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HIGHLIGHTS

« Divalent anions had bigger effects on Cu(II) adsorption than monovalent anions.
« Both monovalent and divalent anions could alter the zeta potential of AMGO.

« Divalent inorganic electrolyte anions could significantly affect Cu(II) species.

« HPOZ~ had the biggest effect on Cu(Il) removal in the multi-ion system.

« Interactions of CI~ x SO5~ and ClI~ x SO3~ had big effects on Cu(II) removal.
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The present work evaluated the effects of six inorganic electrolyte anions on Cu(ll) removal using
aminated Fe;04/graphene oxide (AMGO) in single- and multi-ion systems. A 262 fractional factorial
design (FFD) was employed for assessing the effects of multiple anions on the adsorption process. The
results indicated that the Cu(Il) adsorption was strongly dependent on pH and could be significantly
affected by inorganic electrolyte anions due to the changes in Cu(Il) speciation and surface charge of
AMGO. In the single-ion systems, the presence of monovalent anions (Cl-, ClO;, and NO3) slightly
increased the Cu(Il) adsorption onto AMGO at low pH, while the Cu(II) adsorption was largely enhanced
by the presence of SO%~, CO%~, and HPO3 . Based on the estimates of major effects and interactions from
FFD, the factorial effects of the six selected species on Cu(Il) adsorption in multi-ion system were in the
following sequence: HPOZ~ > CO%~ > Cl~ > SOZ~ > NO3 = ClOg, and the combined factors of AD (CI~ x SO3~)
and EF (CI~ x SO3™) had significant effects on Cu(ll) removal.
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1. Introduction

Adsorption is a popular and economical method for treating
metal pollutions in natural water and wastewater (Babel and
Kurniawan, 2003; Lam et al., 2008). Many studies have shown that
heavy metals could be efficiently adsorbed by a wide variety of
adsorbents (Babel and Kurniawan, 2003; Lam et al., 2008; Bui
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and Choi, 2010; Liu et al., 2011; Hu et al., 2013). Graphene oxide
(GO) is an ideal material for removing heavy metals from aqueous
solution due to its exceptional physicochemical properties. In
recent years, magnetic graphene oxide composites (MGO) have
been synthesized and shown some good properties for water treat-
ment due to that the integration of magnetic properties into GO
combines the advantages of adsorption with the merit of easy sep-
aration (Liu et al., 2011; Li et al.,, 2012; Hu et al., 2013). Diethylene-
triamine (DETA), an organic compound, contains three amino
groups that are known to form stable complexes with various met-
als. Therefore, grafting DETA onto MGO surface may increase the
adsorption capacity of MGO for metal ions.
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It is well known that adsorption behavior of heavy metals in
water is controlled by adsorbent properties, heavy metal species,
and water characteristics (Bui and Choi, 2010). The composition
of heavy metal wastewaters from different industries varies
widely. Generally, industrial wastewaters contain not only heavy
metal ions but also high concentrations of organic and inorganic
substances. Inorganic electrolyte anions, such as chloride (Cl7),
nitrate (NO3), sulfate (SOZ), phosphate (H,PO;/HPO3 ), and
bicarbonate/carbonate (HCO3/C0O3% "), are commonly present in nat-
ural water and wastewater systems (Zhu et al., 2007), and these
anions can affect metal cations adsorption directly or indirectly
(Doula and lIoannou, 2003). Thus, investigation of the influence of
inorganic electrolyte anions on heavy metals adsorption is essen-
tial to evaluate the adsorption capacity of an adsorbent and apply
the laboratory results to practical projects. Although previous
studies have given some insights into the influences of anions on
adsorption of heavy metals, more research is still needed to better
understand the influence mechanism.

