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Abstract We evaluated the sorptive properties of mor-

denite zeolite (MOR), a copper terephthalate metal–organic

framework (MOF), and graphene oxide (GO) and their po-

tential use in treating acid rock drainage (ARD) containing

Fe3?, Cu2?, Mn2?, Zn2?, Pb2?, and Cd2? ions. MOR was

prepared via a hydrothermal method, MOF was prepared via

a solvothermal method, and few-layered GO nanosheets

were synthesized using Hummers’ method. The aqueous

contaminants were removed by chemico-physical sorption

and ion exchange in batch tests. It proved possible to dra-

matically improve removal efficiency and sorptive capacity

by optimizing experimental conditions. Magnetic MOF

crystals were more efficient in removing metals than the

MOR and GO. Sorption tests using ARD from the Sungun

copper mine and a multi-component solution containing

cationic metal species revealed that both GO nanosheets and

magnetic MOF have great potential for ARD treatment.

Keywords Graphene oxide � Sorption process � Sungun

copper mine

Introduction

The generation of acid rock drainage (ARD) and the release

of dissolved metals into the environment are crucial concerns

for the mining industry (Motsi et al. 2009). ARD is a prevalent

source of environmental pollution and often contains metals

such as: Cu2?, Fe3?, Mn2?, Zn2?, Cd2?, and Pb2? (Mayer

et al. 2006; Vermaak et al. 2006). Some of these metals can be

toxic or carcinogenic and accumulate in living organisms

(Matlock et al. 2002; Kalin et al. 2006). Therefore, their re-

moval from waste and tailings effluent could have significant

benefits for human health and the environment.

Metal ions can be removed from water using various

methods, including solvent extraction, precipitation,

vacuum evaporation, membrane filtration, ion exchange,

and adsorption (Gupta et al. 2006, 2007a, b, 2009). Method

selection is based on the concentration of metal ions in the

aqueous solution and the cost of treatment.

Adsorption is simple, economical, and efficient. Sor-

bents such as clay minerals, zeolite, blast furnace slag, and

activated carbon have been studied extensively for ARD

treatment (Motsi et al. 2009; Namasivayam and Yamuna

1999; Peric et al. 2004; Ŕıos et al. 2008). However, these

sorbents suffer from either low sorption capacities or other

inefficiencies. Nanomaterials can resolve some of these

problems due to their high surface area, increased active

sites, and abundant functional surface groups. Nanomate-

rials such as carbon nanotubes, zeolite nanocrystals, and

graphene nanosheets have high sorptive capacities (Chan-

dra et al. 2010; Long and Yang 2001; Wang et al. 2008;

Zhao et al. 2011a) and have been widely used to remove

different kinds of organic and inorganic pollutants from

large quantities of aqueous solution.

Zeolites (crystalline aluminosilicates) with uniform pore

size and extensive surface area have been used in ARD
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treatment system design. The use of natural and synthetic

zeolites as sorbents has gained interest because zeolites

provide a combination of ion exchange and molecular sieve

properties that can be easily modified (Shiokawa et al.

1989).

Graphene, a type of atomic-layered graphite, possesses a

special two-dimensional structure and excellent me-

chanical, thermal, and electrical properties. Graphene and

its derivatives have high surface areas (a theoretical value

of 2,600 m2/g for exfoliated graphene sheets) and many

functional groups on the surface that contribute to metal

ion removal.

Metal–organic frameworks (MOFs) are crystalline porous

materials consisting of metal ions coordinated by organic li-

gands to form rigid three-dimensional frameworks. MOFs

with unique properties, such as large surface area, low

framework density, magnetic properties, and high pore vol-

ume, have considerable promise in adsorption processes. To

the best of our knowledge, there are no reports on the appli-

cation of copper terephthalate MOF material as an adsorbent.

This novel magnetic MOF can be reasonably easily incorpo-

rated into conventional water treatment materials, opening a

new option for water purification. The use of synthesized

graphene oxide (GO) nanosheets, mordenite zeolite (MOR),

and novel MOF crystals is of special interest in both adsorp-

tion processes and ARD treatment based on their unique

structure, high surface area, biocompatibility, and meso-

porous properties. We studied the sorption characteristics and

uptake efficiency of Fe3?, Cu2?, Mn2?, Zn2?, Cd2?, and Pb2?

ions from aqueous solutions and ARD from the Sungun cop-

per mine using nanocrystalline MOR, copper terephthalate

MOF, and GO nanosheets.

