO/

Table 1. Elements weight percentage (W%) of as-synthesized GO/PAMAM4 and DC-adsorbed GO/PAMAM4 samples under

various pH conditions obtained from their EDS spectra

Element GO  As-synthesized DC-adsorbed GO/PAMAM4 at
GO/PAMAM4 pH=1 pH=2 pH=3 water pH=11 pH=12 pH=13

C 823 61.2 54.5 62.5 55.3 64.4 64.2 62.9 60.1
N - 14.3 21.4 16.9 22.1 17.9 20.6 21.2 22.1
(@) 17.7 24.5 19.5 18.5 21.2 17.3 14.7 15.1 16.6
Cl - - 4.1 1.4 0.9 - - - -

Cr - - 0.5 0.7 0.5 0.4 - - -
Na - - - - - - 0.5 0.8 1.2
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Table 2. Parameters obtained from the Henry and Temkin isotherms of different regions (I and II) and sscy, qea> SScp and g p values for adsorption
of DC on GO/PAMAMA4 in water, acidic and alkaline solutions at 308-328 K

Solvent T Henry (region I) Temkin (section ITA) Temkin (section IIB)
(K) K SSCy Dssca C2 Sscp 9sscB C2 Cinax Ge,max
DC on -NHj7 site DC on -NHj site DC on -NHR; site
pH=0 318 2.06x10° 0.016 46.8 1.02x10° 0.029 100.1 5.66x10% 0.074 246.7
pH=1 318 5.58x10° 0.010 58.6 2.36x10° 0.039 159.1 2.07x10° 0.075 206.2
pH=2 308 4.09x10° 0.010 39.8 2.66x10° 0.034 89.7 1.05x10° 0.095 165.2
318 6.95x10° 0.006 46.0 3.44x10° 0.021 114.7 2.22x10° 0.086 222.6
328 2.44x107 0.003 72.5 1.91x10° 0.013 131.6 3.69x10° 0.056 242.7
0.1 M NaCl 318 1.20x10° 0.037 45.1 5.26x10% 0.073 92.9 2.87x10% 0.121 154.9
pH=3 318 3.43x10° 0.015 50.1 9.87x10° 0.028 119.8 - - -
Water 318 6.55x10° 0.066 45.0 2.14x10% 0.014 141.1 - - -

Units of K and ¢, are in mg g™ M~ and M., respectively. Units of ssc4, sscg and ¢4, are in mM. Units of g4, Gsscp a0 Gy are in mg g™t At pHs
of 2 (in 0.1 M NaCl), 3 and water, due to lack of section IIB, section IIA is region IT and gg.p = g oy a0d SSC = gy

Table 3. Equilibrium constants (K) and thermodynamic parameters for adsorption of DC on GO/PAMAM4 in

water and at pH = 2 solutions at 308-328 K

pH 308K 318K 328K AH AS
K AG K AG K AG
2 (region I) 4.09x105 -39.0 6.95x105  —-40.3 2.44x107 -43.6 747 3679
2 (section IIA)  2.66x105 -32.0 3.44x10° -32.6 1.91x106 -37.0 821 3684
2 (sectionIIB)  1.05x10° -29.6 2.22x105 -315 3.69x10° -32.8 529  268.0
300 300
opH=0 & 318 K|
250 | (@) & i & 250 | (D) e pH=1 & 318 K
A A
- H=3 & 318 K|
o 200 | o " 5 200 i
g A - o = pH=6 & 318 K
= 150 | g g B0 0o > 150 | at +
o [ i & o E Sl mEnN
™ =z : 100 | _+o0 "
100 & O[> pH=2, 308K " + a "
s b o |apH=2,318K s | % . "
5 R opH=2, 318 K 4_ g "
2 ey ) 0 pH=2, 318 K, 0.1M NaCl R : ; g
. S s e 0 0.05 0.1 0.15 0.2
€. (mM) ¢, (mM)

Fig. 8. Adsorption isotherms of DC on GOPAMAM4 (a) at pH = 2 and at @ 308 K, A 318 K, & 328 Kand [0 in 0.1 M NaCl at 318 K and (b) at pHs
of O 0, ® 1, + 3 and M 6 (water) at 318 K. All tests were carried out at 100 rpm

PAMAM4, -NH7 groups, are its adsorption sites for DC
ions. Hydrogen atom of these groups interact with oxygen
atom of DC ions. Analysis of adsorption isotherms at these
pHs by the ARTIAN model showed that they were formed
from regions I and II which were studied by the Henry and
Tembkin isotherms, respectively, Table 2.

