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a b s t r a c t

This work had proposed an effective solution to treat the iron-containing heavy metal wastewater 
by induced crystallization. In this study, a hydraulic fluidized-bed reactor was employed to remove 
ferrous from the high-concentration heavy metal wastewater. Sand grains (Fe free) were used as 
carriers. It was found that the optimum initial pH, molar ratio of [CO3

2–]/[Fe2+], HRT and the hydrau-
lic loading were 3.0–3.5, 2.0:1, 40 min and 31 m/h, respectively. Under the optimal condition, Fe2+ 
removal rate reached above 95% when the initial concentration was 100 mg/L. The average particle 
diameter of the carriers increased from 0.32 mm to 0.48 mm during the continuous operation for 
30 days. In addition, crystalline products were observed on the surface of the sand grains and Fe was 
detected in the products. The study revealed that hydraulic fluidized-bed reactor had great potential 
on removal from the wastewater containing high-concentration heavy metal.
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1. Introduction

Heavy metals are widely utilized in the industrial pro-
cess such as metal plating, electric, smelting, alloy casting, 
and etc. [1,2]. The wastewater generated from the industries 
normally contains a high concentration of heavy metals. 
This type of wastewater is categorized as high-concentra-
tion heavy metal wastewater. In addition, various heavy 
metal wastewater may also contain plenty of iron which 
has two different valence states in nature. The iron could be 
produced in the different stages of the metal processing and 
manufacturing industries, such as mining, metal-containing 
hazardous waste treating, metal etching and electroplating. 
In addition, heavy metal wastewater after being treated with 
Fenton reagent also contains large amounts of iron [3].

With the rapid development of industrialization, the 
quantity of wastewater containing high-concentration 
heavy metal is gradually increasing. The non-biodegrad-
able and persistent are a great concern because it could 
cause the environmental-cancer-in the long-term accumula-
tion and global circulation [4,5]. Thus, the drastic increasing 
of the heavy metal wastewater and the potentially carcino-
genic risk to humans have been drawn more attention to the 
removal and recovery of the heavy metal [6,7].

When treating iron-containing heavy metal waste-
water,the traditional physic-chemical methods presented 
various problems. The precipitate of hydroxides [8] or sul-
fides [9] were classified as hazardous waste which required 
complex and expensive treatment [10]. The other methods, 
including ion exchange [11], red ox process [12] and mem-
brane separation [13–15], required a complex operation and 
high cost.
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As the induced crystallization process was proved to 
remove several heavy metals effectively and without large 
amount sludge production [11,16–18], the ferric-containing 
wastewater would lead to the completely different effect 
according to the practical application to the treatment of 
electroplating wastewater. However, when to solve the con-
tradiction between the influence of ferric and the advantage 
of the induced crystallization, the change of the ferric should 
be considered. As the most widely existed metal, iron had 
two different valence states in nature normally co-existed 
with other heavy metals. Since the tri-valence state could 
not be removed by induced crystallization and also inter-
fered with the treatment of other metals, the bi-valence state 
may have the positive effect during the induced crystalli-
zation. Therefore, it is necessary to identify the result and 
process of ferrous removed by induced crystallization.

However, the influence of ferric hasn’t been considered 
into the process of the induced crystallization to remove 
other metals and the effect of ferrous has not yet been studied 
during the process. Therefore, researchers were focused on 
seeking valid solutions to apply the induced crystallization 
into the treatment of iron-containing heavy metal waste water 
effectively. In this study, the removal of Fe2+ by the induced 
crystallization process in a hydraulic-fluidized-bed reactor 
(HFBR) was explored. The operating parameters, including 
the initial pH, the molar ratio of [CO3

2–]/[Fe2+], HRT and the 
hydraulic loading were optimized. Scanning Electron Micro-
scope (SEM), Energy Dispersive X-Ray Spectroscopy (EDX) 
and Malvern spray analyzer, were employed to reveal the 
variation of the surface configuration and demonstrate the 
crystallization of ferrous.