Inorganic electrolyte anions play important roles in the specia-
tion of metal ions due to that the metal ions often exist in bulk
aqueous phase as complexes with ligands (Doula and loannou,
2003). The metal-ligand complexes may be adsorbed only weakly
or not at all by the adsorbent, thereby inhibiting the metal ions
removal. If the metal-ligand complexes are precipitates or can be
strongly adsorbed by the adsorbent, the adsorption of metal ions
may be improved by the presence of the inorganic electrolyte
anions (Doula and loannou, 2003). Therefore, reliable methods
for predicting metal speciation are critically needed as the first step
in determining the influence mechanism of anions on adsorption of
heavy metals. Besides, the inorganic electrolyte anions may
interact with the adsorbent surface, thereby altering the surface
electrical properties. Zeta potential is widely used to quantify the
magnitude of the electronic charge on adsorbent surfaces. Thus,
the observable changes in zeta potential due to the effects of
inorganic electrolyte anions can provide valuable insight into the
potential changes in metal ions removal during water treatment
processes (Pommerenk and Schafran, 2005).

The main objectives of this study were to: (1) prepare AMGO by
grafting DETA onto MGO surface and apply it as an adsorbent for
decontamination of Cu(Il) from aqueous solution; (2) evaluate
the influences of inorganic electrolyte anions on the adsorption
of Cu(Il) onto AMGO; (3) discuss the influence mechanism by ana-
lyzing the speciation of metal ions and evaluating the effects of
inorganic electrolyte anions on the zeta potential of the adsorbent;
(4) determine the important factors and the extent of each individ-
ual ion effect on the Cu(II) removal using fractional factorial design
(FFD).

2. Materials and methods
2.1. Synthesis of AMGO

Graphene oxide (GO) and magnetic graphene oxide (MGO) were
prepared following the methods described in our previous papers
(Hu et al, 2013, 2014a). The aminated Fe3;04/graphene oxide
(AMGO) was prepared by grafting DETA onto the MGO surface
(Ma et al., 2012). Briefly, 0.9 mL ammonia solution was added into
100 mL MGO suspension (3 mg mL ') and the mixture was stirred
for 5 min at room temperature. Then 3.6 mL diethylenetriamine
was added, and the suspension was stirred for 10 min at room tem-
perature, and then stirred at 95 °C for another 6 h. The obtained
AMGO was rinsed with ethanol and Milli-Q water for several times
and stored at room temperature.

2.2. Effects of single anions on adsorption process

All adsorption experiments were performed according to the
batch method in conical flasks on an orbital shaker with a shaking
speed of 150 rpm. The stock solution of Cu(Il) and the stock sus-
pension of AMGO were added to achieve the desired concentra-
tions of the different components. To investigate the adsorptive
efficiency of AMGO for Cu(ll) in the presence of various inorganic
electrolyte anions, NaCl, NaClO4, NaNOs, Na,SO4 Na,COs; and
Na,HPO, were added into the conical flasks, respectively. After
mixed for 24 h, the mixture was separated by a magnetic process
using a permanent magnet. The Cu(Il) concentration in the super-
natant was analyzed using flame atomic absorption spectrometry
(PerkinElmer AA700, USA). All batch experiments were conducted
in triplicates and the data are expressed as mean + standard devi-
ation. The adsorption capacity (q.) of Cu(Il) adsorbed on AMGO was
calculated from the difference between the initial concentration
(Co) and the equilibrium concentration (C.) (Gong et al., 2011).

2.3. Zeta potential determination

The samples were prepared by ultrasonification of 9.6 mg
AMGO with 500 mL of solution in the absence and presence of
10 mM inorganic electrolyte anions (Cl~, ClOz, NO3, SO3~, CO%~,
and HPOZ") and the solution pH was adjusted to different values
(2-11). Then, the zeta potentials were measured using a Zetasizer
Nano SZ (ZEN3690, Malvern, UK).

