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ABSTRACT

To eliminate the pollution of high stable metal-ethylenediaminetetraacetic acid (EDTA) complexes,
manganese dioxide (8-MnO,) and amino-functionalized mesoporous manganese dioxide (NH,-MnO,)
were used as adsorbents for removing Cu(I)-EDTA chelates from acid wastewater. The removal effi-
ciency of the chelates by both adsorbents decreased markedly with the solution pH varying from 3.5
to 8.0. Higher ionic strength had obviously negative effect on the capture of the chelates. Langmuir
model could describe well the adsorption process of Cu(II)-EDTA chelates onto both adsorbents, and
the maximum adsorption capacity of NH,-MnO, was over two times higher than that of the un-func-
tionalized 3-MnO,. The equilibrium could be achieved in 1 h, and the pseudo-first-order equation
fitted well for the adsorption process. The uptake of Cu(II)-EDTA chelates onto NH,-MnQO, took place
on the external surface of the adsorbent. The electrostatic interaction between amino groups on the
adsorbent and carboxyl groups of Cu(II)-EDTA dominated the adsorption process.
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1. Introduction

As one of the most widely used sequesters, the
ethylenediaminetetraacetic acid (EDTA) can combine with
heavy metal ions and promote them into absolutely stable
metal-EDTA complexes, such as Pb(II)-EDTA, Co(II)-EDTA,
Cu(Il)-EDTA, and so on. In view of the nature of the high sol-
ubility, low-level biodegradability and excellent stability of
the metal-EDTA complexes, various processes, such as che-
lating precipitation [1], catalytic oxidation [2], ion exchange
[3], adsorption, micro-electrolysis [4] and so on, have been
set up to eliminate the potential menace of the discharge of
the complexes. Among these methods, adsorption process,
due to its great virtue of efficiency, flexibility, easy operation
and good selectivity [5], is one of the most widespread and
effective methods for the removal of metal complexes. Poly-
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hydroxyl Fe/Zr pillared montmorillonite [6] and polyure-
thane modified with dithiocarbamate [7] had been utilized
for the capture of Cu(Il)-EDTA complexes from wastewater
and performed effectively. Agent derived from carbon disul-
fide and hydrazine hydrate could sequester Cu(II)-EDTA
chelates spontaneously and exothermically in acid condi-
tion with high initial copper concentration [8]. Activated
carbon, goethite, silica, iron hydroxides and TiO, and so on
were also extensively used and performed well [9-14]. How-
ever, most of these adsorbents had their shortcomings of
low removal efficiency and long equilibrium. Thus, it is still
imperative to develop higher effective adsorbents to remove
metal-EDTA complexes. One of the efficient ways is to graft
functional organic groups, including amino, allylamine and
pyrimidine groups and so on, onto traditional adsorbents
for the sake of attaining greater adsorption capacity [15-17].
Especially, amino-functionalized mesoporous silica [18,19]
and amino-functionalized mesoporous manganese dioxide
(NH,-MnO,) [20] had been developed for excellent adsorp-
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tion ability for heavy metal ions as well as high adsorption
capacity for toxic anions [21,22]. However, the uptake mech-
anism of the metal ions and the coexisting chelating agents
by the amino-functionalized materials in aqueous solution
needed to be further explored.

In the current study, the adsorption behaviors of Cu(II)-
EDTA chelates from acid wastewater on manganese dioxide
(-MnO,), the surface characteristics of sorbent and sorp-
tion mechanisms were elucidated through Fourier trans-
form infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) analysis.

2. Materials and methods
2.1. Materials

All chemicals, such as copper nitrate (Cu(NO,),-5H,0),
ethylenediaminetetraacetic acid disodium (Na,EDTA),
hydrogen peroxide (H,O,), potassium permanganate
(KMnQO,), sodium hydroxide (NaOH), hydrogen nitrate
(HNOQO,), toluene, acetone and ethanol, were analytical grade
and purchased from Beijing Chemical Co. (Beijing, China).
(3-aminopropyl) trimethoxysilane (APTMS) was purchased
from Alfa Aesar Co. (Ward Hill, MA, USA). The Cu(II) stock
solutions were prepared by dissolving Cu(NO,),-5H,0 in
appropriate amounts of deionized water. The concentra-
tions of Cu(II) were always given as elemental copper con-
centration. All chemicals were used directly without further
purification.

