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Abstract: Spherical flower-like Mg(OH), was fabricated from MgSO4 effluent and its adsorption performance for
heavy metal ions was evaluated. The appropriate fabrication conditions are as follows: Mg?*/NHsOH molar ratio of
1:0.5, temperature of 120 °C and time of 1 h at Mg?" concentration of 2 mol/L. Spherical flower-like Mg(OH),
composed of ultra-thin sheets exhibits an excellent adsorption ability for Ni**, Cu?*, Zn**, Pb*", Fe’* and Co?*, and the
adsorption reaches the equilibrium in 6 min. The maximum adsorption capacities of the studied heavy metal ions onto
Mg(OH); at 20 °C are 58.55, 85.84, 44.94, 485.44, 625.00 and 27.86 mg/g, respectively. The adsorption is well fitted by
the Langmuir model, indicating that the adsorption is monolayer. The adsorption kinetics follows the pseudo-second-
order model. Chemisorption is the operative mechanism. Spherical flower-like Mg(OH), is a qualified candidate for

heavy metal ions removal.
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1 Introduction

Water, identified as the source of life, is being
threatened by various pollutants due to the rapid
industrial development. Among the pollutants,
heavy metal ions are not easily degradable and can
cause ecologic problems if being directly released
into water bodies [1,2]. Therefore, it is essential to
remove the heavy metal ions from the industrial
effluents before being discharged. To date, many
methods have been developed to remove the heavy
metal ions, including chemical precipitation,
membrane separation, adsorption, ion exchange and
so on [2—4]. Among them, adsorption using
inorganic absorbents is one of the promising ways

for its simplicity, high efficiency and easy
operation [2,3]. However, the adsorption efficiency
critically depends on absorbents. The production
cost and recycling performance also affect its
application. Generally, the morphology and size of
micro/nano-structured adsorbents determine their
properties [1]. The controllable synthesis of micro/
nano-structures with desirable morphologies has
been paid much attention. The hydrothermal
method is widely used owning to its simplicity, high
yield, good repeatability and controllability [5].
Mg(OH), with special morphology exhibits a
great prospect in toxic wastewater treatment. As an
adsorbent, it has the advantages of nontoxic,
noncorrosive and environmental friendly. However,
the commonly used raw materials are analytic
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chemicals, and in order to obtain Mg(OH), with
special morphology, we usually need the help of
surfactants [6—8]. Few reports are available in the
synthesis of Mg(OH), with special morphology and
excellent adsorption performance from industrial
effluent aiming at improving the resource utilization
efficiency and environmental sustainability, for
example, MgSO; effluent in laterite hydro-
metallurgy. Thus, a facile, fast and surfactant-free
method is still required in low-cost and large-scale
fabrication of Mg(OH), with special morphology.

In this study, flower-like Mg(OH), was
synthesized using MgSO; effluent via a surfactant-
free hydrothermal method. And the influences
of Mg?"/NHs,OH molar ratio, hydrothermal
temperature, time and Mg®* concentration were
discussed in detail. The crystal structures and
morphologies of Mg(OH), were identified and
observed using X-ray diffraction (XRD) and
scanning  electric microscopy (SEM). The
adsorption performance of flower-like Mg(OH), for
Ni**, Cu*", Zn*', Pb*", Fe*" and Co*" was studied
under varied operating parameters. The isotherm
study was carried out using the non-linear
Langmuir and Freundlich models. Furthermore, the
adsorption thermodynamics was discussed. Finally,
the adsorption mechanism was determined.

2 Experimental

2.1 Materials

MgSO; solution (containing (NH4)2SOs4)
obtained from laterite hydrometallurgy after mixing
(with (NH4)2SOs), roasting, water leaching and
purification (precipitating Fe’* as ammonium
jarosite and AI’* as Al(OH); using NH;HCOs,
precipitating Ni*" as NiS using Na,S solution) was
used as raw material. And Mg?* concentration was
adjusted to a range of 1.5-2.5 mol/L. Analytic
NH4OH was employed as precipitant. The nickel
laterite (from Huili, Sichuan Province, China)
contained NiO with a grade of 0.99%, Fe,O3; with a
content of 13.62% (existing as hematite and
magnetite), SiO, with a grade of 44.83% (existing
as quartz, lizardite and clinochrysotile), ALL,O3; with
a content of 3.54% (existing as silicate), and MgO
with a content of 34.02% (exists as lizardite and
clinochrysotile). Cobalt and calcium were in a low
level.