2. Materials and methods

2.1. Materials

The stock solution of ferrous and precipitation reagent 
were prepared from FeSO4·7H2O (99.0%, Crystal) and 
Na2CO3 (99.8%), which were the analytical pure grade chem-
icals. Other solid reagents purchased from the Sinopharm 
Chemical Reagent Co., Ltd. The liquid reagents utilized in 
this study including HCl (analytical pure grade) were from 
Huateng chemical co., LTD. The quartz sand with the aver-
age diameter of 0.25 mm was selected as the crystallizing 
carriers. The chemicals for analysis were prepared by the 
deionized water (DI).

Peristaltic pumps (BT100-2J Longerpump, China) were 
employed to charge the synthetic waste water and the pre-
cipitating reagent. The micro-vortex pump (DC40C) achiev-
ing the refluxing was provided by the ZKSJ. Co. Ltd. China.

2.2. Synthetic wastewater and precipitation reagent

The synthetic ferrous-containing waste water used in 
this study were prepared by dissolving FeSO4·7H2O in tap 
water. The pH would be adjusted to about 3–4 with hydro-
chloric acid except for considering the effect of pH. Also, 
the precipitation reagent was prepared by the Na2CO3 dis-
solved by the tap water. The different concentration of the 
synthetic wastewater and the precipitation reagent were 
settled according to the demand of the study.

2.3. Experimental set-up

The experiment was conducted in a hydraulic fluid-
ized-bed reactor made of the PMMA (Polymethyl Methac-
rylate) with total volume of 3.0 Land a height of 83.0 cm. 
The schematic diagram of HFBR is shown in Fig. 1, which 
had the two different inner diameter of 5.0 cm and 13.5 cm 
from the bottom.

HFBR consisted of three sections: supporting zone, 
crystallization zone, and settling zone. The supporting zone 
with the height of 10.0 cm was mainly filled by small stones 
with the average diameter of 5 mm or 10 mm at the bot-
tom of the reactor. The crystallization zone (20.0 cm) was 
packed with the quartz sands as the crystal seed with size 
between 0.20 mm and 0.30 mm diameter. About two-thirds 
of the HFBR volume was the supporting and the crystal 
area, while the remaining was the settling and effluent area.

The two inlets are arranged in parallel at the bottom one 
third of the supporting zone to pump the influent and the 
precipitation reagent separately. In addition, there are two 
outlets: the effluent and over fall outlet. The effluent outlet is 
set at the top of the settling zone, and an over flow gate was 
designed upon it. Besides, the internal reflux is designed in 
the reactor, which will transport the discharge in the settling 
zone into the supporting zone via the reflux pump.

2.4. Process description

The influent mode was up-flow, and carriers were kept 
in a fluidized state by the micro-vortex pump, which also 
used to dilute the influent to decrease the treating load. The 

Fig. 1. Diagram of hydraulic fluidized-bed crystallization 
 reactor. The reactor contains three different functional sections: 
supporting zone, crystallization zone and settling zone. The 
synthetic wastewater and precipitation will be injected through 
the 1# inlet and 2# inlet respectively.
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synthetic waste water and the precipitating reagents were 
simultaneously injected into HFBR from separated inlets 
by the peristaltic pumps. The wastewater was evenly dis-
tributed in the crystallization zone as two different parti-
cle sizes of quartzes were used in supporting zone. It was 
expected that the crystallization occurred on the surface 
of the quartz sands and the crystalline product gradually 
accumulated at the surface during the process, and hence, 
ferrous was removed.

2.5. Fe2+ induced crystallization

All the experiments were performed at 22~27°C which 
was the room temperature in the laboratory. Micro-vortex 
pump was employed to create the fluidized state of the carri-
ers throughout the operation. At the beginning of the study, 
the HFBR filled with the tap water up to the outlet to make 
the carriers fluidized after booting there flux system. There-
after, the synthetic wastewater and the sodium carbonate 
solution were injected into HFBR from the separated inlets 
by the peristaltic pumps. The reflux flow rate was adapted 
by a ball valve made from Teflon and a rotameter was used 
to measure the flow. During the operation, the molar ratio 
of [CO3

2–]/[Fe2+] was adjusted to be around 2:1 and the pH 
of the solution containing Fe2+was guaranteed around pH 
3.0–3.5, which was adjusted by the hydro chloric acid.

2.6. Sampling and analytical methods

During the crystallization, the ferrous in the influent 
would convert to three sections: the metal on the surface 
of the sand, the metal in the suspended solids and the dis-
solved in the effluent.