2.2. Adsorbent preparation

The NH,-MnO, was prepared according to previous
work [20], which was conducted as following procedure:
1 g of 3-MnO, was reacted with 1 mL of APTMS in toluene
under nitrogen atmosphere with refluxed condition and
violent agitation for 12 h. The suspension was filtered and
washed by toluene, acetone and ethanol, and then the cake
was dried at 105°C for 6 h to obtain the amino-functional-
ized mesoporous adsorbent.

2.3. Characterization

The freeze-dried samples of 5-MnO, and NH,-MnO, were
characterized using several characterization techniques. The
N, adsorption/desorption isotherms of the adsorbents were
described using a NOVA 1200 BET analyzer (ASAP 2000,
Micromeritics Co. USA) with the samples degassed at 150°C
and 105 Torr under vacuum for at least 6 h. The virgin and
the reacted adsorbents were analyzed by FTIR spectroscopy
(Vertex 70, Bruker Optics, France). Each sample was mixed
with pure potassium bromide which acted as background at
an approximate mass ratio of 1:100 (sample:KBr) and then
grounded in an agate mortar. The resulting mixture was
pressed at 13 tons for 2 min to form a pellet which was char-
acterized using FTIR spectrophotometer using a transmis-
sion model. The XPS (Kratos AXIS Ultra, UK) spectra were
obtained by applying the aluminum anode X-ray source with
amonochromator (Al Ko, hv =1,486.71 eV) operated at 15 kV
and 15 mA. All binding energy values were determined with
respect to C 1 s line (284.6 eV) originating from adventitious

carbon. The XPS results were collected in binding energy
forms and fitted using the software of Vision (PR2.1.3) and
Casa XPS (2.3.12Dev?7).

2.4. Batch adsorption experiments

The adsorption isotherm experiments were performed
in Cu(II)-EDTA solutions at 25°C. The solutions were pre-
pared by dissolving equimolar of Cu(NO,),.-5H,0 and
Na,EDTA in deionized water for 24 h. The initial copper
concentrations were 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8 and
1.0 mmol L. The ionic strength was maintained as 0.01 mol
L™ NaNO,, and the solution pH was controlled at 3.5 + 0.2.
After that, NH,-MnO, or 5-MnO, was added into the solu-
tions and reacted for 12 h with shaking speed of 170 rpm.

The adsorption kinetics experiments were carried out
at 25°C, and Cu(II)-EDTA solution with initial copper con-
centration 0.1 mmol L was added in a conical flask. The
ionic strength was 0.01 mol L' NaNO,, and the solution
pH was adjusted to 3.5 = 0.2. Then NH,-MnO, or 6-MnQO,
was added to the solution to get suspensions with shaking
speed of 170 rpm. The samples were taken from the suspen-
sions at various time intervals (2 min to 24 h).

Experiments of the effect of different solution pH and
ionic strength were performed in solutions with equimolar
ratio of Cu(Il) and EDTA at 25°C; the initial concentration of
Cu(II)-EDTA was 0.1 mmol L. The solution pH ranged from
3.5 to 8 and used 0.01, 0.05 and 0.1 mol L™ NaNO, as back-
ground electrolyte. The solution pH was adjusted to corre-
sponding value with 0.1 mol L' HNO, or 0.1 mol L™ NaOH.
The suspensions were shaken with a speed of 170 rpm and
reacted for 12 h.

All the samples collected above were filtered by a 0.45 um
filter membrane, and the residual copper concentrations
were determined by atomic absorption spectrophotometer
(AAS, AA-6300 Shimadzu Co., Japan).