2.2 Experimental procedure
2.2.1 Preparation of flower-like Mg(OH),

MgSO; solution ranging from 1.5 to 2.5 mol/L
and 2.0 mol/L NH4OH solution were mixed at
desirable Mg?*/NH4OH molar ratio within 1:0.4 to
1:0.6 and magnetically stirred for 30 min at 40 °C.
Then, the mixed solution was added into a 200 mL
Teflon lined autoclave and placed in a pre-heated
oven ranging from 80 to 140 °C keeping for within
3 h. Afterwards, the autoclave was cooled down.
The slurry was filtered and the specimen was
washed repeatedly by distilled water and three
times by ethanol before being dried at 80 °C.

2.2.2 Adsorption test

The adsorption experiments were carried out
in batches with fixed volume of 50 mL and stirring
speed of 300 r/min for a given time. Then, the
solution was filtered before measuring. The masses
of Mg(OH), varied in 50-300 mg (Cu**, Zn>"),
100-600 mg (Ni**, Co*"), 1020 mg (Fe’") and
10-80 mg (Pb*") were studied to determine the
optimal dosage (300, 200, 250, 60, 20 and 600 mg
for Ni**, Cu*, Zn*’, Pb*, Fe** and Co*,
respectively). The initial ion concentration of
200 mg/L was used for adsorption time tests at
20 °C and initial solution pH (6.21, 5.14, 5.91, 4.62,
2.95 and 5.95 for NiCl,, CuCl,, ZnCl,, PbCl,, FeCls
and CoCl,, respectively, tested by Leici PHSJ-4F
pH meter). As for ion concentration study, the
adsorption along with ion concentration varied from
100 to 500 mg/L was discussed assuming no
precipitate. As for the pH study, the solution pH
was adjusted using HCl and NaOH solutions
(0.1 mol/L).

2.2.3 Characterization

The structures of Mg(OH), specimens was
identified using a Japan Rigaku Ultima IV X-ray
diffractometer, employing Cu K, radiation with a
voltage 40 kV, at a scanning rate of 6 (°)/min with
20 ranging from 5° to 90°. The morphologies of the
Mg(OH), specimens were observed by a Japan
Hitachi 8010 scanning electron microscope. The
concentrations of those heavy metal ions were
measured using a TAS—990 atom adsorption
spectrophotometer.

2.3 Zero point of charge (pHpc)

The pHz was determined by adding 100 mg
Mg(OH); into 100 mL of 0.1 mg/L NaNOs solution
within the initial pH ranging from 4 to 12, shaking
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for 24 h and measuring the equilibrium pH values
of the solutions after separation. The difference of
equilibrium and initial pH (pHe—pH;) as a function
of initial pH was obtained, and the point at which
the curve intersected the x-axis was pHzpe [9].

2.4 Adsorption isotherms
The experimental data of heavy metal ions
adsorption were fitted using non-linear Langmuir
model (Eq. (1)) and Freundlich model (Eq. (2))
[10—15]:
— KLqmaxC

= e 1
2 1+K,C, M

q. = K:C,"”" )

where Ce. is the equilibrium concentration of ions in
the solution (mg/L), g is the equilibrium capacity
of ions on the adsorbent (mg/g), ¢gmax 1s the
maximum adsorption capacity (mg/g), Ki is the
Langmuir adsorption constant (L/mg) related to the
free energy of adsorption, Kr is the constant
dependent on adsorption capacity and adsorption
strength (mg' " g'-L™"), and 1/n is Freundlich
constant and large n is characterization of better
adsorption.

2.5 Adsorption thermodynamics

Thermodynamic parameters of the adsorption
process were calculated from the adsorption
isotherms using Egs. (3) and (4), including standard
free energy change (AG®), enthalpy change (AH®)
and entropy change (AS®) [11-17]:

AG® =—RTInK, (3)
(€] (€]
InkK, = AZ - Azfr 4)

where K. is the equilibrium constant of adsorption,
T is the thermodynamic temperature and R is the
molar gas constant.

