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Abstract In this study, a facile precipitation process to
treat wastewater from zinc plating industry is presented.
Water purification rates of Zn range between 96.40 % and
99.99 % depending on the reaction conditions. Optimal
results are gained at a low pH value of 9, low temperature
of 40 °C and a fast alkalization using NaOH solution
containing 16 % pure NaOH. Traces of Ni, Fe, Zn, Cu and
Cr present in the wastewater were almost completely
removed. The precipitates were analysed by X-ray
diffraction, infrared and Raman spectroscopy, electron
microscopy and magnetic measurements. They consist of
doped ZnO as a main phase. Although ZnO exclusively
crystallizes in nanoparticle size, the morphology is directly
influenced by the experimental parameters. Additionally,
very small amounts of ZnCO3 and Zn(OH), were detected.
Magnetic investigations indicate the incorporation of Ni
and Fe into the ZnO lattice. The measured saturation
magnetization is ~0.01 emu/g and the Curie temperature
is ~75 °C.
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Introduction

Zinc represents an important raw material for diverse
industrial applications. In consequence in various industrial
branches, as electroplating companies and metal finishing
industries wastewater loaded with zinc and other heavy
metals are produced. Though there are various techniques
as chemical precipitation, adsorption, ion exchange or
membrane filtration to treat wastewater (Fu and Wang
2011), especially in developing countries heavy metal
containing wastewater is directly or indirectly discharged
into the environment. For this reason, heavy metal pollu-
tion has become one of the most serious environmental
problems today. The commonly used method to treat this
wastewater is the precipitation of heavy metals as
hydroxides because it is simple and low cost (Huisman
et al. 2006). However, this treatment causes a very high
volume of sludge finally leading to disposal problems
(Kongsricharoern and Polprasert 1995). Based on their
high water and low heavy metal content, only small frac-
tions of the sludge are recycled. Another technique to
remove low concentrations of bivalent cations from labo-
ratory wastewater is to incorporate them into the ferrite
structure (Katsura et al. 1977; Okuda et al. 1975; Barrado
et al. 1998). However, the so-called ferrite process does not
necessarily lead to a monophasic residue which is low in
volume (Pritosiwi 2012; Heuss-ABbichler et al. 2014; John
and Heuss-ABbichler 2015).

On the one hand, zinc is an essential element for good
health, but at high concentrations it can be harmful
(Sandstead 1995). On the other hand, ZnO nanoparticles
are in focus of both industry and research due to many
possible applications including UV lasers (Chu et al. 2011),
solar cells (Matsubara et al. 2003; Sudhagar et al. 2011),
photodetectors (Hsu et al. 2005), gas sensors (Xu et al.
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2008; Wang et al. 2012) and piezoelectric devices (Wang
et al. 2010) depending on its morphology and doping.
Hence, there are various techniques to synthesize ZnO, e.g.
solid-state reactions, hydrothermal procedures (Chen et al.
2000; Zhang et al. 2012), hydrolysis (Jezequel et al. 1995),
solution routs (Zhang et al. 2002; Desai and Sartale 2015)
and vapour phase synthesis (Zhang et al. 2012).

In focus of our study is the development of a procedure
(1) to purify heavy metal, especially zinc-loaded wastew-
ater from zinc plating industry by a facile, single-step
precipitation process, and (2) to gain nanocrystalline ZnO
free of hydroxides.

Materials and methods
Materials: wastewater from zinc plating industry

The experiments were performed using wastewater from
zinc plating industry containing almost 1.4 g/l zinc and
traces of copper, nickel, chromium and iron of <2 mg/l.
Table 1 summarizes the heavy metal concentrations
(>0.05 mg/l) measured in the wastewater by ICP-OES.

Experimental set-up

First, 150 ml of wastewater from zinc plating industry was
heated up to the reaction temperature (40-90 °C). As a
next step NaOH (solution with 4-16 % pure NaOH, VWR
analytical grade) was added until the reaction pH (pH
9-11) was reached. Afterwards the pH was maintained at
reaction pH for 3 min.