The uptake of Cu(ll) at time ¢ (g,) was calculated using
the following equation:

g - V(C,-C,)
! w

where C; (mg L) is the initial concentration of Cu(Il) in

solution; C, (mg L) is the concentration of Cu(ll) in solu-

tion at time t; W (g) is the weight of adsorbent and V (L) is
the volume of the solution.

)

2.5. Modeling of adsorption isotherm and kinetics

The adsorption isotherm experimental results were fit-
ted for using Langmuir (Eq. (2)) and Freundlich isotherm
models (Eq. (3)), respectively.

_ ImaKiCe
71K C )
q. = KFCW

®)

where g, is the equilibrium amount of Cu(Il) adsorbed on
adsorbent (mg g™); g, is the maximum amount of Cu(Il)
adsorbed (mg g™); C, is the equilibrium concentration of
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Cu(I) (mg L7"); K, is the Langmuir adsorption constant
(L mg™); K, (mg g™)(L mg™)"/") and #n are the Freundlich
adsorption isotherm constants.

The thermodynamic parameters of the adsorption pro-
cess including Gibbs free energy (AG), enthalpy (AH) and
entropy (AS) were also calculated according to the follow-
ing equations:

AG = RTln(qe] 4)
Ce
AG = AH —TAS (5)
q AS AH
Inl de =22 21
H(CJ R RT ©)

where R is gas constant (8.314 ] (K™"-mol™), and T (K) is the
temperature.

The pseudo-first-order kinetic model (Eq. (7)) and
pseudo-second-order equation (Eq. (8)) were represented
by the Lagergren equation as given below:

K.t
log(q. —4;) =108(4.) =503 )
t_1 .t
9, Kag' q. ®)

where K, and K, (g (mg™” min™)) are the rate constants of
pseudo-one-order and second-order equation, respectively;
g, is the same as Eq. (1) and t is the time (h).

3. Results and discussion
3.1. Effect of pH and ionic strength

As depicted in Fig. 1, the solution pH had great influ-
ence on the uptake of the Cu(II)-EDTA chelates by both
adsorbents. Contrasting to the results of the blank Cu(II)

60 —— 10 nmol/LNaNO, —[J— 10 mmol/LNaNO,
—@— 50 OV/LNaNO, —O— 50 mmol/LNaNO,
—A— 100 mmol/LNaNO, —— 100 mmol/LNaNO,
S0

ST,

8

Removal efficiency (%)
S]
T

B -\\\“Hw’\‘

10+

0 1 1 1 1 1
3 4 5 6 7 8

Fig. 1. Effect of pH and ionic strength on removal efficiency of
Cu(II)-EDTA.
Note: Cu:EDTA = 1:1, CO/CH: 0.1 mmol L7, dosage = 1.0 g-L7,
T=25+1°C.
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solutions [20], the removal efficiency of the Cu(II)-EDTA
chelates by both adsorbents decreased markedly with the
solution pH varying from 3.5 to 8.0. The removal efficiency
of NH,-MnO, was much higher than that of -MnO, at cor-
responding situations. According to the calculated results
by Visual MINTEQ (3.0), the dominating copper species in
solutions with equimolar ratio of Cu(ll) and EDTA were
CuHEDTA" anions and CuEDTA? anions in the pH range
from 3 to 10, while the copper ions rarely existed in the
solutions because of the excellent chelating ability of EDTA.
Moreover, the point of zero charge (pH,,.) of NH,-MnO,
was around 4.3. When the solution pH < pH,,, the pro-
tonation of amino groups resulted in the electrostatic inter-
action with the negatively charged Cu(lI)-EDTA anions.
When the solution pH > pH,,,, the deprotonation of amino
groups would make negative effect on attachment of Cu(II)-
EDTA complexes by electrostatic interaction.