2.6 Adsorption Kinetics

Adsorption kinetics of Ni**, Cu*", Zn*", Pb*",
Fe’* and Co** by Mg(OH), were evaluated by
pseudo-first-order (Eq. (5)) and pseudo-second-
order (Eq. (6)) models [11—17], and also fitted by
intra-particle diffusion model (Eq. (7)) [13—15]:

In(g, —q,)=1ngq, —kt ®)]
t 1 t

Lo L (©)
qt kZQe qe

where ¢ is time (min), ¢; (mg/g) is the adsorption
capacity of ions at time #, k (min') and k
(gmg "'min™") are the pseudo-first-order and
pseudo-second-order rate constants, respectively.

g =k'?+C (7)

where £ is the intraparticle diffusion rate constant
(mg-g'min "), and C is the film thickness.

3 Results and discussion

3.1 Influences of operating parameters on

structures and morphologies of Mg(OH):
3.1.1 Influence of Mg?"/NH4OH molar ratio

The effect of Mg”>*/NH4OH molar ratio on the
structures and morphologies of Mg(OH), was
studied under Mg*" concentration of 2.0 mol/L,
temperature of 120 °C and time of 1 h. The XRD
study indicates Mg”>"/NH4sOH molar ratio has no
effect on Mg(OH); structure. All diffraction data are
in good agreement with JCPDS No. 441482. No
other characteristic peak is detected, indicating that
the obtained Mg(OH), has hexagonal structure with
regular crystal form and high purity. Molar ratio has
an obvious effect on the morphology of Mg(OH),.
When Mg*/NH,sOH molar ratio is in the range
from 1:0.4 to 1:0.5, the obtained Mg(OH), exhibits
uniform and regular
composed of lots of ultra-thin sheets (Figs. 1(b, ¢)),

flower-like  structures
which are distributed in a narrow range. Increasing
the NH4OH dosage, a large number of crystal nuclei
formed in the initial stage kinetically grow into
large crystals, resulting in structure destruction.
Furthermore, agglomeration is observed (Fig. 1(d)).
Molar ratio of 1:0.5 was chosen in the following
experiments.
3.1.2 Influence of reaction temperature

Figure 2 shows the XRD patterns and SEM
images of Mg(OH), obtained at different
temperatures ranging from 80 to 140 °C under
conditions of Mg*/NH4OH ratio of 1:0.5, Mg*
concentration of 2.0 mol/L and time of 1 h. The
reaction temperature has no obvious effect on the
structure of Mg(OH), (Fig.2(a)), but has a
significant effect on the morphology of Mg(OH)..
Although Mg(OH), specimens obtained at 80 and
100 °C display flower-like structures (Figs. 2(b, c)),
the irregular and incomplete structures and flaky
particles are observed. High temperature facilitates
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the regular growth of Mg(OH), crystals to form the
uniform flower-like structure (Fig. 2(d)). However,
when the temperature reaches 140 °C, the particle
size grows obviously from 2 to 2.5-3.0 um, and the
edges of ultra-thin sheets become blurry owning to
the hydration of Mg(OH), [18], which may have a
negative effect on the adsorption due to decreasing
the specific surface area. Temperature of 120 °C
was selected in subsequent experiments.
3.1.3 Influence of reaction time

The influence of reaction time on the
structures and morphologies of Mg(OH), was
also examined under condition of Mg*/NH4sOH
ratio of 1:0.5, Mg®" concentration of 2.0 mol/L and
temperature of 120 °C, and the results are shown in
Fig. 3. All the obtained Mg(OH), specimens have
hexagonal structure. Obviously, a longer reaction
time disrupts the flower-like structure, even causing
the agglomeration (Fig.3(d)). The flower-like
structures become irregular and the edges of the
ultra-thin sheets are indistinct. This is due to the
hydration of Mg(OH), under hydrothermal
conditions. Mg(OH), obtained at 1h presents a
uniform and regular morphology (Fig. 3(b)). It can
be said that 1 h is appropriate for the fabrication of
flower-like Mg(OH)s.
3.1.4 Influence of Mg** concentration