During these two steps, the solution was continuously
stirred and kept at reaction temperature. Afterwards a
50-ml aliquot was taken representing freshly precipitated
particles (=fresh sample). The remaining solution was filled
in two conventional laboratory bottles. The bottles were
sealed and stored either at elevated temperature (=et, equal
the particular reaction temperature) or at room temperature
(=rt) for 24 h.

Afterwards the precipitates were filtered, washed 3 times
with water (5 pS/cm) and dried at room temperature for
12 h. For pH measurements and adjustments, a Titrator TL
7000 (SI Analytics) was used.

Table 1 Heavy metal concentration (>0.05 mg/l) in wastewater from
zinc plating industry

Concentration (mg/1)

Zn Cu Ni Cr Fe

1392.12 0.74 1.37 0.28 1.91

Methods

Inductively coupled plasma optical emission spectrometry

(ICP-OES)

ICP-OES measurements were performed on an ICP JY
704 from Horiba Jobin—-Yvon GmbH [Department for
Earth and Environmental Sciences (DEES), Ludwig-Max-
imilians Universitit (LMU) Miinchen] to analyse the metal
concentration of the industrial wastewater before and after
the treatment. The detailed measurement conditions and
the SD are summarized in Table 2.

X-ray powder diffraction (XRD)

Phase identification was performed by X-ray powder
diffraction on a GE SEIFERT XRD 3003 TT (DEES-LMU
Miinchen). All measurements were carried out using
CuK,,; radiation on zero-background quartz holders. Each
pattern was measured for 3 times and added up to achieve a
better signal-to-noise ratio. The sample holder was rotated
during the measurement for getting a better counting
statistics. After the diffraction pattern was corrected for
baseline, phase identification was carried out with the help
of the software FindIt and based on reference inorganic
crystal structure database (ICSD).

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were used to identify low crystalline phases.
All measurements were performed on a FTIR spectrometer
EQUINOXS5S5 from Bruker (DEES-LMU Miinchen). The
data were corrected for atmospheric influences and base-
line. Typically, the spectra were fitted with the software
PeakFit. The identification of peaks was done with the help
of literature references from RRUFF database (Lafuente
et al. 2015).

Table 2 Element-specific parameters for performed ICP-OES

measurements
Element Wavelength (nm) Detection limit (mg/1) SD (%)
Cu 324.754 0.0054 0.2
213.598 0.0120 0.2
Cr 284.325 0.0086 0.9
Fe 238.204 0.0046 0.8
259.940 0.0062 1.1
Ni 231.604 0.0140 04
234.554 0.0310 0.5
Zn 213.856 0.0018 0.5
330.259 0.2300 0.4
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Raman spectroscopy

Raman measurements were performed on a Horiba XploRA
system mounted on an Olympus BX51 microscope (Miner-
alogical State Collection Munich) using a 532.14 laser. The
phases were identified by comparison of the recorded spectra
with RRUFF database (Lafuente et al. 2015).

Scanning electron microscopy (SEM)

The SEM investigations were carried out with the Nano-
SAM Lab from Scienta Omicron, using a UHV Gemini
column with an ultimate resolution of <3 nm (Universitit
Augsburg). All pictures were taken at 10 kV beam energy,
a beam current of 100 pA and a working distance of 5 mm
with the inlens detector.

Transmission electron microscopy (TEM) and EDS
analyses

TEM measurements were performed using a JEOL JEM-
2100F transmission electron microscope equipped with
both a Gatan imaging filter for energy-filtered microscopy
and an EDAX EDS detector for recording the chemical
composition. Particle size and shape investigations were
carried out in the imaging mode, supplemented by electron
diffraction for structural analysis.

Variable field translation balance (VFTB)

Magnetic responses to an applied magnetic field between
—9000 and 9000 Oe were carried out at room temperature on
a VFTB from Petersen Instruments (DEES-LMU Miinchen).

Results and discussion

In this study, we present six experimental series performed
at pH values of 9 and 11, temperatures at 40, 70 and 90 °C
and varying ageing conditions to demonstrate the influence
of experimental parameters on (1) quality of the wastew-
ater purification and (2) the precipitates.