On the other side, with the ionic strength increasing
from 0.01 to 0.1 mol L™ of NaNO,, a significant decrease of
Cu(Il)-EDTA chelates uptake by NH,-MnO, or 5-MnO, was
detected, which indicated the formation of outer-sphere
complexation dominating the adsorption process during
the pH range [23].

3.2. Adsorption isotherms and thermodynamics

The adsorption isotherms of NH,-MnO, and 3-MnQO,
for Cu(II)-EDTA chelates were described in Fig. 2. Both
of the isotherms showed the same trend, while the
NH,-MnO, displayed much higher adsorption capacity
for Cu(Il)-EDTA chelates than that of 6-MnO, at corre-
sponding conditions. To further examine the correlation
between the adsorbed and the residual Cu(Il)-EDTA
chelates, Langmuir model and Freundlich model were
introduced to describe the adsorption process. The val-
ues of coefficient of determination indicated that the
Langmuir model (R* = 0.987) gave a better fit for the
experimental data. The q__ calculated by Langmuir
model was consistent with the experimental equilibrium

18
16 - - &
g 14
= 124
g ]
g 104
s ]
g‘ ]
2 644 E—
4 ) 255 Ro M0, LI 288 K NH, MO,
@ 208K5-MnO, O 298 KNH-MnO,
24 A 30sk5-M0, A 308 KNH,-MO,
| Langmuir model ——~ Freundlich model
O T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Ce(mg/L)

Fig. 2. Adsorption isotherms of Cu-EDTA at different
temperatures.
Note: Cu:EDTA = 1:1, dosage = 1.0 g L, pH = 3.5, 0.01 mol L™

NaNO,, T =25 + 1°C.
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Table 1

Comparison of the g of various adsorbents

max

Adsorbent pH q,..mgg")  Reference
Fe/Zr pillared 6.0 16.67 [6]
montmorillonite

Active carbon 3.1 2.88 [9]
Fe(OH), 11 33 [12]
NNN-SBA-15 55 26.3 [17]
8-MnO, 35 5.65 This work
NH,-MnQO, 35 14.45 This work

adsorption capacity (qexp)- And the comparison of the
adsorption capacity of different sorbent was listed in
Table 1. On the basis of the hypotheses of Langmuir iso-
therm model, the adsorption of Cu(Ill)-EDTA by these
adsorbents was inferred to monolayer sorption. Mean-
while, the negative value of AG and the positive values
of AH and AS determined a spontaneous and endother-
mic adsorption process.

3.3. Adsorption kinetics and activation energy

To investigate the relationship between adsorption
capacity of NH,-MnO, or 3-MnO, for Cu(II)-EDTA che-
lates and contacting time, the adsorption kinetics exper-
iments were conducted, and the results were presented
in Fig. 3. The equilibrium was achieved in short time,
and the uptake of Cu(II)-EDTA chelates was remark-
ably enhanced by the amino functionalization process.
Both of the curves showed almost the same trend, which
indicated the possibly similar adsorption mechanism of
Cu(II)-EDTA by two adsorbents at corresponding time.
Both of the pseudo-first-order and pseudo-second-order
equations could fit well for the adsorption behavior of
Cu(II)-ETDA chelates on the adsorbents, while the pseu-
do-first-order equation obtained a more realistic value of
equilibrium capacity. This indicated that the adsorption
process of Cu(II)-EDTA chelates was dominated by phy-
sisorption process.

Meanwhile, the temperature had obvious positive
effect on the uptake of Cu(Il)-ETDA chelates. Arrhenius
equation parameters were fitted by the rate constants
simulated in pseudo-first-order kinetics to determine
temperature independent rate parameters and adsorp-
tion type. The values of the calculated activation energy
(E,) for Cu(Il)-ETDA chelates adsorption onto NH,-
MnO, and 6-MnO, were 11.78 and 12.21 k] mol™, which
demonstrated that physisorption process dominated the
adsorption process.