Figure 4 shows the XRD patterns and SEM
images of Mg(OH), obtained at different Mg*"
concentrations under conditions of 120 °C, 1 h and
Mg?*/NH4OH ratio of 1:0.5. The results displayed
in Fig. 4 indicate that all the obtained specimens
are hexagonal-structure Mg(OH),. Increasing Mg**
concentration, flower-like Mg(OH), grows more
uniformly and regularly with a size of about 2 pm
(Fig. 3(b)). However, a high level of 2.5 mol/L
results in the agglomeration of Mg(OH), particles.
And the edges of ultra-thin sheets become blurry
(Fig. 4(c)). This may be attributed to the formation
of a large number of crystal nuclei in the initial
growth stage, which kinetically grow into large
crystals. Excessive crystals disorder the regular
flower-like structure. The 2.0 mol/L of MgSOs
solution was chosen.

The main elements in EDS pattern (Fig. 4(d))
are Mg and O with an molar ratio close to 2:1 (from
flower-like Mg(OH),) and Au (from the gold
spraying for imaging), confirming that Mg(OH); is
pure. The flower-like structure and the space
between ultra-thin sheets provide a high specific
surface area of 42.4 m?/g, a total pore volume by
BJH method of 0.10 cm’/g, a half-pore size of
20.37 nm and tunnels for the transport of heavy
metal ions, which is favourable for adsorption [11].
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Fig. 2 XRD patterns (a) and SEM images of flower-like Mg(OH), obtained at 80 °C (b), 100 °C (c), 120 °C (d) and

140 °C (e)

3.2 Growth mechanism of flower-like Mg(OH),
Nucleation and crystal growth are the two
main stages in crystal formation. The growth
process of flower-like Mg(OH), under hydro-
thermal condition is a process of dissolution and
recrystallization. Due to the rapid nucleation, a
large number of Mg(OH), nuclei are formed and
grow into tiny crystals because of the surface
energy effect. And the tiny crystals kinetically favor
to grow into the large crystals in supersaturated
solution. In the hexagonal system, the energy is
minimal when the crystal grows along the (001)
plane. However, the hydrothermal environment
can provide a driving force for (101) plane
growth. And crystals growth in the direction of
(101) would preferentially proceed under relatively
low temperature [19]. Furthermore, LV et al [20]

pointed out that the concentration ratio of Mg** to
OH was the key factor and decided the preferred
growth orientation. A low coordination number of
Mg** ion means that the (101) plane is a stable and
preferred orientation plane [20]. The growth of
flower-like Mg(OH); is schematically presented in
Fig. 5.

3.3 Adsorption of heavy metal ions on Mg(OH),
3.3.1 Influence of adsorption time

The adsorption capacities (g;) of flower-like
Mg(OH), for Ni**, Cu**, Zn*', Pb**, Fe** and Co**
versus adsorption time are presented in Fig. 6(a).
High adsorption capacities are achieved in 1 min
for Ni**, Pb*, Fe*" and Co?", indicating that high
removal ratios are achieved. The adsorption
capacity of Fe’" is astonishingly high, followed by
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Fig. 4 XRD patterns (a), SEM images obtained at varied Mg?* concentrations of 1.5 mol/L (b) and 2.5 mol/L (c), and

EDS pattern of flower-like Mg(OH), (d)

Pb*. One possible reason is that iron has the
strongest tendency to hydrolyze due to the addition
of basic Mg(OH),. The adsorption basically reaches
equilibrium in 6 min, and the rapid and efficient
removal is its advantage in practical application.
Consistently, it can be calculated that the removal

of these heavy metal ions studied is closed to 100%.
3.3.2 Influence of initial ions concentration

Another important parameter affecting the
adsorption is initial ion concentration, which can
provide the driving force to overcome the resistance
between two phases. The adsorption capacities (ge)
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Fig. 6 Relationships between adsorption capacities of heavy metal ions and time (a), initial ions concentration (b), pH (c)

and temperature (d)

of flower-like Mg(OH), for Ni*, Cu**, Zn**, Pb*,
Fe’" and Co”" against the initial ion concentration
were also preliminary discussed, as presented in
Fig. 6(b). It is obvious that the adsorption capacities
increase along with the increase of the initial ion
concentration, but the increase tapers off. This
could be attributed to the increase in initial ion
concentration making the equilibrium shift to the
side with less ion concentration. However, the

available active sites of the flower-like Mg(OH),
are constant at a given dosage and temperature.
3.3.3 Influence of pH value