The quantitative relation could be expressed as Eq. (1) 
and Eq. (2).

Cin = CHete + Cout, Tot (1)

Cout,Tot = CHom + Cout, Diss (2)

where Cin is the concentration of iron at the inlet of the reac-
tor, CHete is the adherent metal heterogeneous crystallized 
upon the sands carrier, CHom is the suspended metal homo-
geneous nucleated in the effluent, Cout,Tot is the total con-
centration of iron at the outlet including the liquid and the 
solid state, and Cout,Diss is the concentration of the dissolved 
iron at the outlet of the reactor.

Thus, crystallization capacity, η, could be expressed as 
shown in Eq. (3). The homogeneous nucleation percentage, 
W, could be described as shown in Eq. (4).

η = (Cin – Cout,Tot) ⁄ Cin × 100% (3)

W = (Cout,Tot – Cout,Diss) ⁄ Cin × 100% (4)

The two indicators, W and η, represented the contents and 
difference between the homogeneous and the heteroge-
neous nucleation phenomena, respectively.

To track the ferrous during the process, samples (50 mL) 
were collected from the outlet of the HFBR at the specific 

time. In addition, the pH and turbidity were measured as 
well. The pH of the samples was measured with the micro-
processor-based pH/ORP Bench Meter (HI2210 HANNA 
Instruments Co., Ltd.,Italy), which was calibrated before 
being used in the experiments. The turbidity was determined 
with a portable turbid meter (DR900 HACH, America).

Ferrous concentration in the effluent was measured 
based on the Chinese national standard analytical method 
titled as O-phenanthroline spectrophotometric method 
using the UV-Vis spectrophotometer (U-1800 Hitachi, 
Japan) after filtered by the 0.45 μm micro porous filter-aquo 
system. Ferrous and the total iron were measured. The fer-
rous in the suspended solids in the effluent was measured 
with the similar method after treated with moderate hydro 
chloric acid to dissolve the ferrous in the precipitates and 
filtration to remove the residual solids.

Crystallization was expected to occur on the surface 
of the carriers. In order to observe the surface character-
istic of the carrier, the scanning electron microscope (SEM, 
SU-70 Hitachi, Japan) was employed. And the energy dis-
persive X-ray spectroscopy (EDX, NordlysMax3 Oxford 
Instruments, UK) was used to analyze the elements of the 
crystalline. The samples were withdrawn from the reactor 
before and after crystallization for 30 d, and then washing 
it by the deionized water three times. The air dried samples 
were then analyzed with SEM and EDX. The X-ray diffrac-
tomer (XRD, D/max-2500/PCRigaku, Japan) and the laser 
particle size analyzer (Master sizer 2000 Malvern,UK) were 
used to analyze the phase composition and the particle size 
distribution of the crystallized product, respectively. The 
analysis was in triplicates, and the results were the mean 
values.

3. Results and discussion

3.1. Optimization of operating conditions in ferrous  crystallization

3.1.1. Effect of initial pH on ferrous crystallization

The initial pH was an important factor as proper pH 
could promote the crystallization process just as the opin-
ion that the pH changes could influence the mechanism 
and the physico chemical characteristics of the crystalline 
products [19]. Similar description was reported about the 
importance of pH to the crystallization [20]. Five different 
pH, including 1.50, 2.00, 3.00, 3.50 and 4.00 were investi-
gated. The initial Fe2+ concentration was 100 mg/L with the 
[CO3

2–]/[Fe2+] of 2:1 and the hydraulic loading of 30 m/h. 
The relationship between removal efficiency, η and W, and 
the pH of the effluent are shown in Fig. 2.

It was seen that the concentration of the ferrous ion in 
the effluent was about 40 mg/L when the pH was below 2.0 
(Fig. 2) and only half of ferrous could be removed. It could 
be due to the fact that the high concentration of hydrogen 
ion would dissolve the crystal substance crystallized upon 
the carrier surface. When the pH exceeded 4.00, the Fe2+ 

would be oxidized to Fe3+ rapidly and then formed into 
the flocculent precipitation. When the pH was around 3.0, 
the highest removal efficiency (about 90%) occurred, which 
reached above 90%. Moreover, the content of the homoge-
neous precipitation was below 5%. It indicates that the pro-
duction of the heavy metal could be controlled at the lowest 
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level when the pH was around 3.0. Generally speaking, the 
optimal value of the pH could be ranged from 3.0 to 3.5.