2.4. Speciation modeling methods

In order to analyze the effects of inorganic electrolyte anions on
copper speciation in aqueous solution under different pH condi-
tions, Visual MINTEQ (ver. 3.1) was used for the chemical specia-
tion calculations. The parameters were set as follows: pH was
fixed at different values; temperature was 30 °C; ionic strength
was to be calculated depending on components added; different
concentrations of Cu(NOs), and inorganic electrolyte anions were
added as components (Hu et al., 2014b).

2.5. Fractional factorial design

In order to evaluate the statistical significance of the effects of
the six different inorganic electrolyte anions and their interactions
on Cu(Il) removal, the 262 FFD with resolution IV was developed.
The confounded (aliased) factors and the interactions for this 262
FFD are explained in detail in literature (Tanboonchuy et al., 2012).
The design matrix of the 262 FFD and the levels of each stated
anion are given in Table 1. Statistical analysis of the fractional fac-
torial design was performed using the software Design-Expert
8.0.6 (Stat-Ease Inc., Minneapolis, MN, USA).

3. Results and discussion
3.1. Effects of monovalent anions

The effects of monovalent anions (Cl~, ClOz, and NO3) on Cu(II)
adsorption as a function of pH values were examined and the
results are demonstrated in Fig. 1a-c. The adsorption of Cu(II) onto
AMGO increased with the increase of pH values from 2 to 11 in the
absence and presence of monovalent inorganic electrolyte anions.
As well known, solution pH is one of the most important variables
affecting the adsorption process because the pH affects not only
the adsorbent surface charge and ionization, but also the speciation
of adsorbate (Hameed and El-Khaiary, 2008). In order to quantify
the magnitude of electronic charge on adsorbent surfaces, the zeta
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Table 1
Experimental design matrix of the 26-2 FFD with resolution IV*: Cyicyy= 10 mg L™!, m/
V=96mgL ", T=30°C, t=24h, pH=5.5.

Run A B C D E=AxBxC F=BxCxD ¢.(mgg)
no. Cl- Clo; NO3 SO (€03 HPO3~
1 - + + + - 67.08 +2.04
2 - - - - - 56.37 +0.75
3 + + + - + 69.20 +2.09
4 - - - + - + 76.41 +1.53
5 + o+ - + - - 55.71 +1.88
6 + o+ + + + + 79.58 +0.45
7 + - - - + - 78.44 +1.58
8 + = - + + + 80.71 +3.23
9 + o+ - - - + 85.23 +2.23
10 -+ + - - - 50.26 +2.97
11 + = + - - + 78.73 £3.70
12 + - + + - - 59.65 +1.47
13 + o+ + - + - 77.92 +0.73
14 + - + + - 67.34 +3.25
15 + - - + + 80.57 +3.45
16 - - + - + + 83.37 £2.45
17 0 o0 0 0 0 0 30.94+1.16

2 The minus (—) and plus (+) signs indicate the low and high levels of the factors,
respectively. The test levels (low, high) in mM of codes A through F are as follows:
(1, 100) for A, B, C, D, and E; (1, 50) for F.
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Fig. 1. Effects of (a) Cl

potentials of AMGO under various pH (2-11) in the absence of
background electrolyte ions were determined and the results are
showed in the inset of Fig. 1a. The pH,,. value (point of zero
charge) for AMGO was 5.94. At pH < pHy,., the surfaces of AMGO
were positively charged, while the AMGO surfaces were negatively
charged when pH > pHy,.. Distribution of Cu(Il) species as a func-
tion of solution pH in the system without background electrolyte
ions was obtained using the program visual MINTEQ and the
results (Fig. 2a) demonstrated that the Cu(Il) presented mainly in
the form of Cu?*, Cu(OH)*, Cu(OH),, Cu,(OH)3*, Cus(OH)3" and
Cu(OH)3 at various pH values. At pH < 5.94, the uptake of Cu(Il)
was small, which was probably due to that the positive Cu®* ions
were difficult to adsorb on the positively charged surfaces of
AMGO because of the electrostatic repulsion (Zhao et al., 2011).
The precipitation curve of Cu(Il) calculated from the precipitation
constant of Cu(OH),(s) (Ksp=2.2 x 1072%) at the concentration of
10 mg L~! is presented in Fig. 2b. It is clear that Cu(Il) started to
form precipitation at pH 6.07. Therefore, at pH > 5.94, the high
adsorption capacity was achieved mainly due to the cooperating
role of precipitation of Cu(OH), and adsorption of Cu?*, Cu(OH)",
Cu,(OH)3", and Cus(OH);" onto AMGO (Li et al., 2012).
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, (b) ClOg, and (c) NOj3 in solution (concentration = 10 mM) on Cu(Il) adsorption onto AMGO at different pH (the insets show the effects of Cl-, ClOg,