The pH, as an important factor affecting the
adsorption was also investigated. The adsorption
capacities increase along with the increase of the
pH (Fig. 6(c)), and they basically reach the
maximums at a pH value of 5.14 for Cu®" (initial
pH) and about 5.50 for Ni**, Zn*" and Co®". The
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adsorption capacity for Cu?* has no obvious change
in the pH range of 5.14-5.62. However, a
continuous increase is observed for Pb*" and Fe’".
This may be related to the reactions with the
releasing OH™. The pHyc of flower-like Mg(OH), is
9.93. At the pH value below the pH,c, two possible
mechanisms for adsorption are ion-exchange and
surface interaction. The high pHy. indicated that
Mg(OH), would be positively charged over the
experimental pH range, the same as the metal ions.
Thus, the ion-exchange is the main adsorption
mechanism [21—-23]. The dissolution of Mg(OH),
and neutralization at a low pH value have a
negative effect on the adsorption. Hence, increasing
pH value of the solution is beneficial to the
adsorption. When the pH value increases from 5.91
to 6.25, an increase of adsorption capacity for
Zn*" is observed. One interpretation is that Zn*" is
dominant in experimental pH range with the
presence of other Zn** species (Zn(OH)", Zn(OH),,
and Zn(OH);). An increase in pH decreases Zn**
content and even precipitates Zn*" as Zn(OH),
resulting in an increase in removal [24,25].
3.3.4 Influence of temperature

The effect of temperature on the adsorption
was also carried out at temperatures ranging from
273 to 313 K and initial pH values in 6 min, as
shown in Fig. 6(d). The adsorption capacities
increase with temperature rising, indicating the
endothermic nature of the adsorption. Increasing
temperature is favorable to the adsorption.

3.4 Adsorption mechanism
3.4.1 Adsorption isotherms

The experimental adsorption data at 20 °C
were fitted by the Langmuir and Freundlich models,
and the Langmuir isotherm is shown in Fig. 7. The
parameters determined from the two models are

M Ni2+
. Cu2+
A Zn2+
v Pb2+
< Fe3+
> C02+

- . o

100 150 200 250 300 350 400
CJ(mg-L™")

0 50

Fig. 7 Fitting of adsorption equilibrium data using
Langmuir model

listed in Table 1.

Maximum experimental adsorption capacities
(Exp gmax) (55.14, 83.23, 44.86, 458.74, 609.65 and
28.25 mg/g for Ni**, Cu**, Zn**, Pb*, Fe*" and Co*",
respectively) are closely in agreement with those
obtained from Langmuir isotherm (58.55, 85.84,
44.94, 485.44, 625.00 and 27.86 mg/g, respectively).
And the higher correlation coefficients (R?) fitted by
the Langmuir model are observed except for Pb*".
This confirms that the adsorption is well fitted by
the Langmuir model, indicating that the adsorption
takes place as monolayer. On the other hand,
although the Freundlich model is inferior to the
Langmuir model, the values of 1/n less than 1
confirms that adsorption is easy to achieve.

The adsorption capacities of the six heavy
metal ions studied on different adsorbents are
compared in Table 2. Although some adsorbents
have higher adsorption capacity for certain ions,
such as Mg(OH),/GO for Ni**, Cu**, Zn*" and
Pb*", MCs@Mg/Fe—LDHs for Cu*" and Pb*" and

Table 1 Langmuir and Freundlich model parameters for adsorption of heavy metal ions