3.1.2.  Effect of the molar ratio of [CO3
2–]/[Fe2+] on ferrous 

crystallization

The precipitating reagent, carbonate, was considered 
as one of the most important factors in the induced crys-
tallization as it could affect the saturability of the function 
system. Many previous reports raised the importance of 
the saturation in terms of the nucleation [21,22]. The dos-
age of sodium carbonate could determine the manner of the 
nucleating. Not only the supersaturation state was the basis 
of the crystalline but also the saturability would impel the 
crystallization. When the crystalline was mixed with other 
solid impurities, the ideal heterogeneous crystallization 
would be presented. As to the induced crystallization, the 
theoretical molar ratio of [CO3

2–]/[Fe2+] was 1:1 as in Eq. (5):

Fe2+(aq) + CO3
2–(aq) → FeCO3 (s) (5)

Though the excess Na2CO3 solution could ensure the max-
imum precipitation of ferrous, it might increase the treat-
ment costs. To achieve the best precipitation and utilization 
of the least dosage, the molar ratio of ([CO3

2–]/[Fe2+]) should 
be investigated.

The molar ratio of [CO3
2–]/[Fe2+], 1.0:1, 1.5:1 and 2.0:1 

with the initial Fe2+ concentration of 100 mg/L were studied 
to investigate its impact on ferrous crystallization, respec-
tively. The pH of the influent was controlled at around 
3.5 and the hydraulic loading and the HRT was set at 30 
m/h and 40 min respectively according to the practical and 
investigated results. The different results of the correspond-
ing running state, the heterogeneous percentage, the pre-
cipitating rate and the effluent pH are shown in Fig. 3.

When the molar ratio of [CO3
2–]/[Fe2+] was 2.0:1, the rate 

of the heterogeneous crystallization was in the highest level. 
According to the results (Fig. 3), there was less than 60% of 
the Fe2+ crystallized when the molar ratio of the carbonate, 
and the ferrous ion was below 2:1. It would be due to the 
low dosage of carbonate which leads to the lack of contact-

ing opportunity between the precipitator and the ferrous ion. 
Moreover, when the ratio was higher than the optimal value, 
the crystallization might also be  inhibited due to the exor-
bitant super saturability. As a previous study described, the 
metal could not be precipitated completely under the lower 
molar ratio of [CO3

2–]/[Fe2+]. On the contrary, too much CO3
2− 

present in the reactor that would accelerate the precipitation 
of discrete precipitates before coating the surface of the car-
rier to form the nucleated precipitate [23]. Research of silver 
removal by the induced crystallization revealed the most 
appropriate feeding ratio of [CO3

2–]/[Ag+] was 3 mol/mol. 
It could achieve the most economical dosage of precipitation 
agent and the sufficient driving force [24].

3.1.3. Effect of HRT on ferrous crystallization

The hydraulic retention time of the reactor had been 
studied to explore whether it would influence the ferrous 
crystallization. Choosing the proper retention time could 
effectively decrease the influent loading and reduce the 
super saturability of the system, and hence to control the 
quantity of the homogeneous crystallization. To study the 
influence of HRT, HRT were varied from 10 min to 60 min. 
During the operation, the influent concentration of Fe2+  and 
the molar ratio of [CO3

2–]/[Fe2+] were fixed at 100 mg/L and 
2:1, respectively. The initial pH of the influent was main-
tained around 3.00. The result is exhibited in Fig. 4.

It was revealed that the value of η was around 20% 
and the total removal ratio of Fe2+ was less than 40% when 
the HRT was less than 10 min. However, with the increase 
of HRT to be longer than 10 min, the crystallization ratio 
went up to 60%. It showed that more than 80% of the fer-
rous could be removed through the crystallization at HRT 
of 40 min (Fig. 4). With short HRT (10, 20, and 30 min), 
lower ferrous removal rate would be appeared due to 
the in adequate contact between the metal cation and the 
carbonate when the HRT was short. However, the longer 
HRT (50 and 60 min) might have no remarkable effect of 
the crystallization compared with the HRT of 40 min. A 
research of the struvite crystalline had indicated that the 
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Fig. 2. Effect of Fe2+ crystallization under different pH. 100 mg/L 
influent Fe2+. Molar ratio of [CO3

2–]/[Fe2+] = 2:1. HRT = 40 min 
and 30 m/h hydraulic loading.
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HRT also had no prominent influence on the crystalli-
zation and it might affect the form or particle size of the 
crystal [25]. Thus, the optimal HRT was 40 min for ferrous 
crystallization at the given condition to obtain the highest 
treating capacity.