NO3 on the measured zeta potential, respectively): Coicyy = 10 mg L', m/V=96 mg L™}, T=30°C, t = 24 h; distribution of Cu(II) species in solution with addition of 10 mM, (d)
CI, (e) ClOg, and (f) NO3 as a function of pH computed by the program visual MINTEQ: Cocyy =10 mg L1, T=30°C
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From Fig. 1a-c, the presence of Cl-, ClOz, and NO3 slightly
increased the Cu(Il) adsorption at low pH, whereas no significant
changes in Cu(ll) adsorption to the AMGO composites were
observed at high pH. It is well known that the copper speciation
in equilibrium solution is influenced by accompanying anions
(Yu et al., 2005). Distributions of Cu(II) in solution with addition
of 10 mM Nacl, NaClO4, and NaNOs, as a function of solution pH
were obtained by using the program Visual MINTEQ and the results
are showed in Fig. 1d-f. We can see that the distributions of Cu(II)
species in 10 mM NacCl (Fig. 1d), NaClO4 (Fig. 1e), and NaNO;
(Fig. 1f) solutions were very similar to the distribution of Cu(Il)
species in solution without background electrolyte ions (Fig. 2a).
Therefore, the effects of these monovalent anions on Cu(Il) species
were negligible. The enhancement of Cu(ll) adsorption by NaCl,
NaClO4, and NaNO3 may be mainly ascribed to the interaction of
the monovalent inorganic electrolyte anions with the adsorbent
surface. Zeta potential can be used to indicate the potential differ-
ence between the dispersion medium and the stationary layer of
fluid attached to the dispersed particles (Ding et al., 2013). The
changes in zeta potential as a function of solution pH in the
absence and presence of 10 mM Cl-, ClOz, and NO3 are presented
in the insets of Fig. 1a-c, respectively. Addition of NaCl, NaClOy,,
and NaNO; decreased the zeta potentials at pH < pHp,, but
increased the zeta potentials at pH > pHp,.. Coordination might
be the main mechanism for Cu(Il) adsorption onto AMGO at
pH <5.94. The decrease in zeta potential of adsorbent reduced
the electrostatic repulsion forces between the positive Cu?" and
the positively charged surfaces of AMGO, therefore the Cu?* jons
were more accessible to the adsorption sites and then these ions
could be captured by forming coordinate covalent bonds. No dras-
tic difference of Cu(Il) adsorption to the AMGO composite in NaCl,
NacClO4, and NaNOs solutions was observed at high pH, which was
most probably due to the surface precipitates at high pH values
(Liu et al,, 2011).