Experimental

Materials

Sodium silicate (Na2SiO3), aluminium nitrate [Al(NO3)3-

3H2O], and sodium hydroxide (NaOH) were obtained from

Merck for MOR synthesis. Terephthalic acid (tpaH), copper

nitrate (Cu(NO3)2�3H2O), and N,N-dimethylformamide

(DMF) were purchased from Merck for MOF synthesis. For

the GO synthesis, graphite powder was purchased from

Fluka and concentrated sulphuric acid (H2SO4), potassium

persulphate (K2S2O8), diphosphorus pentaoxide (P2O5),

hydrogen peroxide (H2O2), and potassium permanganate

(KMnO4) were obtained from Merck. Synthetic solutions

with metal ions were prepared using their respective metal

salts. All metal salts and other chemicals were of the highest

purity available and were obtained from Merck. An ARD

sample provided by the Sungun copper mine was used to test

MOR, MOF, and GO activity.

Instruments

For detecting the mineral phases, the XRD pattern of the

prepared MOR and MOF was recorded using a Philips

X’pert instrument operating with Cu Ka irradiation

(k = 0.15406 nm) as the X-ray source. The absorption

spectrum of GO was determined by UV–Vis spectropho-

tometer (GBC Cintra 40). The average particle size and

morphology of prepared samples were distinguished by

scanning electron microscopy (SEM, XL30 model). FT-IR

spectra in the range of 4,000–400 cm-1 were reported in

the transmission mode on an ABB BOMER MB series

spectrophotometer. The specific surface area and pore

volume distributions of the prepared samples were calcu-

lated from the nitrogen adsorption–desorption isotherms at

77 K using a Belsorp apparatus. Metal ion content was

analysed by atomic absorption (AA, Varian SpectrAA 220

spectrometer).

Catalyst Preparation

Synthesis of Copper Terephthalate MOF

Solvothermal synthesis of the Cu (tpa) (dmf) MOF was

performed as described by Cantwell et al. (2009). For the

MOF crystal synthesis, copper nitrate trihydrate and tpaH

were dissolved in DMF with vigorous stirring. The reaction

mixture was heated in an oil bath at 140 �C overnight to

yield cubic crystals of MOF. It is worth noting that the

framework of MOF particles requires tight control of the

thermal conditions. After completing the synthesis, the

resultant blue product was collected by filtration, washed,

and dried.

Synthesis of MOR

Nanocrystalline MOR was prepared by a two-step hy-

drothermal method (Mohaghegh et al. 2014). First, a gel

containing silica and aluminium species was prepared in

a 400 mL Borosil beaker by dissolving finely divided

silica and aluminium in an alkaline hydroxide solution.

To achieve uniform small particles and complete mixing,

the gel was magnetically stirred for 2 h. Then, the re-

sulting product was rapidly transferred into a Teflon-

lined stainless steel autoclave under autogenous pressure

and static conditions. After natural cooling to room

temperature, the product was collected using a centrifuge

and washed until the pH of the remaining solution was

\9. The white powder was collected, dried, and then

calcined at 550 �C for 8 h. The synthetic zeolite was

denoted as MOR and stored in powder form for further

use.
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Synthesis of GO

Few-layered GO nanosheets were synthesized by oxida-

tion of natural graphite powder according to a modified

Hummers’ method. In the first step, 3.00 g of graphite

powder was added to a mixture of concentrated H2SO4,

K2S2O8, and P2O5. After that, the prepared mixture was

heated to 80 �C and allowed to react for 6 h. Then,

oxidized graphite was made by diluting the solution with

deionized water (DI), filtered using nylon Millipore film,

repeatedly washed with DI, and finally dried in air

overnight. In the second step, 460 mL of H2SO4 was

added to the oxidized graphite and stirred. Afterward, 6 g

of KMnO4 was added slowly at constant temperature, and

then stirred for 2 h at 35 �C. Next, 920 mL of DI was

added slowly to the suspension while keeping the tem-

perature below 50 �C. After 2 h, DI and H2O2 were

added to the mixture, which was centrifuged and washed

with HCl solution, followed by 5 mL of DI to eliminate

the acid. Lastly, the resulting product was subjected to

dialysis for a week to remove acids, and dried under

vacuum conditions (Li and Wu 2009). GO nanosheets

obtained from the oxidation of graphite powder are

readily dispersed in polar solvents such as DI.