At each pH value, due to steric hindrance of ad-
sorbed molecules and an increase in negative charge of
adsorbent surface, adsorption equilibrium constants de-
creased from region I to region II. As reported before,
PAMAM generations are positively charged at water® and
adsorbent surface potential became more positive with a
decrease in pH of solutions.”® As measured at this work,

pH of point of zero charge (pHpyc) of GO/PAMAM4 was
3.9 and a decrease in pHs of DC solutions from pH of 6
(water) to 3 made more positive the surface potential of
GO/PAMAM4, Fig. 9 and resulted in an increase in ad-
sorption equilibrium constants in regions I and II of pro-
cess at pH of 3 compared to that at pH of 6. On the other
hand, this caused stronger interactions between these pro-
tonated ternary amine and amide groups of PAMAM4
dendrimers which made its structure more compact and
decreased adsorbent capacity.3¢->7->8

At pH =2, due to the repulsion between primary and
tertiary amines of PAMAM4 dendrimer, its structure was
opened™ and as observed, -NR,H* groups could adsorb

Moghadam et al.: Graphene Oxide/Polyamidoamine G4 as a High Efficient ...
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Fig. 9. Zeta potential vs. pH for GO/PAMAM4
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DC ions. Due to steric hindrance of big R groups of -
NR,H* groups, lower tendency for attachment to proton
and more hydrophobicity character of ternary amines
compared to primary amines, electrostatic interactions of
DC ions with -NR,H" groups (region I) were weaker than
that with -NHj groups (region II) of adsorbent, Table 2.
At this pH, isotherms were composed from regions I
and section IIA for adsorption of DC ions on -NH7{ and
section IIB for adsorption of DC ions on ~-NR,H* adsorp-
tion sites, respectively. The adsorption processes in all these
three regions were endothermic that was due to hydropho-
bic interactions of DC ions with opened adsorbent structure
and their entropy changes were large positive numbers

which was due to disorder in the adsorbent structure and
detaching water molecules from adsorption sites during ad-
sorption process, Table 3. In 0.1 M NaCl solutions of DC at
pH =2 and 318 K, the equilibrium adsorption constants and
adsorption capacity of this adsorption process decreased
compared to their values at pH =2 and 318 K which was due
to surrounding effect of Na* ions on DC ions.

Like pH = 2, at pHs of 0 and 1, DC ions interacted
with -NHJ{ (analyzed by the Henry and Temkin iso-
therms) and -NR,H* (analyzed by the Temkin isotherm)
groups of adsorbent and adsorption capacities of DC ions
on GO/PAMAM4 decreased with a decrease in pH from 2
to 1, due to formation of HCr,O7 from a number of DC
ions (pKa = 1.18)°* and increased with a decrease in pH
from 1 to 0 which was due to a highly increase in positive
charge of adsorbent surface®, Fig. 9. Mechanism of ad-
sorption of DC on GO/PAMAM4 in different pH ranges
was shown in Fig. 10.

As seen from XRD and IR spectra and SEM images
of pristine GO/PAMAM4 and DC-adsorbed GO/
PAMAM4 at different pHs, structure of adsorbent is stable
under different conditions in these series of tests, Figs.
4-6.