3.2. Effects of divalent anions

Fig. 3a-c shows the effects of divalent anions on the adsorption
of Cu(II) onto AMGO as a function of pH in 10 mM Na,SO,4, Na,COs,
and Na,HPO, solutions, respectively. As can be observed, the pres-
ence of SOZ~, CO3~, and HPO3 ™~ largely improved the Cu(Il) adsorp-
tion, and different background anions had different influences on
the Cu(Il) removal. These phenomena could be explained by the
formation of neutral complexes (CuSQO4, CuCOs3, and CuHPO,4) and
the interaction of SO3~, CO%~, and HPO3~ with adsorbent surface.
As seen from Fig. 3d, the main Cu(Il) species in the solution with
presence of 10 mM SOZ~ were Cu?* and CuSO, at pH < 7. The neu-
tral CuSO4 complex could be more easily adsorbed by the posi-
tively charged AMGO than the Cu?’, thereby resulting in the
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increase of Cu(Il) removal. The effect of SO~ on Cu(ll) adsorption
was also related to the change of zeta potential caused by anion
adsorption (Yu et al., 2005). From the inset of Fig. 3a, when
10 mM Na,SO, was presented in the system, the zeta potentials
of AMGO decreased obviously at pH < 6.8, but increased slightly
at pH>6.8, and the pHy,. value for AMGO in this solution was
4.56. The decrease of electrostatic potential at the adsorption plane
favored the specific adsorption of Cu(Il) occurring on AMGO
because of the decrease in electrostatic repulsion of positively
charged AMGO surfaces to Cu?* (Jiang et al., 2010). There are other
mechanisms for explaining the enhancement of Cu?* adsorption by
SO3~. Lam et al. (2008) indicated that the Cu?* adsorption required
at least two sites and could not adsorb on the isolated sites. The
SO3~ stabilized the Cu?* adsorption on the individual amino sites,
that is, the SO%~ could act as one of the adsorption sites, therefore
improving the adsorption capacity for Cu(Il) ions (Lam et al., 2008).
Besides, the amino groups on AMGO surface might interact with
the hydroxyl group by hydrogen bond. The SO3~ in solution could
liberate these amino groups for more Cu?* adsorption and further
participate by forming a stable complex with the adsorbed Cu?*
(Lam et al., 2008).

The effect of CO%~ on the adsorption of Cu(Il) onto AMGO com-
posite is shown in Fig. 3b. As can be seen, the presence of CO3~ in
solution noticeably increased the Cu(Il) removal. From Fig. 3e, the
Cu(l) species in solution with presence of 10 mM CO%~ were quite
different from those in the solution without CO3~ (Fig. 2a). The pre-
dominant Cu(ll) species was Cu?* at pH<6. From the inset of
Fig. 3b, the presence of CO3~ decreased the zeta potentials of
AMGO, which could be due to the interaction of the CO%~ with
the double layer of AMGO, thereby resulting in the increase of
Cu(Il) adsorption at pH < 6. In the pH range of 6-9, the main Cu(II)
species was CuCOs;. And some of CuCOs; could be hydrolyzed to
form copper hydroxide, which combined with the residual CuCO3;
to form copper carbonate basic. The copper carbonate basic could
precipitate from solution and then be adsorbed by the AMGO. At
pH > 9, the carbonate ions could coadsorb with Cu?* to form stable
complexes with sufficient strength to travel with the AMGO parti-
cles, which resulted in the increase of Cu(Il) adsorption.

Fig. 3c shows that the presence of Na,HPO, improved the Cu(II)
removal. The inset of Fig. 3c indicated that the zeta potential of
AMGO in the system with Na,HPO, was lower in the whole pH
range than that in the system without Na,HPO4. The observed
decrease in the zeta potential values might be due to that HPO;~
could occupy the inner-sphere adsorption sites on the AMGO sur-
face and therefore lowered the surface electrostatic potential near
the solid surface (Li et al., 2006). From Fig. 3f, in the system with
presence of 10 mM Na,HPO,, Cu(Il) species could be present mainly
in the forms of Cu?', CuHPO4(aq), Cu(OH)*, Cu(OH),, Cuy(OH)3",
Cus(OH)3" and Cu(OH)3 at various pH values. There are four possible
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Fig. 2. (a) Distribution of Cu(Il) species in solution without adding inorganic electrolyte anions as a function of pH computed by the program visual MINTEQ:
Cocyy=10mg L™, T=30 °C; (b) the precipitation curve of Cu(Il) at the concentration of 10 mgL ™' (Ksp =2.2 x 10729).
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reasons for the increase of Cu(ll) removal in the presence of
Na,HPO4: (1) the decrease in zeta potential of AMGO surface due
to the adsorption of negative HPO;~ made the positively charged
Cu(Il) ions much easier to be captured by adsorption sites (Sheng
et al., 2014); (2) the Cu(Il) ions could be captured by the adsorbed
HPOZ~ and then formed a ternary cation-anion-surface complex
(Collins et al., 1999); (3) the HPO3 ™~ could enhance the Cu(Il) adsorp-
tion by stabilizing the Cu?* adsorption on the unfavorable sites and
by anchoring CuHPO, complex on the isolated amino sites (Lam
et al., 2008); (4) the metal-ligand complex could precipitate from
solution, thereby resulting in the increase of the Cu(Il) removal.