Samples are named according to the following con-
vention: “reaction temperature”_“pH-value”_“concentra-
tion of added Na(OH) solution”. “_fresh” stands for a
sample that was not aged. The supplement of “_et” means
ageing at elevated temperature (=et) for 24 h, and “_rt”
stands for ageing at room temperature (=rt) for 24 h.

ELINT3

Wastewater purification

Table 3 summarizes the concentration of heavy metals in
the wastewater after the precipitation process. Optimal
conditions for zinc purification rates of >99.87 % were
achieved at pH 9 and 40 °C (sample series 40_9_4 and

Table 3 Metal content of
wastewater measured after the
precipitation process and the

Sample pH

Reaction temperature

Ageing temperature PR (Zn) (%) Concentration (mg/l)

Zn Cu, Ni, Cr, Fe

corresponding purification rate

(=PR) for zinc. The supplement 40_9_4_f 9 40
“_f” stands for fresh sample 40 9 4 et 9 40
without ageing 409 4 1t 0 40
40_9_16_f 9 40
40_9_16_et 9 40

40_9_16_rt 9 40
40_11_4_f 11 40
40_11_4_et 11 40
40_11_4_rt 11 40
40_11_16_f 11 40
40_11_16_et 11 40
40_11_16_rt 11 40
70_11_16_f 11 70
70_11_16_et 11 70
70_11_16_rt 11 70
90_11_16_f 11 90
90_11_16_et 11 90
90_11_16_rt 11 90

No 99.92 1.06 <0.01
40 99.96 0.61
20 99.87 1.79
No 99.99 0.11
40 99.99 0.08
20 99.93 1.03
No 99.77 3.24
40 99.77 3.19
20 99.73 3.72
No 99.83 232
40 99.84 2.28
20 99.78 3.11
No 99.28 10.01
70 99.23 10.78
20 99.32 9.53
No 96.76 45.09
90 96.40 50.16
20 97.59 33.53
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40_9_16). Purification rates of experiments after using
solutions with 16 % pure NaOH are higher than the cor-
responding experiments with 4 % NaOH solutions. The
best result with a purification rate of 99.99 % achieved the
samples 40_9_16_f and 40_9_16_et. After treatment, the
zinc concentration in these samples was <0.11 mg/l. This
value is far below the critical value of 3 mg/l defined by
the World Health Organization (WHO).

At higher pH value of 11, the purification rate was
between 99.77 % and 99.84 %. By increasing the reaction
temperatures to 70 and 90 °C, the zinc purification rates of
the wastewater dropped below 99.32 %. The worst purifi-
cation rates <97.6 % are attained for the sample series
90_11_16 with zinc concentrations up to 50.16 mg/l in the
solution.

Ageing conditions also influence the quality of the
wastewater. Treating the samples at 40 °C and ageing at
elevated temperature improved the purification rate com-
pared to the fresh samples or samples aged at room tem-
perature. In contrast at higher reaction temperatures, the
purification rates were better if the samples aged at room
temperature (sample series 70_11_16 and 90_11_16, see
Table 3).

It is noteworthy that independently of the reaction
conditions Cu, Ni, Cr and Fe present in the initial
wastewater in low amounts are removed by the precipita-
tion process. Thereafter the remaining concentrations were
exclusively <0.01 mg/l.

Characterization of nanocrystalline precipitates

In all cases the products are nanocrystals. Following we
present the results obtained from sample series with a
purifications rate better than 99.2 % performed at 40 and
70 °C.

Phase analyses: XRD, FTIR and Raman

All precipitation products consist of ZnO as the only
crystalline phase. X-ray patterns of fresh precipitates from
sample series 40_9_4&_16, 40_11_4&_16 and 70_11_16
presented in Fig. 1 clearly show differing intensities of the
(100), (002) and (101) reflexes depending on the experi-
mental conditions. The peak position corresponds exactly
to the ZnO position. Obviously, the amount of foreign ions
is too small to have an effect.