At the end, adsorption capacities of a number of ad-
sorbents for potassium dichromate were shown in Table 4
and as it is evident, adsorption capacity of GO/PAMAM4
for DC is higher than most of other adsorbents used for
this purpose.®!-¢7

Table 4. Maximum adsorption capacity (g, ,.,) of DC on a number of compounds

Adsorbent pH T (K) Gemax (Mg g Reference
Graphene oxide-magnetic 2 298 3.2 61
Carboxyl-rich carbon nanocomposite 1 298 142.9 62
Zr** cross-linked magnetic chitosan/polyaniline composite 2 298 4914 63
MCM-41-AEAPTMS-Fe(III)Cl 3 298 84.9 64
Meidum black clay and pomegranate peel extract 2 323 78.1 65
Mag@LDH-ER 7 298 54.7 66
Chitosan 5 298 7.4 67

GO/PAMAM4 0 318 246.7 This work

2- 2-
Cl’207 Cr207 Cr207
"\)ok I 207 ’\)k ! ’\)k
H H NH; 7 H (pH=0-2)
3 > N
Go“"\’f\x S'.A"!L/\;kHN Goﬂ'ﬁ\’ﬁ\_N /\”\_)»
CrgO%
(o] o & v
+ Cr =3—
N/\)k z\,N’\/u\ AN 20?’ fo\/u’\)k /\)k MH3 (pH=3-6)
cor N~ \_5’ N L}' N “r \—Br

Fig. 10. Schematic representation of adsorption of DC on GO/PAMAM4 in different pH ranges
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3. 3. Adsorption Kinetics of DC on GO/
PAMAM4

Kinetics of DC adsorption on GO/PAMAM4 surface

was studied in different initial DC concentrations, temper-
atures, ionic strengths, shaking rates and pHs. Kinetic
curves were analyzed by the KASRA model and ISO, intra-
11 and 12 and Tables 5-7. Analysis of the kinetic curves by
the KASRA model and intraparticle diffusion equation

particle diffusion and NIPPON equations, as given in Figs.

and in each curve there were two regions (1 and 2) and
their accelerations and velocities of adsorption and k¢ val-

showed that they were composed from one or two curves
ues decreased from region 1 to region 2. This is due to a

charge of adsorbent surface and spatial hindrance on ad-

decrease in DC concentration and an increase in negative
sorption sites due to adsorbed DC ions.

6 (neutral aqueous solu-

tions) and pH = 3 DC solutions, -NH3 groups of GO/

PAMAM4 adsorbed DC ions. In each of these cases, the ini-

As referred before, at pH

tial DC concentration was 0.2 mM which was on the plateau
of their isotherm and was involved all interactions between

300
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2 at < 308, — 318 and O 328

K. All tests were carried out at 100 rpm and in [DC], = 0.2 mM
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Fig. 11. Adsorption kinetic curves of DC on GOPAMAM4 at pHs of

€0, A land+3at318Kand at pH
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Fig. 12. Adsorption kinetic curves of DC on GOPAMAM4 ¢ at pH

200

100

6 and in [DC]y = 0.2 mM and 100 rpm and O pH =2in 0.1 M

NaCl and [DC], = 0.2 mM and 100 rpm and + at pH

2,70 rpm

2,40 rpm and in [DC],=0.2

2,in [DC],=0.05 mM and 100 rpm and x at pH

2,in [DC], = 0.1 mM and 100 rpm

and in [DC], = 0.2 mM and O at pH

mM and @ at pH
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Table 7. Non-ideal adsorption acceleration and velocity parameters for the NIPPON curves from analysis of adsorption of DC on GO/PAMAM4 at
different temperatures, various pHs, shaking rates and in various initial DC concentration