3.3. FFD for assessing effect of multiple anions

The FFD, an efficient tool for evaluating a large number of vari-
ables with a reasonable number of experimental runs, can help us
elucidate the effects of single and multiple factors on the problem
of concern (Chang et al., 2011; Tanboonchuy et al., 2012). It has
advantages over more standard methods in those instances where
the important variables are not known or are many, and it also
allows codependencies among experimental variables to be tested
statistically (Aziz et al., 2011). In order to find the relative impor-
tance of individual background anions on Cu(Il) adsorption and

identify important interactions between pairs of anions (Steinle
et al., 2000), FFD experiments were conducted in aqueous solution
in the presence of six selected species with concentrations of dif-
ferent levels, and the results are demonstrated in Table 1. As
shown in Table 1, the adsorption capacity of AMGO for Cu(Il) ions
in the system without background anions (Run 17) was
30.94 mg g~ '. However, the adsorption capacities in the system
with presence of different concentrations of the six background
anions were found to range from 50.26 to 85.23 mg g, indicating
that the Cu(Il) adsorption was largely enhanced by the presence of
the six background anions. The relatively higher and lower Cu(Il)
removal were found in Run 9 and 10, respectively.

The estimates of 2572 FFD with resolution IV are showed in
Fig. 4. The main effect for each of variables is the difference
between the average response of high level variables (+) and the
average response of low level variables (—) in the design matrix
of Table 1 (Hsu et al., 2008; Tanboonchuy et al., 2012). From
Fig. 4, the positive estimates of main effects of A(Cl~), E(CO3"),
F(HPOZ~) were 5.67, 10.43, and 15.13, respectively, indicating that
adsorption capacity of AMGO for Cu(Il) ions increased when the
concentration of these background anions increased from low level
to high level. For example, when the NaCl and Na,CO3; concentra-
tions in solutions increased from 1 to 100 mM, the average
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Fig. 4. Identification of main effective factors and interaction factors on Cu(Il) removal by AMGO.

adsorption capacities deceased from 74.50 to 68.83mgg ' for
NaCl and from 76.88 to 66.45 mg g~ ' for Na,COs. Besides, increas-
ing Na,HPO, concentration from 1 to 50 mM resulted in the
decrease of Cu(ll) removal by 15.13 mg g~ !, which was equal to
79.23mgg"! (the average response of high level) minus
64.10mg g~! (the average response of high level). According to
Fig. 4, we can also find that the negative estimates of main effects
of B(ClOz), C(NO3), and D(SO5~) were —1.87, —1.87, and —4.40,
respectively. This is to say that the Cu(Il) removal decreased with
increasing the concentrations of these background anions from 1
to 100 mM. In summary, in the system with presence of multiple
background anions, the factorial effects of the six selected species
on the adsorption of Cu(Il) ions by AMGO were found to be in
the following order: HPO3~ > CO3~ > Cl~ > SO3~ > NO3 = ClOj.