Sorption Experiments

Sorption experiments were done in a batch reactor. In this

set-up, the reactor was surrounded by a circulating water

jacket to maintain a constant 25 �C. Two hundred mL of

synthesized solution, including metal ions with the desired

concentration and 0.1 g of adsorbents, were fed into the

reactor. The suspension was magnetically stirred at

300 rpm for 120 min. 4 mL of solution was withdrawn

from the reactor, centrifuged for 10 min at 10,000 rpm, and

submitted for AA analysis. By performing a proper mate-

rial balance, the quantity of ions adsorbed at regular time

intervals was determined spectrophotometrically for ki-

netic analysis.

Results and Discussion

Characterization of Sorption Materials

UV–Vis Spectra of GO

UV–Vis absorption spectrum of GO is represented in

supplementary Fig. 1, which accompanies the on-line

version of this paper. The absorption peak around 235 nm

is assigned to the P ? P* transitions of C=C bonds, and a

shoulder, at about 290–300 nm, relates to the n ? P*

transition of the C=O bond (Zhou et al. 2009).

XRD Analysis

The XRD pattern of MOR is depicted in supplementary

Fig. 2. The average crystal size for MOR calcined at

550 �C was calculated to be 30 nm from half the width of

the diffraction peaks by applying Scherrer’s formula

(Lipson and Steeple 1970). The zeolitic phases were rec-

ognized by comparing the diffraction peaks with data in the

ICSD database (Pankaj et al. 2008). The XRD pattern of

copper terephthalate MOF (supplementary Fig. 3) show

that the MOF crystals were successfully formed, because

the diffraction peaks can all be readily indexed to Cu(tpa)

(dmf) (Cantwell et al. 2009).

BET Analysis

Table 1 indicates the surface area and total pore volume

data for the prepared samples. It has been suggested that

GO, MOF, and MOR can be used as adsorbents. High

specific surface area is usually required to enhance the ad-

sorption efficiency of metal ions. The GO and novel MOF

material have the highest specific surface area, indicating

their potential for adsorbing metal ions. However, the sur-

face area is still lower for GO than the theoretical value for

completely exfoliated and isolated GO sheets because of

incomplete exfoliation and agglomeration of GO sheets

after fast heat treatment. This is consistent with the SEM

image of the GO sheets being randomly aggregated and

crumpled. Agglomeration of GO sheets can arise from

fractional coalescing. Agglomeration reduces the specific

surface area, but the crumpled structure still leaves a large

exposed surface area (Stankovich et al. 2007).

FE-SEM Analysis

FE-SEM was used to investigate the surface morphology of

the prepared samples. The SEM images of the prepared GO

nanosheets, MOR, and MOF nanocrystals are shown in

Figs. 1, 2, and 3, respectively. Two magnifications of the

MOR nanoparticles (Fig. 1a, b) below the calcination

temperature (550 �C) show that the MOR nanoparticles

were approximately 32 nm in size and were homogeneously

dispersed.

The synthesized GO sample (Fig. 2) consists of ran-

domly aggregated, thin, crumpled sheets nearly associated

Table 1 Properties of the synthesized sorbents

Adsorbents SBET

(m2g-1)

Total pore

volume (cm3g-1)

MOR 322.0 0.214

GO 478.7 1.313

MOF 573.0 0.481
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with each other and generating a disordered sample. The

folded regions of the nanosheets were determined from the

SEM image to have average widths of &54 nm. At the

resolution limit of our instrument, this image also shows

that individual sheets exist in the GO sample. This

qualitative conclusion was further confirmed by BET

analysis. The MOF crystal sample obviously exhibits three

dimensional cubic structures, with a relatively smooth

surface, showing that the preparation conditions were

suitable for synthesizing MOF crystals (Fig. 3).

FT-IR Spectroscopy

Supplementary Fig. 4 represents the FT-IR spectrum of

MOR nanocrystals calcined at 550 �C. The bands in

the regions of 400–520 cm-1, 7,100–830 cm-1, and

1,000–1,050 cm-1 belong to the asymmetric and symmetric

stretching mode of the T–O–T bond and stretching mode of

the T–O bond in SiO4 and AlO4 structures, respectively

(T = Si, Al). The band around 3,400 cm-1 corresponds to

O–H stretching, meaning that MOR nanocrystals physically

adsorb water from the air (Pankaj et al. 2008).