At pH 9 and 40 °C, the (100), (002) and (101) reflexes
of the sample series 40_9_4&_16 show ascending inten-
sities. At a higher pH value of 11 (sample series
40_11_4&_16), the intensity of the (002) and (101)
reflexes are almost equal. By increasing the reaction tem-
perature from 40 to 70 °C (sample 70_11_16), the intensity
of the (002) reflex clearly decreases. The absolute
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Fig. 1 X-ray pattern of fresh precipitates obtained at pH 9 and 11 at
40 and 70 °C using different concentrated (4 or 16 %) Na(OH)
solutions

intensities of the observed reflexes are highest for samples
40_9_16 and 70_11_16 indicating good crystallinity of
ZnO. All other sample series precipitated either at 40 °C
and pH 11 or using low-concentrated Na(OH) solution
[containing 4 % pure Na(OH)] show broader peaks with
lower intensities.

Different intensities of the reflexes are obviously due to
variable morphology of the ZnO particles. This assumption
is in line with previous works (Wu et al. 2007).

The FTIR spectra of the fresh samples are shown in
Fig. 2. In accordance with the X-ray data, the precipitates
consist mainly of ZnO. Sample 40_9_4 shows an intensive
absorbance band at 417 cm™" attributed to the character-
istic vibrational mode of Zn—-O bonding (Nagaraju et al.
2010) and a much weaker band at 580 cm~'. Additional
very weak bands at 713, 872, 1135, 1400 and 1498 cm ™!
correspond to a very small amount of low crystalline
ZnCOj3 (smithsonite), and very weak bands at 445, 470,
1626, 3200 and 3400 cm™' are assigned to traces of
Zn(OH),. Traces of ZnCO5; and Zn(OH), are probably
adsorbed on the surface of the crystalline ZnO particles
which clearly represent the main phase in all precipitates.

By using a NaOH solution containing 16 % pure NaOH
(sample 4_9_16) instead of a low-concentrated one (sam-
ple 40_9_4), the amount of ZnCOj3; and Zn(OH), markedly
increases.
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Fig. 2 FTIR spectra of fresh precipitates obtained at pH 9 and 11 at
40 and 70 °C using different concentrated (4 or 16 %) NaOH
solutions. All spectra show the presence of ZnO and small amounts of
ZnCOj3 and Zn(OH),

The absorbance bands at 1400 and 1498 cm ™" are stron-
ger in the experiments performed at higher pH of 11 and
higher temperature of 70 °C (sample 4_11_16 and 70_1_16)
indicating a higher content of ZnCOj in these samples. By
varying the ageing conditions, no trend can be observed.

The Raman spectrum of sample 40_11_16_f in Fig. 3
exhibits two main peaks at 213 and 1142 cm™'. The
observed bands do not fit in with the characteristic Raman
peaks of ZnO nanoparticles at 332, 383 and 437 cm™ .
However, there are a few studies reporting partially
strongly deviating or additional Raman modes for doped
ZnO: Cong et al. (2006) published two additional Raman
modes at 813 and 891 cm ™' for ZnO nanoparticles doped
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Fig. 3 Raman spectrum of sample 40_11_16_f showing two main
Raman modes at 213 and 1142 cm™!

with nickel. An additional mode at 720 cm™' is found

when Fe doped (Bundesmann et al. 2003). ZnCOs typically
shows Raman modes at 198, 300 and 1095 cm” L They
correspond very well with our spectrum. Based on our
preparation method leading to distinct orientation, only
specific bands of the particles are detectable. The distinct
shift of the bands is obviously effected by the incorporation
of the foreign elements Cu, Cr, Fe and Ni.

Morphology and chemistry: SEM and TEM

Figure 4 shows SEM images of the precipitates of the
experimental series 40_9_4&_16, 40_11_4&16 and
70_11_16. The size of the particle is obviously controlled
by pH and temperature.