Solvent T [DC], rpm First NIPPON curve Second NIPPON curve Third NIPPON curve
(K) (mM) al}lc v.l\){c tsc 9sc algc vl\s’c ttc 9tc abt]c Vl\tlc
pH=0 318 0.20 100 -15.65 1565 15 41.9 -0.03  4.67 45 121.2 -0.03 1.15
pH=1 318 0.20 100 -30.04 30.04 10 72.6 -0.28 3.07 120 146.6  -0.004  0.51
pH=2 318 0.05 100 -6.64  6.64 20 20.1 -0.05 0.98 - - - -
318 0.10 100 -12.39  12.39 5 21.3 -0.62 3.96 90 85.0 -0.005  0.48
308 0.20 100 -16.81 16.81 20 48.6 -0.09 1.83 120 1156  -0.003 041
318 0.20 100 -16.04 16.04 5 28.7 -0.86  5.18 90 1144 -0.01 0.86
328 0.20 100 -21.20 21.20 5 28.4 -0.04 1.26 60 130.3 -0.02 1.33
318 0.20 70 -13.87 13.87 6 24.6 -0.98 5.85 60 106.7 -0.01 0.84
318 0.20 40 -12.87 1287 10 30.7 -0.33 3.68 150 1342  -0.003 043
0.1 M NaCl 318 0.20 100 -15.67 1567 20 45.9 -0.07 1.50 - - - -
pH=3 318 0.20 100 -12.84 1284 30 434 -0.04 1.17 - - - -
Water 318 0.20 100 -15.17 1517 15 42.5 -0.18  2.83 - - - -

Units of al}, a'\; and a%}, were in mg g~ hour2, v, v}l and v}, were in mg g™! hour™! and t,. and t,. were in min and q,. and g, were in mg g, respec-
tively. Subscripts fc, sc and tc are abbreviations for starting first, second and third curves, respectively.

At pH =0, a small movement was observed in bound-
aries of regions 1 and 2 in first curve and between the first
and second curves obtained from the KASRA model.

Boundary between regions 1 and 2 of the only curve
in 0.05 mM of DC at pH = 2 and 318 K and boundary be-
tween the first and second curves in 0.2 mM of DC at pH
= 2 and 328 K obtained from the KASRA model disap-
peared which showed that in average the adsorption char-
acter of these regions were similar to each other. Also,
boundary between regions of 1 and 2 of the first curve in
0.1 mM of DC at pH = 2 and 318 K (obtained from the
KASRA model) disappeared and the boundary of the first
and second curves moved toward smaller time which
showed the character of these two curves was similar to
the second curve. In these three recent cases, boundaries
disappeared and characters of those regions became simi-
lar to each other due to a decrease in DC concentration
and an increase in temperature.

In 0.1 M NaCl of 0.2 mM of DC at pH = 2, inconsistent
with ideal results obtained from the KASRA model, there
were no boundaries between the first and second curves
which showed these regions were similar to each other.

At pH=2 at 70 rpm, boundaries of the first and sec-
ond curves moved to smaller times compared to those ob-
tained from the KASRA model which showed that proper-
ties of their boundaries were more similar to region 2a
than region 2b.

3. 4. Using GO/PAMAM4 for Selective
Separation of Metal Ions and Tannic Acid

In a series of tests, it was observed that some metal
ions, including Pb?**, Cr** and Cd** and also tannic acid
(TA) were not adsorbed by GO/PAMAM4 and was used
for separation of them from DC ions. These tests were car-
ried out at pH = 2 which resulted in a highly positively

charged surface of GO/PAMAM4 that adsorbed severely
DC ions and repelled the positively charged metal ions.
Concentrations of Pb?*, Cr** or Cd?* ions in mixed solu-
tions of these ions with DC before and after adding adsor-
bent to the solutions were measured by the Agilent 200
series AA atomic absorption spectrophotometer and it was
observed that only DC ions were adsorbed on GO/
PAMAM4. We used mixed solutions of 0.025 mM of DC
and 0.01 mM of each of above-mentioned ions and 0.006 g
of adsorbent at pH = 2. For example, the UV spectra of this
process for selective separation of Cr** from its mixture
with DC were shown in Fig. 13. Also, GO/PAMAM4 was
used to separate DC from tannic acid (TA), Fig. 14. pK, of
TA® is nearly 6 and at pH = 2, its phenolic hydroxyl groups
did not dissociate and thus was not negatively-charged and
did not have affinity to be adsorbed on GO/PAMAM4. As
seen from Fig. 15, due to adsorption of DC on GO/