EXP Gmax/ Langmuir model Freundlich model

fon (mg-g™) gma/(mg'g™)  K/(L'mg™) R? Ke/(mg' Vg - LVny  1/n R

Ni?* 55.14 58.55 0.091 0.9910 20.832 0.183  0.9760
Cu?* 83.23 85.84 0.087 0.9912 29.108 0.192  0.9864
Zn?* 44.86 44.94 0.293 0.9997 31.517 0.061  0.9804
Pb** 458.74 485.44 0.020 0.9160 26.533 0.535  0.9652
Fe** 609.65 625.00 0.308 0.9985 519.507 0.031  0.9710
Co** 28.25 27.86 1.402 0.9997 23.358 0.032  0.9474
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Table 2 Comparison of adsorption capacity for heavy metal ions by various adsorbents
Adsorbent Ti@e/ 4/(mg'e") Ref.
min Ni2+ Cu2+ Zn2+ Pb2+ Fe3+ C02+

Fe(OH); MS 80 75.64 [26]
Mg(OH)»/GO 1440 1750 216.0 327.7 3444 [27]
Mg—Al-D2EHPA 60 68.66 [28]
Ni@Mg(OH), 50 40.18  36.11 [29]
MCs@Mg/Fe-LDHs 1440 338.98 755.27 [30]
MgAl-LDH@RHB 1440 104.34 [31]
MCC—-Mg(OH), 50 153.84 [32]
CaAl-LDH 600 122.7 221.2 [33]
Mn30.4/TiO; sheets 60 69.80 [34]
YNU-1 nanobelts 720 456.37 [35]
Phosphate 1440 9390 50.84 91.57 12432 123.75 [36]
Hydroxyapatite 1440 434 7.37 0.92 26.52 0.59 [37]

Flower-like Mg(OH) 6 58.55 8584 4494 48544  625.00 27.86 This work

MCC-Mg(OH), for Co**, flower-like Mg(OH),
exhibits a satisfactory adsorption for all six ions and
has high efficiency. The rapid and efficient removal
of heavy metal ions is its advantage.
3.4.2 Adsorption thermodynamics

To assess the spontaneity of the adsorption, the
thermodynamic parameters were calculated and the
results are displayed in Table 3. The positive values
of AH® and AS°® reveal that the adsorption is
endothermic and the disorderness of solid—liquid
interfaces is elevated [11—15,38]. Negative values
of AG® ranging from —6.182 to —16.485 kJ/mol
imply that the adsorption process is spontaneous.
Further, with increasing the temperature, the values
of AG® is more negative, suggesting that higher
temperature is in favor of the adsorption.
3.4.3 Adsorption kinetics

The adsorption data were fitted by the
pseudo-first-order, pseudo-second-order and intra-
particle diffusion kinetic models. The fitting results
of adsorption data by the pseudo-second-order and
intra-particle diffusion kinetic models are displayed
in Fig. 8 and Fig. 9, respectively. The relevant
parameters of the pseudo-first/second-order models
are listed in Table 4. It could be seen that the
pseudo-second-order model fits the adsorption data
better owning to the higher correlation coefficients
(R*). Moreover, equilibrium adsorption capacities
(ge) are closer to experimental results (gexp) of 32.72,

64.81, 47.94, 154.56, 524.22 and 17.48 mg/g for
Ni%*, Cu**, Zn*, Pb*", Fe’" and Co*’, respectively.
Thus, the adsorption  process involves
chemisorption, which 1is consistent with the
adsorption isotherms since chemisorption is usually
monolayer [13,14].

Table 3 Thermodynamic parameters for adsorption of
heavy metal ions

K ton | AGY AH®/ AS®/
(kJ'mol™)  (kJ'mol™) (kJ-K!''mol™)

273 —7.679

293 Ni* —8.385 1.953 0.035
313 —9.042

273 —8.247

293 Cu®* —9.458 8.273 0.061
313 —10.107

273 —7.119

293 Zn* —9.105 19.988 0.099
313 —9.861

273 —11.378

293 Pb*"  —12.406 2.684 0.052
313 —13.267

273 —14.245

293 Fe** —15.402 1.537 0.058
313 —16.485

273 —6.182

293  Co* —6.874 3.625 0.035
313 —7.436
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Fig. 8 Pseudo-second-order model plots for adsorption of
heavy metal ions on Mg(OH),