3.4. BET

The nitrogen adsorption/desorption isotherms of
the virgin and Cu(lI)-EDTA saturated NH,-MnO, were
shown in Fig. 4. Both of the curves could be ascribed to

45
AMAA A A A A A
4.0
g 35 ¥
= 3.0F
]
S 25F
g
B 2 = =
g 0 f._Jl,_l_l
< 15
Lok B 3MoO,
A NH-MnO,
05F —— pseudo first-order equation
—————— pseudo second-order equation
0 300 600 900 1200 1500
Time (min)

Fig. 3. Adsorption kinetics of Cu-EDTA on 8-MnO, and NH,-
MnO,,.

Note:2 Cu:EDTA = 1:1, CO,Cu = 0.01 mmol L7, dosage = 1.0 g L,
pH = 3.5,0.01 mol L™ NaNO,.

—— NH,-MnO,
—O— NH,-MnO,-Cu(ID-EDTA

0.0 02 0.4 0.6
Relative pressure/(p/p,)

Fig. 4. Nitrogen sorption/desorption isotherms before and
after adsorption of Cu(Il)-EDTA chelates onto 6-MnO, and
NH,-MnO,,.

the type IV isotherms classified by International Union of
Pure and Applied Chemistry (IUPAC), and the isotherms
showed obvious nitrogen hysteretic loops at ~0.5-0.9 P/
P, typical of the nitrogen filling of mesopores. Param-
eters of the surface structure (Table 2) showed that the
specific surface area of NH,-MnO, was much less than
that of the un-functionalized one. Comparing to the
t-plot results of 5-MnO, and NH,-MnO,, the change was
mainly ascribed to the decrease of the external surface
area. Meanwhile, both of the specific surface area and the
external surface area of the Cu(I)-EDTA loaded 6-MnO,
and NH,-MnO, increased obviously. It indicated that the
chelates were anchored on the external surface of 3-MnO,
and NH,-MnO,,.
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BET characterization of 3-MnO, and NH,-MnO, before and after adsorption.
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BET surface area

t-plot micropore

t-plot external

Pore volume

Pore size (nm)

(m?g™) area (m? g™) surface area (m* g™) (cm®g™)
MnO, 274.77 44.45 230.32 0.62 9.98
MnO,- Cu(I)-EDTA 271.31 22.26 249.05 0.64 10.15
NH,-MnQO, 164.78 39.62 125.16 041 9.05
NH,-MnO,- Cu(II)-EDTA 228.61 2415 204.46 0.33 8.65

3.5. FTIR

The FTIR spectra of NH,-MnO, before and after Cu(Il)-
EDTA uptake were presented in Fig. 5. The intensity
enhancement of the peaks at 2,854 and 2,926 cm™ were
attributed to C-H stretching and bending vibrations in
CH, groups, and the appearance of the stretching vibra-
tion of carboxyl groups (C=0) at 1,738 cm™ demonstrated
the uptake of Cu(II)-EDTA. After adsorption, the band of
O-H stretching vibration of the surface hydroxyl groups
was red-shifted to 3,439 cm™ and strengthened obviously,
which could be ascribed to the formation of strong hydro-
gen bond. The appearance of the broad band at 2,031 cm™!
was ascribed to the interaction of protonated amino groups
(=NH,") of NH,-MnQO, and carboxyl groups of Cu(I)-EDTA.
Meanwhile, the asymmetric variable angle vibration of
-NH,"at 1,469 cm™! was obviously decreased, which further
demonstrated the -NH,* of NH,-MnO, accounting for the
uptake of Cu(Il)-EDTA.

3.6. XPS

To examine the chemical environment of the adsorbent
before and after adsorption and to clarify the adsorption
mechanism for Cu(I)-EDTA captured by NH,-MnO,, XPS
spectrum was conducted. The wide-scanned XPS spectra
(not provided) over a binding energy from 0 to 1,100 eV
showed clear Cu 2p binding energy peak about 934~935 eV
after adsorption, which demonstrated the uptake of the
copper species by NH,-MnQO,.