The two-factor interaction effect can be determined as half the
difference between the main effects of one factor at the two levels
of a second factor (Mason et al., 1989; Secula et al., 2013). The
combined effect of the two factors is not the sum of their separate
contributions, but it indicates antagonism or synergism between

the two factors (Hsu et al., 2008; Tanboonchuy et al., 2012). Accord-
ing to FFD generation structure, the AD interaction (Cl~ x SO%") is
confounded with the EF interaction (CO3~ x HPO3~) (Secula et al.,
2013). From Fig. 4, the combined factors of AD and EF were found
to have more significant effect than the other interaction factors
on Cu(Il) adsorption.

An interaction plot is a graphical tool which plots the mean
response of two factors at all possible combinations of their set-
tings (Antony, 2003; Pokhrel and Viraraghavan, 2008). Non-paral-
lel lines indicate that there is interaction between the two factors.
If the lines are parallel, the two factors have no interactions
(Antony, 2003). The interaction effects of the six background
anions for Cu(ll) removal are presented in Fig. 5. As seen from
Fig. 5, all lines in the 30 cells were non-parallel, indicating that
any two background anions in the aqueous solution had interac-
tions. The angles between two lines in cell AD (or DA) and cell EF
(or FE) were bigger than others, which implied that there were
rather strong two-way interactions between the main effects of
Cl- and SOZ~ and between the main effects of CO3~ and HPO3 .
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Fig. 5. Interaction effects plot for Cu removal: (A) Cl-, (B) ClOg, (C) NO3, (D) SO3 ", (E) CO3™, and (F) HPO3 .
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This finding is in consistence with the result in Fig. 4. These inter-
action effects cannot be detected in univariate statistic techniques
(Montgomery et al., 2006). From Fig. 5, we can also single out
important factors for interaction within each cell (Tanboonchuy
et al.,, 2012). In Column A, all adsorption capacities of AMGO for
Cu(Il) ions in cells except the cell AD (high D) increased with
increasing NaCl concentration from low level (1 mM) to high level
(100 mM). For the cells (except the cell AD) in Columns B, C and D,
the Cu(Il) removal decreased slightly as the concentrations of
NaClO4, NaNOs, and Na,SO4 increased form 1 mM to 100 mM,
respectively. However, for the cells in Columns E and F, significant
slope of each line within each cell was observed, which indicated
that increasing factors E and F from low to high level resulted in
the significant enhancement of Cu(Il) uptake.

4. Conclusions

The AMGO can be used as an adsorbent for Cu(Il) removal from
aqueous solution, and the adsorption capacity increases with
increasing the pH from 2 to 11. The adsorption characteristics of
AMGO for Cu(Il) ions can be affected by the presence of various
inorganic electrolyte anions. The removal of Cu(ll) ions is slightly
improved by the presence of 10 mM Cl-, ClOz, and NO3 at low
pH due to the reduction of electrostatic repulsion forces between
the positive Cu?* and the positively charged AMGO surface, while
no significant changes in Cu(Il) adsorption are observed at high
pH. The presence of SO5~, CO3~, and HPOZ~ in the system can
significantly enhance Cu(Il) adsorption, and these divalent anions
have bigger influences on the adsorption process than the monova-
lent anions at various pH values, which may be due to that both
monovalent and divalent anions can alter the zeta potential of
AMGO, but only the divalent anions can significantly affect the
Cu(Il) species. The estimates of main effects of the six selected
species and their interactions in the multiple species system
attained from FFD reveal that increasing the concentrations of
A(CI7), E(CO%™), F(HPOZ~) and/or decreasing the concentrations of
B(ClOz), C(NO3), D(S0%7) from low to high level can enhance the
Cu(Il) adsorption onto AMGO. In the multiple species system,
the effects of the six selected species on Cu(Il) removal are in the
order of: HPO3~ >CO03 >Cl~ >S0% >NOj3 =ClO;. Besides, any
two background anions in the multi-ion system have interactions,
and the combined factors of AD (CI~ x SOZ~) and EF (CO%~ x HPOZ)
have more significant effects than the other interaction factors on
Cu(II) adsorption.
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