The fitting lines do not pass through the origin
point and a multi-linearity relationship is observed
in Fig. 9. It is well known that the higher the
intercept is, the greater the boundary layer effect is.
Rapid adsorption is observed within the initial
1 min, and thereafter the adsorption rate decreases.
That is to say, an instantaneous boundary (film)
diffusion occurs in the initial 1 min, which may be
related to the mass transfer of heavy metal ions
from bulk solution to the surface of flower-like
Mg(OH), [14]. During the second step, the
adsorption rates of Ni**, Pb*", Fe*>" and Co*" decrease
obviously, but the decrease is unapparent for Cu?*
and Zn*'. In the last step, the final equilibrium is
reached. The adsorption might be shifted from
intra-particle diffusion to surface adsorption [6].
The overall adsorption rate is simultaneously
controlled by boundary (film) diffusion and intra-
particle diffusion [13]. However, an exception is
observed as the adsorption rate of Zn®" increases,
which is different from previous reports [11,22—24].
One possible explanation is that Mg”" and OH™ are

Table 4 Kinetic parameters for adsorption of heavy metal ions
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Fig. 9 Intra-particle diffusion kinetics for adsorption of
heavy metal ions on Mg(OH),: (a) Ni?*, Cu?*, Zn?" and
Co?"; (b) Pb*" and Fe**

released from Mg(OH), during adsorption. The
ion-exchange happens easily between Mg*" and
Zn** owning to the proximate ionic radii (0.72 nm
of Mg?* and 0.74 nm of Zn*") [25]. With the
increase of solution pH, Zn*" is still dominant, but
Zn?* concentration decreases. The concentrations of
other Zn** species, such as Zn(OH)", Zn(OH), and
Zn(OH);", increase. Thus, Zn?' adsorption may
involve multiple Zn?" species rather than a single
Zn**, which may enhance the adsorption rate [24].

Pseudo-first-order

Pseudo-second-order

fon ge/(mg-g ™) ky/min™! R? ge/(mg-g™) ko/(g'mg '*min") R

Ni?t 29.42 0.4605 0.8072 32.72 0.2030 0.9999
Cu** 69.32 2.2739 0.9710 64.81 0.0074 0.9882
Zn% 49.44 7.2745 0.9299 47.94 0.0067 0.9351
Pb?* 356.52 0.2518 0.9310 154.56 0.0246 0.9994
Fe’' 246.22 2.5336 0.9036 524.22 0.0048 0.9995
Co** 27.82 0.0394 0.9983 17.48 0.0907 0.9983
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3.4.4 FT-IR spectra and XRD patterns of Mg(OH)
before and after adsorption

The FT-IR spectra and XRD patterns of
Mg(OH), before and after adsorption are displayed
in Fig. 10. The broad band located at 3436.88 cm'
is due to O—H vibration from the absorbed H.O. A
sharp peak at 3699.10 cm™ attributed to the
stretching vibration of —OH is observed. The
bands observed at 3646.59, 2923.26, 2853.63 and
1420.28 cm ™" are due to bending vibration of —OH.
The peaks at 1643.60 and 1124.02cm™ are
assigned to CO3, and the vibration peak around
2364.76 cm™' is designated to the characteristic
vibration of C=0 bands, which are caused by CO,
adsorption [39,40]. Also, the peak at 1643.60 cm™
is due to the stretching vibration of —OH [40]. The
weak adsorption band assigned to Mg—O bonds at
431.71 cm ' is observed. The bands at 1643.60,
1420.28 and 1124.02 cm' are enhanced after
adsorption, which is largely due to the CO,
adsorption. However, the characteristic band of
Mg—O at 441.77 cm™ is weakened. XRD study
reveals that Mg(OH), adsorbent has no obvious
change after adsorbing Ni**, Cu*’, Zn** and Co*".
But the variation is significant after adsorbing Pb**
for the formation of Pb3(COs)(OH), due to CO,
adsorption, which can account for the characteristic
vibration of C=0 bands and COj . Fe(OH); is
observed after adsorption and the diffraction
intensity decreases obviously due to the dissolution
of Mg(OH); in low pH solution.

Herein, the adsorption of the studied heavy
metal ions on flower-like Mg(OH); is schematically
presented in Fig. 11. The adsorption of Ni**, Cu*",
Zn** and Co*" is mainly due to the ion-exchange
interaction owning to the proximate ionic radii. As
for Fe*" and Pb*", the precipitation reactions should
be the main factors.