—DC

Cr3+
= = DC +Cr3+

Cr3+ + GO/PAMA M4
=== DC + Cr3+ + GO/PAMA M4

Absorbance

A —m
200 250 300 350 400
Wavelength (nm)

Fig. 13. UV-Vis spectra of (1) 0.025 mM DC, (2) 0.01 mM Cr**, (3)
0.025 mM DC + 0.01 mM Cr?*, (4) 0.01 mM Cr** + 0.006 g GO/
PAMAM4 and (5) 0.025 mM DC + 0.01 mM Cr? + 0.006 g GO/
PAMAMA4. The volume of solution in each bottle was 10 mL. In all
solutions pH was 2 and tests were carried out at room temperature
and during one hour
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HO 0]
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HO (0] OH
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HO 0 OH
0
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Fig. 14. Tannic acid structure

-==DC
—_—TA
DC+TA
TA + GO/IPAMAM4
= = DC+ TA + GO/PAMANM4

Absorbance

Wavelength (nm)

Fig. 15. UV spectra of (1) 0.025 mM DC, (2) 0.05 mM TA, (3) 0.025
mM DC + 0.05 mM TA, (4) 0.05 mM TA + 0.006 g GO/PAMAM4
and (5) 0.025 mM DC + 0.05 mM TA + 0.006 g GO/PAMAM4. pH of
all solutions was 2 and tests were carried out at room temperature and
during one hour. The volume of solution in each bottle was 10 mL

PAMAM4, TA was separated completely from DC ions.
Some practical applications of separation of metal ions
and TA® were explained in supporting information.

3. 5. Recycling the Used GO/PAMAM4

According to results of our experiments, in alkaline
pHs, DC ions changed to chromate ions and as was ob-
served in the adsorption tests, chromate ions were not ad-
sorbed on GO/PAMAM4, Eq. (18). Thus, for recycling the
used GO/PAMAMY4, in a series of experiments at room
temperature, 15 mL of 0.1 M NaOH solution was added to
0.005 g used GO/PAMAM4 and after about half an hour,
adsorbent was washed with distilled water and the solu-
tion turned in yellow. It was observed that after three times
recycling, the adsorption capacities of the recycled GO/

PAMAM4 were about 92-95% of the as-synthesized GO/
PAMAMA4. Details of this process were explained in sup-
porting information.

Cr,027. .GO/PAMAMA4s) + 20H™ —
2Cr02- + H,0 + GO/PAMAM4) (18)
where Cr,07~ . .GO/PAMAM4, and GO/PAMAM4,
were the used and recycled adsorbents, respectively.

4., Conclusions

In this research, mesoporous GO/PAMAM4 nano-
compound was prepared from GO and PAMAM4 den-
drimer and was used as an eco-friendly adsorbent for di-
chromate (DC) ions. GO/PAMAM4 had two different
types of various adsorption sites which at pHs of 0, and 2
were protonated forms of primary and tertiary amine
groups of GO/PAMAM4 which were shown as -NH{ and
-NHRj, and at pHs of 3 and 6 were -NH7 groups. DC ions
interacted with these adsorption sites through electrostatic
interaction. It was observed that in alkaline solutions DC
ions changed to chromate ions and chromate ions were not
adsorbed on the GO/PAMAM4 surface.

Due to stronger interaction of -NHj groups and
their location on the end of PAMAM4 branches of adsor-
bent, at pHs of 3 and 6 DC ions interacted with them and
analysis of their isotherms by the ARIAN model showed
that they were composed from regions I and IIA and at
pHs of 0, 1 and 2 interacted first with -NH$ (composed
from regions I and ITA) and then with -NHR; groups (re-
gion IIB) which was due to opening the structure of
PAMAM4 at pHs of 0-2. Study of DC adsorption on this
adsorbent at pH = 2 showed that adsorption capacity for
DCions increased with an increase in temperature and the
process was endothermic. Maximum capacity for adsorp-
tion of DC ions was 246.7 mg g"! at pH = 0 and 318 K.