Precipitates prepared at pH 9 (Fig. 4a—e) consist of elon-
gated ZnO nanoprisms with an average size of 200—100 nm.
Particles of the fresh sample series 40_9_4 show well-defined
edges and rough surfaces (see Fig. 4a, b). In contrast the par-
ticles obtained after 1 day at 40 °C ageing temperature
(40_9_4_et, see Fig. 4c, d) or precipitated by the addition of
higher-concentrated NaOH (sample series 40_9_16) are char-
acterized by smooth surfaces and diffuse edges (see Fig. 4e). At
areaction pH of 11 (sample series 40_11_4 and40_11_16), the
morphology of the particles is more rounded with an average
size of 100—150 nm (Fig. 4f, g). At a higher reaction temper-
ature (sample series 70_11_16), ZnO crystallizes as rounded
nanoflakes with a diameter of 25-50 nm (Fig. 4h).

TEM images of sample 40_9_4_f and 70_11_16 veri-
fying the morphologies are observed in the SEM images
(Fig. 5a, e). The 100- to 200-nm large ZnO particles are
composed of many small crystallites. The dominant crys-
tallite size is within the range of 5-10 nm as illustrated in
Fig. 5b, c, h. All ZnO particles are highly crystalline, and
the measured lattice spacing in HRTEM images perfectly
matches to ZnO (Fig. 5d, g). No other phases except ZnO
were detected. The diffuse rim observed for some particles
(Fig. 5d, f) may be the effect of absorbance or accretion of
very small amounts of Zn(OH), or Zn(CO); as already
observed by FTIR and Raman measurements.

Furthermore, EDS measurements on 50 randomly cho-
sen particles were performed. All measured data points
indicate an homogeneous and consistent ratio of 80 wt%
Zn/20 wt% O. This corresponds to an atomic ratio of
almost 1/1 in the precipitated particles. Additionally, very
small signals of Ni, Fe and Cr (in descending intensity) are
detectable. However, the amount of these elements is too
low to get a quantitative result.

Magnetic properties of nanocrystalline precipitates

To verify the incorporation of magnetic ions into the ZnO
structure during the precipitation process, magnetic
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(b)

(d)

200nm
|

Fig. 4 SEM images of the precipitates of a, b sample 40_9_4_f, ¢, d sample 40_9_4_et, e sample 40_9_16, f sample 40_11_4, g sample

40_11_16 and h sample 70_11_16

measurements at room temperature were carried out. While
pure ZnO is diamagnetic doping with nickel (Cong et al.
2006), iron and copper (Han et al. 2002; Karmakar et al.
2007) leads to ferromagnetic properties at room temperature.

Figure 6 presents the magnetic hysteresis (M—H) loop
of sample 70_11_16_f showing clearly an s-shape

* @ Springer

around the origin indicating a ferromagnetic contribu-
tion. No remanent magnetization is detected. The mea-
sured saturation magnetization is ~0.01 emu/g and the
Curie temperature ~75 °C. These results are generally
in line with the observations of Wang et al. (2007) for
nickel-doped ZnO.
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(b)

Fig. 5 TEM images of a—d sample 40_9_4_f and d-h sample 70_11_16_f
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Fig. 6 Hysteresis loop at room temperature of sample 70_11_16_f
showing an s-shape around the origin. This indicates an incorporation
of foreign ions as Ni, Cu or Fe into the ZnO structure

Conclusion

The commonly used neutralization treatment methods
produce voluminous residues containing mainly hydrox-
ides. Herein, we present a facile technique to treat
wastewater from zinc plating industry by the precipitation
of heavy metal-doped ZnO nanoparticles. With our method

we can successfully recover zinc. The residues consist of
nanocrystalline-doped ZnO particles showing controllable
morphology. The amount of coprecipitated phases is below
the detection limit of X-ray diffraction. The main advan-
tages of this method are water purification rates of
99.99 %. Optimal purification conditions are achieved at
pH 9, 40 °C and for an alkalization with NaOH solution
containing 16 % pure NaOH. In comparison the residues
obtained herein are highly enriched in Zn and almost
hydroxide free. By doping they can be attractive for
industrial use. These improvements facilitate an economic
and efficient recycling procedure.
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