3.4.5 Recyclability and cost analysis

The recyclability of the adsorbent is an
important factor in reducing cost. Flower-like
Mg(OH), after adsorption of Ni**, Cu*", Zn** and
Co*" can be recovered by ammonia solution, and
after 4 cycles, the adsorption capacities for these
ions are only slightly reduced by 2%—5%. Further,
the repeated recycling solution is used to recover
the valuable metals. But as for Mg(OH), after
adsorption of Fe’* and Pb*, hydrothermal
recrystallization after sulfate acid dissolution may
be a better option.

(a) 1643.60  1420.28 x\)

2364.76

2853.63

2923.26
1 —MH/Ni**  2—MH/Cv*" 3 —MH/Zn*"
4—MH/Pb*" 5—MH/Fe’" 6—MH/Co*
3699.10 I7 —MH ) Mg(IOH)g abbrfviated as IIVIH )
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™'

(b) =~ Mg(OH), 1 — Mg(OH),/Ni®* 2 — Mg(OH),/Cu?*

- Pbs(COx)z(OH.)z 3—Mg(OH),/Zn®" 4 — Mg(OH),/Pb*"
5—Mg(OH),/Fe’" 6 — Mg(OH),/Co*"

A —Fe(OH),

200(°)
Fig. 10 FT-IR spectra (MH-Mg(OH),) (a) and XRD
patterns (b) of Mg(OH), before and after adsorption

oM g2+
o OH™

® Ni%, Cu?', Zn**, Co**
o Fe3* ® Pbt

Fig. 11 Schematic diagram of adsorption of heavy metal
ions on magnesium hydroxide

Fabrication of flower-like Mg(OH), from
MgSO; effluent has significant social benefit and
environmental value. When taking into account of
facile fabrication, rapid and efficient removal of
heavy metal ions and recyclability, flower-like
Mg(OH), is a cost-effective candidate for the
removal of heavy metal ions.

4 Conclusions
(1) The

appropriate conditions for the
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fabrication of spherical flower-like Mg(OH), are
Mg*/NH4OH molar ratio of 0.5, temperature of
120 °C and time of 1 h at Mg®>" concentration of
2 mol/L.

(2) Spherical flower-like Mg(OH), exhibits an
excellent adsorption ability for heavy metal ions. At
20 °C, the adsorption equilibrium is reached in
6 min, and the maximum adsorption capacities for
Ni**, Cu*, Zn**, Pb*", Fe’* and Co*" are 58.55,
85.84, 4494, 485.44, 625.00 and 27.86 mg/g,
respectively. The adsorption is well fitted by the
Langmuir mode. The adsorption kinetics follows
pseudo-second-order kinetic model. Chemisorption
is the operative mechanism. Spherical flower-like
Mg(OH), is a qualified candidate for the removal of
heavy metal ions.
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IR Mg(OH); I & REMNEERE B FIIRRSWER
PRAZ, FEM, B, IR, H K, KR, BRI, BEA

1. RILK2 WE¥h 248 B ET S EEWE I E S8, TR 110819;
2. RICKRE U THREIEEESE M ARE S =, L 110819;
3. JLBHEE T K2 RISk 2 TR 208, TRFH 110159

7 ZE: H MgSOs R H % BREALIR Mg(OH)2, FEITAhHX 5 48 & F 1R BT PERE . & I& 45 S5 49 Mgk
J 2 mol/L. Mg?/NH4OH EE/REE 1:0.5. JHFF 120 CHIBFIAI 1 ho FHFBHEH 4L ERIZAER Mg(OH) W E & B B
TEA REMRHEE S, 6 min BIaliE IR P47, 20 CHR Mg(OH), % Ni2*. Cu®*. Zn*". Pb?*. Fe**fll Co*[f
BRI B> A 58.55. 85.84. 44.94. 485.44. 625.00 F127.86 mg/g. Wt idfEfF 4 Langmuir %Y, NELST-
R MR BN )R A B R, A IR R AR AL . BRIZ A6 Mg(OH): &A% I E & )8 & )
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