Supplementary Fig. 5 displays the FT-IR spectrum of

the GO nanosheets. The main oxygen-containing groups on

the GO surface expected to form strong surface complexes

with metal ions were characterized; the specific peaks

indicate that large numbers of oxygen-containing func-

tional groups exist on these surfaces (Zhao et al. 2011b).

Similarly, supplementary Fig. 6 shows the FT-IR spectrum

Fig. 1 SEM images of synthesized MOR nanoparticles calcined at 550 �C

Fig. 2 The SEM image of aggregated GO sheets

Fig. 3 The SEM image of MOF crystal
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of the MOF crystals. The bands in the regions of

1,640 cm-1, 2,940 cm-1, and 1,430–1,550 cm-1 belong to

the C=O, C–H groups, and –O–C–O–, respectively (Cant-

well et al. 2009); the peaks indicate that large numbers of

functional groups exist on the MOF crystal surfaces.

Sorption of Metal Ions Over Synthesised MOR, MOF,

and GO

Figure 4 shows the sorption curves of Fe3?, Cu2?, Mn2?,

Zn2?, Cd2?, and Pb2?. It can be seen that the removal

efficiency for total ions by MOF crystals and GO nanosh-

eets was higher than for the MOR sorbent. This is thought

to be due to the higher specific surface area of the synthetic

MOF and GO. In addition, when MOF was used as a

sorbent, the metal ions appeared to be chemically sorbed

by functional groups in the MOF. As a result, MOF crystals

with many functional groups, such as –O–C–O–, car-

boxylate ligands, and C=O, can complex with the metal

ions. Generally, the highly porous framework of MOF

crystals enables guest molecules such as metal ions to

diffuse into the MOF structure; the shape and size of the

pores leads to selectivity over the guests that may be ad-

sorbed. These features make MOF an ideal sorbent for

removal of metal ions from aqueous solution. Finally, MOF

with magnetic properties can be separated by an external

magnetic field and repeatedly reused in metal ion removal

(Cantwell et al. 2009).

The lower specific surface area of MOR compared to

MOF and GO was approximately compensated for by

MOR’s unique structure. MOR has additional transporting

channels that provide a desirable pathway for ion exchange.

The metal ions in the MOR transport channels were ex-

changed with the metal ions in the solution. With regard to

GO, the high sorption activity of GO nanosheets is at-

tributed to the interconnected pore structure being con-

ducive to ion diffusion. When GO was used as a sorbent, in

addition to the high specific surface area, metal ions were

chemically sorbed by surrounding the metal ions with

epoxides, hydroxides, carboxylic groups, and carboxylate

on the surface of the GO sheets. As a result, GO with many

functional groups, such as –O–, –OH, and –COOH, can

complex with the metal ions (Zhao et al. 2011a). Moreover,

the metal ions accumulate along the wrinkles and edges on

the GO surface (Zhang et al. 2010). Therefore, GO, with

more oxygen-containing groups and higher specific surface

area, had a higher adsorptive capacity than MOR.

In all of the prepared samples, it was observed that the

removal efficiency for Cu2? was higher than for other ions.

The radius of Cu2? is less than Zn2?, Cd2?, and Pb2?,

making it more suitable for effective ion exchange in both
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Fig. 4 Removal efficiency of metal ions from synthetic solution with

a GO nanosheets, b MOR nanocrystals, and c MOF crystals (pH = 7,

contact time = 120 min, T = 25 �C)

Fig. 5 The adsorption activity of prepared MOR, MOF, and GO

(pH = 7, contact time = 120 min, T = 25 �C)
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the MOR and MOF structures and promoting more effec-

tive bonding with functional groups on both GO and MOF

surfaces (Motsi et al. 2009).

The adsorption activity of the MOR, MOF, and GO

sorbents is represented in Fig. 5. MOF crystals and GO

nanosheets show higher adsorption capacity due to having

more functional groups on the surface, high surface area,

and a unique framework.

For all of the prepared samples, adsorption is a hetero-

geneous process with an initially fast adsorption phase,

when more active sites are available for the ions to interact

with; ion exchange in the pores of sorbent grains and

adsorption on the sorbent’s surface also occurs during this

stage. Adsorption is also faster at first since the driving

force for adsorption, which is the concentration difference

between the bulk solution and the solid–liquid interface, is

initially very high (Inglezakis et al. 2002). However, after

this initial period, adsorption slows, possibly due to dif-

fusion of metal ions into the interior channels of both MOR

and MOF and into available pores on the GO surface and

MOF crystals. In this later stage, ions occupy exchangeable

positions within the crystal structure of MOR and MOF.