Adsorption kinetics of DC on GO/PAMAM4 was
studied by the KASRA model and intraparticle diffusion,
ISO and NIPPON equations. At pHs of 3 and 6, kinetic
curve was composed from regions 1 and 2 (due to adsorp-
tion on -NHJ sites) and at pHs of 0, 1 and 2 they were
formed from regions 1, 2a and/or 2b (for adsorption on -
NH}F sites) and 2a and/or 2b (for adsorption on -NHRJ
sites). At pH = 2, adsorption accelerations and velocities of
regions 1 and 2a and/or 2b of the first curve (obtained
from the KASRA model) and the value of kj; rate constants
of region 1 (obtained from ISO equation) for adsorption of
DC on -NHj sites increased with an increase in tempera-
ture, shaking rate and decreased with increasing ionic
strength.

kj, rate constants in the range of 308-328 K obeyed
from Arrhenius equation and thus adsorption in region 1
was adsorption-controlled. Analysis of kinetic data by us-
ing the NIPPON equation showed that boundaries of dif-
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ferent regions of kinetic curve(s), obtained from the KAS-
RA model, at pHs of 1, 3 and 6 (water) and also cases at pH
of 2 and 0.2 mM of DC at 318 and 328 K at 100 rpm and
318 K at 40 rpm were ideal and similar to those obtained
from the KASRA model. By using data of this research, we
can find the optimum condition for separating of DC from
wastewater produced in labs and also removing DC stains
from surfaces and clothes by this recyclable adsorbent.
Thus, during a series of tests some metal ions like Pb?+
Cd?* and Cr’*" and tannic acid (TA) were separated suc-
cessfully from their mixtures with DC ions. Finally, the
DC-adsorbed GO/PAMAM4 was regenerated by using an
alkaline solution.
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Povzetek

V $tudiji smo uporabili grafen oksid/poliamidoamin G4 kot biokompatibilen nanokompozitni adsorbent za adsorbci-
jo dikromatnih ionov. V alkalnih raztopinah so se dikromat ioni spremenili v kromatne ione, ki niso bili adsorbirani
na povrsini adsorbenta. Tako so bili eksperimenti izvedeni v kisli in nevtralni vodni raztopini. Pri teh pogojih so bila
adsorpcijska mesta adsorbenta protonirana s primarnimi in ternarnimi amino skupinami adsorbenta, prikazanimi kot
-NH;" in -NHR,*, ki so adsorbirali dikromatne ione z elektrostatsko interakcijo. Adsorpcijske izoterme dikromata na
grafen oksidu/poliamidoaminu G4 so bile pridobljene pri razli¢nih ionskih moceh, pH in temperaturah. Izoterme smo
analizirali z modelom regionalne analize adsorpcijske izoterme (ARIAN). Najvisja opazena adsorpcijska kapaciteta tega
procesa je bila 246,7 mg g1 pri pH = 0 in 318 K. Testi pri pH = 2 so pokazali, da je ta proces endotermen. Adsorpcijski
kineti¢ni eksperimenti so bili izvedeni pri razli¢nih zacetnih koncentracijah dikromata, pH, temperaturah, hitrostih stre-
sanja in ionskih moceh ter analizirani s kinetiko $tudije adsorpcije v regijah s konstantnim adsorpcijskim pospesevalnim
modelom (KASRA) in difuzijo delcev, z ena¢bo idealno-sekundarnega reda (ISO) in neidealnim procesom adsorpcijske
kinetike (NIPPON). Stiriregijska modela ARIAN in KASRA z uporabo serije enacb lahko interpretirata termodinamiko
in kinetiko interakcij adsorbenta in adsorbata pri razli¢nih pogojih. Pb** Cd?*, Cr** in taninske kisline smo lo¢ili z grafen
oksidom/poliamidoaminom G4 iz dikromatnih ionov in reciklirali grafen oksid/poliamidoamin G4 z alkalno raztopino.
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