3.1.4. Effect of hydraulic loading on ferrous crystallization

When the crystal nucleus penetrated into the interface 
layer between the crystal and the solution by diffusion, the 
crystallization would be appeared. The relative speed of 
turbulence between the solutions and the carriers had the 
impact on the thickness of the phase interface layer. In the 
system of crystallization, the reflux could make the carri-
ers absolutely fluidized to realize the phase exchange at 
the surface of the carriers. Furthermore, the different reflux 
ratio could realize the variation of the hydraulic loading. 
Therefore, the hydraulic loading was another important 
factor in terms of the induced crystallization.

To explore the effect of hydraulic loading in the system, 
the concentration of ferrous and the pH of the influent was 
kept at about 100 mg/L and around 3.0, respectively. In 
addition, the retention time of the reactor was kept at around 
40 min. The results are displayed in Fig. 5. It was found that 
the optimal hydraulic loading was around 31 m/h, which 
corresponded to the internal reflux ratio of 14~15:1. The 
loading should not be too low, otherwise it could lead to the 
insignificant fluidization state and poor contact. On the con-
trary, the high loading tended to increase the friction among 
the carriers to wash out the crystallized product. A previous 
study by Chen on the lead removal from the fluidized-bed 
reactor also argued the effect of the different hydraulic load-
ing and optimized the proper value [26].

3.1.5. Effect of different concentration of Fe2+ on ferrous 
crystallization

The influent concentration of the ferrous also could 
impact on the crystallization. The higher concentration 

could increase the supersaturability in the inlet region 
which could make it different between the whole and the 
part of the reactor. Exactly, the different supersaturability 
between the two controlled the nucleation mode.

Three concentrations of ferrous, including 50 mg/L, 100 
mg/L and 500 mg/L were used to reflect the different level 
of influent loading. The other parameters, including pH, 
HRT, and the molar ratio of [CO3

2–]/[ Fe2+] were controlled 
in the optimal level so that these factors would not disturb 
the study of the effect of influent concentration. The total 
concentration of Fe and the content of the homogeneous 
crystallization were analyzed and are shown in Fig. 6.

It revealed that the crystallization ratio could also be 
above 90% regardless of the influent concentration. It indi-
cates that the nucleation could occur in this three concentra-
tion of ferrous. The results were consistent with the study 
by de Luna [17].
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Fig. 4. Effect of Fe2+ crystallization under different HRT value 
and initial pH = 3.5 and 100 mg/L influent Fe2+, molar ratio of 
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2–]/[Fe2+] = 2:1 and 30 m/h hydraulic loading.
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3.2. Properties of the crystallization products

In the induced crystallization process, the metal ions 
will react with the special precipitation agent to form the 
crystalline precipitate. Once there are several heteroge-
neous carriers, the crystalline will grow upon the surface of 
the carriers because of reduction of nucleation energy [27].

3.2.1. SEM and EDX analysis of the surface of the carrier

The samples for SEM analysis were prepared by the suit-
able procedures described above. The SEM was employed 
to analyze the surface of the carrier to ascertain whether the 
product could really grow upon the surface of the carriers 
qualitatively. The images of fresh carrier and used carrier 

(sampled after two-day operation) from SEM are shown in 
Figs. 7a and 7b, respectively.

It showed that there was significant difference between 
the fresh and the used carrier of the morphology. The obvi-
ous sharpness structures were observed in the fresh car-
rier, and it was much smoother than the used carrier. As 
a contrast, there were plenty of crystal sediments, which 
had parceled the whole particle, but it had no stationary 
form because of the blended crystallization. The result 
demonstrated that the removal of ferrous in the reactor was 
attributed to its crystallization at the surface of the carriers, 
and it was consistent with the research conducted by other 
researchers [21,28].