Figure 6 illustrates the total metal removal process with

MOR, MOF nanocrystals, and GO nanosheets.

Fig. 6 Total removal process of

metal ions with prepared

a MOR nanocrystals, b GO

nanosheets, and c MOF crystals
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Kinetic Analysis

Kinetic sorption plots of metal ions on the prepared MOR,

MOF, and GO sorbents are represented in Fig. 7. A pseu-

do-second order rate expression was the best fit for the total

metal ions, which is consistent with the assumption that the

determining rate step may be chemical sorption consisting

of valence forces created by sharing or electronic interac-

tion between the adsorbent and adsorbate (Motsi et al.

2009; Ŕıos et al. 2008; Taty-Costodes et al. 2003). The

pseudo-second-order chemisorption kinetics law for the

reaction is expressed as:

dqt

dt
¼ kðqe � qtÞ2 ð1Þ

Separating the variables in Eq. 1 gives

dqt

ðqe � qtÞ2
¼ kdt ð2Þ

where qe is that amount of solute adsorbed per unit mass at

equilibrium, qt is the amount of metal ions adsorbed at time

t (mg g-1 adsorbent) and k is the second order rate constant

(g mg-1min-1). A linear form of the typical second-order

rate equation is summarized as Eq. 3:

t

qt
¼ 1

h
þ 1

qe
t ð3Þ

and h is calculated from Eq. 4.

h ¼ kq2
e ð4Þ
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Fig. 7 Pseudo-second-order kinetic plots for ion sorption onto MOR, MOF, and GO samples
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The pseudo-second-order model constants can be calcu-

lated experimentally by plotting t
qt

versus time (t).

Sorption Isotherms

The above equations very precisely describe the wide

range of results presented in this paper and it is believed

that they can be widely applied to analyse the isotherm

data. Langmuir and Freundlich isotherm models are both

used in analysis of adsorption. The Freundlich isotherm

model is an empirical model that can be used for non-

ideal sorption that contains heterogeneous systems, but

the Langmuir isotherm model is considered by the au-

thors to be the best available for describing sorption and

has been successfully applied to many sorption processes

(Motsi et al. 2009; Ŕıos et al. 2008). In this research, the

sorption data for Cu2? ion with the MOF crystal ad-

sorbent were fitted into the linearized Langmuir equation

(Eq. 5); the results can be seen in Table 2 and Fig. 8.

Ce

qe
¼ 1

qm
Ce þ

1

bqm
ð5Þ

where Ce is the metal ion concentration (mg L-1) at

equilibrium, qe is the amount of metal ions adsorbed per

gram of adsorbent at equilibrium (mg g-1 adsorbent),

b and qm are the Langmuir constants assigned to the

energy of adsorption and the maximum adsorption ca-

pacity, respectively. The coefficients qm (mg g-1 adsor-

bent) and b (mg-1) can be estimated from a plot of Ce/qe
versus Ce.

Effect of pH

The pH affects the adsorption of metal ions by GO, MOR,

and MOF sorbents by affecting the solubility of the metal

ions, ion concentration in the functional groups of adsor-

bents, and ionization degree of the adsorbate in the sorption

process. The removal efficiency of metal ions for prepared

adsorbents was increased by initially increasing solution pH

(Fig. 10). Active sites on MOR nanocrystals can be pref-

erentially protonated or deprotonated depending on the pH.

Holistically, more H? ions are adsorbed from solution in

more acidic conditions. For example, Zn exists as Zn2?,

ZnOH2
?, and Zn(OH)4

2-, depending on pH. MOR is gen-

erally weakly acidic and sodium form exchangers are highly

selective for H? ions, as summarized in Eq. 6 (Erdem et al.

2004; Inglezakis et al. 2003; Sprynskyy et al. 2006):

R � Na þ H2O ! RH þ Naþ þ OH� ð6Þ

This reaction takes place at high pH. At an acidic pH, H?

ions compete with metal ions for exchange sites in MOR

Table 2 Langmuir constants at three different temperatures for Cu2?

ion onto the MOF crystals

Temperature/�C R2 Eqs. Qm B

25 0.971 Y = 0.0139X ? 0.24 71.94 0.058

30 0.960 Y = 0.0117X ? 0.22 85.47 0.053

35 0.981 Y = 0.0109X ? 0.24 91.74 0.045

y = 0.0139x + 0.24
R² = 0.9709
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Fig. 8 Linearized Langmuir isotherm (Eq. 5) for Cu2? sorption in

the presence of MOF crystals (contact time = 120 min, T = 25 �C)
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pores and channels. In contrast, the MOR surface is

positively charged at low pH. At higher pH, the H? con-

centration is less, allowing more metal ions to be adsorbed,

as shown by decreasing Ce in Fig. 9b.