Detail spectra of the peaks for C1s,O1sand N1s
were shown in Figs. 6-8. The peaks of C 1 s in Fig. 6 before
adsorption were observed at 284.9, 286.4 and 287.8 eV,
which were assigned to Si-C, C-C/C-H and C-N, respec-
tively [24]. After adsorption of the pollutants, a new peak at
288.8 eV ascribed to O=C-O appeared, which indicated the
uptake of the EDTA on the surface of NH,-MnO,.

The peak of O 1 s before interaction in Fig. 7 could be
attributed to a sum of three peaks. The peaks of binding
energy at 530.0 and 531.8 eV were assigned to the lattice
oxygen, which existed in manganese oxides [25]. Another
peak of binding energy at 533.2 eV attributed to the sur-
face adsorbed oxygen [26]. After adsorption, these peaks
shifted slightly and generated a new peak at 533.3 eV, which
ascribed to C=0 [27]. Considering of the main species of the
pollutants in the solutions, the uptake of the Cu(II)-EDTA
chelates was confirmed.

The peak of lower binding energy of N 1 s at 400.0 eV
in Fig. 8 could be assigned to -NH—-/-NH,, while the other
one of binding energy at 401.1 eV could be assigned to —

NH,-MnO,-Cu(I)-EDTA

558

1850 1800 1750 1700 1650
1 2 1 " 1 " 1 n 1 " 1 2 1
3500 3000 2500 2000 1500 500
Wavenumber( c¢m ")

Fig. 5. The FTIR spectra of NH,-MnO, before and after
adsorption.
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E
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:
:
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1
286
Bind energy

1
288

Fig. 6. XPS detailed spectra of NH,-MnO, with C 1 s before and
after adsorption.

NH,* [28]. The peak of -NH; shifted toward higher binding
energy after the capture of Cu(II)-EDTA, which indicated
the electrostatic interaction between negatively charged
Cu-EDTA anions and positively charged protonated amino
groups on the adsorbent [19].

In general, the changes of binding energy of C1s,01s
and N 1 s, especially the clear increase of the proportion of
-NH,* after uptake of Cu(Il)-EDTA chelates, indicated the
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NH,-MnO, .
J 530.0 eV
531.8eV ~

- 53226V, A
g
E

NH,-MnO,-Cu(ID)-EDTA

530.0 eV
533.3¢V
1 1 1 1 1 1 1 1

538 536 534 532 530 528 526 524
Bind energy (eV)

Fig. 7. XPS detailed spectra of NH,-MnO, with O 1 s before and
after adsorption.

NH,-MnO,

401.1eV  /

Intensity

NH,-MnO,-Cu(IT)-EDTA

1 " 1 " 1 " 1 " 1
408 404 400 396 392
Bind energy (eV)

Fig. 8. XPS detailed spectra of NH,-MnO, with N 1 s before and
after adsorption.

interaction of amino groups on the surface of NH,-MnO,
and the carboxyl groups of Cu(Il)-EDTA chelates rather
than the copper ions.

4. Conclusions

NH,-MnO, had a stronger ability to uptake Cu(II)-EDTA
chelates from aqueous solutions than that of the un-func-
tionalized 3-MnO,. Lower solution pH and ionic strength
were benefits for the uptake of the chelates. The Langmuir
model fitted well for the experimental data, and the max-
imum adsorption capacity of Cu(Il)-EDTA chelates on
NH,-MnQO, was two times more than that of the un-func-
tionalized one. The values of the calculated activation
energy (E ) demonstrated physisorption process dominat-
ing the adsorption process. The interaction of Cu(II)-EDTA
chelates and NH,-MnO, mainly occurred on the external
surface of the adsorbent. The adsorption of Cu(II)-EDTA
chelates onto NH,-MnO, attributed to the electrostatic inter-

action between positively charged amino groups (-NH,")
on the adsorbent and the negatively charged Cu(II)-EDTA
anions. The carboxyl groups rather than the copper ions of
Cu(I)-EDTA chelates accounted for the interactions with
NH,-MnO,.
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