Then the overall perspective of the carriers during the 
process was investigated by SEM as well to certify that the 

a b

1μm 1μm 

Fig. 7. SEM images of (a) the fresh carrier and (b) crystallized carrier for 2 d. The crystallization parameters: the initial pH = 3.5 and 
100 mg/L influent Fe2+, HRT = 40 min and the molar ratio of [CO3

2–]/[Fe2+] = 2:1.

a 

c d

100μm 100μm

80μm 100μm

b 

Fig. 8. The SEM images of the growth process of Fe2+ crystallization particle. (a) the initial carrier, (b) the carrier crystallized for 5 d, 
(c) the carrier crystallized for 10 d, (d) the carrier crystallized for 30 d. The crystallization parameters: the initial pH = 3.5 and 100 
mg/L influent Fe2+, HRT = 40 min and the molar ratio of [CO3

2–]/[Fe2+] = 2:1.
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crystallization occurred throughout the reactor quickly 
and steadily. The samples were selected from the reactor at 
the pre-set elapsed time. Fig. 8 shows the apparent change 
during the continuous operation. The sharp structures were 
gradually softened by the crystal product. Fig. 8c emerges 
serious fragmentation phenomena. The operating malfunc-
tion led to the crush of the crystal product, and it could 
revegetate along with the sustained operation as shown in 
Fig. 8d.

The crystallization process could be further proved by 
the analysis result of the elemental composition. To detect 
the elemental composition and estimate the change of the 
carrier surface, EDX was used to analyze the fresh and used 
carrier. The different energy spectrums are shown in Figs. 
9a and 9b. According to the analysis, it was found that the 
fresh carrier contained the elements of carbon, oxygen and 
silicon; however, the iron was detected at the surface of the 
used carrier. It indicated that the ferrous crystalline had 
wrapped around the grain sands.

3.2.2. The particle size distribution of crystal granular

The obvious growth of crystal product on the carriers 
was confirmed by the analysis. In fact, there was another 
method to verify the crystallization process which was to 
analyze the particle size distribution among the different 
crystal stage. In the study, the practical particle sizes of the 
aforementioned four samples (initial, after five-day opera-
tion, after 10-day operation, after 30-day operation) were 
analyzed. Fig. 10 reveals different particle size distribu-
tions, and it expresses the quantity percentage of various 
particle sizes in the samples.

It was easy to find out that the mean diameter of the gran-
ular had increased from 0.32 mm to 0.48 mm during the con-
tinuous crystallization process for 30 d. Because of the steady 
growth of the carriers, the average diameter of the particle 
gradually increased and caused the shifting of the peak point 
which represented the distribution on the particle size.

4. Conclusions

When we had transformed the iron into the bi-valence 
state of the iron-containing heavy metal wastewater, all 
the metal could be removed effectively by induced crys-
tallization. It was visible for removing the ferrous from the 

wastewater based on the technology inducing nucleated 
precipitation of Fe2+ on the surface of the sand grains. Under 
the optimum conditions, ferrous removal efficiency could 
achieve above 95% when the influent concentration was 100 
mg/L.

There were many visible crystalline precipitates with-
out permanent morphology grown over the surface of the 
carriers according to the SEM images. The elementary 
composition in the product contained Fe compared with 
the fresh carrier in terms of the EDX analysis. The average 
particle diameter varied from 0.32 mm to 0.48 mm during 
the continuous operation for 30 d. This different detec-
tion could verify the removal of Fe2+ by the crystallization 
process.
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Fig. 9. EDX picture of (a) the fresh carrier and (b) crystallized carrier for 2 days. The crystallization parameters: the initial pH = 3.5 
and 100 mg/L influent Fe2+, HRT = 40 min and the molar ratio of [CO3
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Fig. 10. Particle size distribution curves of Fe2+ crystallization. 
The crystallization parameters: the initial pH = 3.5 and 100 
mg/L influent Fe2+, HRT = 40 min and the molar ratio of [CO3

2–]/
[Fe2+] = 2:1.
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ment (2015ZX07406-004) and the Urban Water Pollution 
Control and Management Generic Technology Program 
(2012ZX07206-002).
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