For both GO nanosheets and MOF crystals, the func-

tional groups on the adsorbent surface are expected to re-

main more anionic at higher pH; this can significantly

contribute to metal ion removal via chemsorption. At

pH\ pHpzc (pH of point of zero charge), the surface

charge of both MOF and GO is positive due to protonation

(Eq. 7). Positive metal ions fail to adsorb on the positively

charged surface of both MOF and GO nanoadsorbents

because of electrostatic repulsion. At pH[ pHpzc, the

surface charge of both MOF and GO is negative due to the

deprotonation (Eq. 8).

SOH þ Hþ ! SOHþ
2 ð7Þ

SOH ! SO� þ Hþ ð8Þ

where _S shows the nanosorbent surface and _OH shows

the oxygen-containing functional groups (Zhao et al.

2011a). The reaction for hydroxide formation of metal ions

(M2?) is summarized in Eq. 9.

M2þ $ M OHð Þþ$ M OHð Þ0
2$� M OHð Þ� ð9Þ

Metal ions can also combine with deprotonated surface

sites, allowing sorption on nanosorbents (Eq. 10).

2 SO
�

ðsÞ þ M2þ
ðeqÞ ! SO�ð Þ2M2þ� �

ðsÞ ð10Þ

The pH influences speciation of the surface functional

groups as well as the degree of deprotonation and proto-

nation. At an enhanced pH, the adsorbent surface becomes

more negative and electrostatic interactions between the

metal ions and nanoadsorbents become stronger, increasing

metal ion removal (Zhao et al. 2011c).

Removal of Metal Ions from Natural ARD

Tests were conducted using pH 3.7 ARD wastewater

collected from a low grade sulphide deposit in the

Sungun copper mine to evaluate the sorptive activity of

prepared samples (Figs. 10, 11). One thousand mL of

ARD and 0.1 g of adsorbents were fed into the reactor.

The Cu?2, Mn?2, Cd?2, Zn?2, Fe?3, and Pb?2
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Fig. 10 Removal efficiency of metal ions from Sungun Copper Mine

wastewater with: a GO nanosheets, b MOR nanocrystals, and c MOF

crystals

Fig. 11 ARD sampling from the Sungun Copper Mine

26 Mine Water Environ (2016) 35:18–28

123



concentrations in the Sungun ARD sample were 228.1,

112.4, 35.9, 91.7, 73.7, and 35.1 mg/L, respectively.

Finally, the removal efficiency of the MOF, GO, and

MOR nanosorbents for treating Sungun ARD waste-

water was compared (Fig. 12). The MOF crystals and

GO nanosheets showed high total metal removal

efficiency.

Conclusions

Nanocrystalline MOR, MOF, and few-layered GO

nanosheets were prepared and characterized using various

techniques. The adsorbents were used to remove metal ions

from a prepared aqueous solution and from ARD from the

Sungun copper mine. The results revealed that sorbent

properties, such as high surface area, recoverability, unique

structures, and specific functional groups, strongly influ-

enced removal efficiency. Analysis of sorption kinetics and

isotherms showed that ion removal obeyed pseudo-second-

order kinetics and Langmuir models, respectively. In-

creasing the initial pH of the solution increased removal

efficiency; this is believed to be due to ion exchange ca-

pacity, speciation of the surface functional groups, and

degree of deprotonation. Consequently, the highest sorp-

tion activity was observed for both MOF nanocrystals and

GO nanosheets due to their high surface area, unique

framework, and various functional groups distributed on

the surfaces of the nanosorbents. Copper terephthalate

MOF is a novel sorbent that shows impressive removal of

metal ions from aqueous solution. In addition, MOF has

magnetic properties and can be separated from solution by

an external magnetic field and repeatedly reused. The

sorptive activity of both Cu(tpa) (dmf) MOF crystals and

GO was clearly superior to the MOR sorbent for ion re-

moval from aqueous solution and natural ARD.
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