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Abstract：In this work, an novel flow-electric field coupling configuration for enhanced Zn-Cd 

cementation was designed and utilized. A series of tests were conducted to explore the optimization 

of Zn-Cd cementation process and its mechanism.Firstly, the various characterisations of the 

cadmium sponge at different locations in the device were compared and it was concluded that the 

purity of the cadmium sponge was optimal from the anode surface. The generation and stripping 

of cadmium sponge was revealed for the first time by cross-sectional electron microscopy. The four 

stages of the apparent reaction in the system were analysed in relation to the pH, cadmium 

concentration and cadmium sponge flaking at each flow rate. It was proved that the separation of 

cadmium sponge mainly occurred in the third phase. Secondly, by comparing the morphology and 

specific surface area of cadmium sheep at different flow rates, the optimum flow field velocity was 

identified as 30 ml/s. Six flow field configurations were compared and preferred. The results 

demonstrate that the LCAH modulation results in a more sparse structure of the cadmium sponge, 

which is more easily exfoliated from the zinc anode surface by fluid impact. This was considered to 

be the most beneficial flow field configuration for improving the cadmium cementation rate and 

reducing the cost of the reaction. Further, the reaction steps of the system were analysed. The 

diffusion process under different flow field configurations was confirmed by calculations to follow 

first order kinetics. The diffusion coefficient of LACH proved to be the highest in the comparative 

tests and this result was also supported by the apparent experimental results. 

Keywords: flow field; Multi-field coupling; cementation; cadmium; kinetic 

 

1. Introduction 

With the rapid growth of the battery industry and photovoltaic industry,global production of 

cadmium is up to 24,000 tonnes[1].Yet this trend has been limited in recent years by increasingly 

stringent policies in some countries[2][3]. This is mainly due to the fact that cadmium is a biotoxic heavy 

metal and the treatment of cadmium pollution in nature involves huge treatment costs and significant 

side effects[4-6]. Therefore the production and use of cadmium in various countries is increasingly 

restricted [7]. Currently cadmium products are mainly recovered in the zinc smelting industry after 

enrichment and refining due to its less natural independent mineralisation [8]. Thus as one of the main 

sources of cadmium pollution at present the cleanliness of the zinc smelting process [9] becomes a key 

step in the clean production of cadmium. 

Current research on clean and efficient cadmium extraction has focused on improving the 

cementation process using zinc powder, which can be more conducive to industrial applications due 

to its lower cost and proven process technology. Some of these investigations have optimised the 

particle size [10] and morphology [11] of zinc powders to improve cementation efficiency. These 

methods are effective in improving the Zn-Cd encapsulation problem, however the control of Zn 

powder particle size adds an additional cost. Another part of these studies attempted to optimise the 
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reaction conditions of the zinc powder by, for example, performing graded consolidation [12] or using 

additives [13-14]. The results of these studies show that the zinc powder can be reacted as completely 

as possible to avoid waste, yet the use of additives leads to difficulties in subsequent purification, 

which is contrary to the principles of clean smelting. 

Notably, some studies have used physical external fields to optimise the Zn-Cd cementation 

process q with good results. YANG et al [15] proposed an electrically enhanced cadmium cementation 

technique that optimises the efficiency of cadmium extraction and effectively avoids the 

encapsulation of cadmium sponge on the surface of zinc powder particles. In the industrial 

application of electrically enhanced cadmium cementation, "floating sponge cadmium" can be easily 

produced. Repeated tests have demonstrated that large amounts of "floating sponge cadmium" will 

cover and even connect the anode and cathode plates resulting in short-circuiting of the electrodes. 

In addition, the "floating sponge cadmium" is easily oxidised and forms dense cadmium clusters, 

which reduces the extraction efficiency of cadmium [16]. Based on the above, Nan et al. used an 

ultrasonic field coupled with an existing physical field to solve the problem of floating cadmium 

sponge and explored the electrochemical mechanism of the reaction process. Their results showed 

that the ultrasonic field was effective in avoiding the formation of floating sponge cadmium, but their 

specific costs were not analysed. Owing to the high cost of industrial ultrasound equipment, the use 

of an ultrasonic external field may be effective in solving the target problem but is not z a 

comprehensive and better option for external field coupling. 

In light of the above discussion, it is obvious that coupling extra physical fields into the zinc-

cadmium cementing electric field is an effective technique to solve the zinc-cadmium mixture.The 

flow field condition is the most cost-effective and straightforward external field condition to acquire. 

The flow field changes during the electrolysis process, on the one hand, allow the electrolyte to move 

to make the concentration and temperature distribution more uniform, which is advantageous to the 

progress of electrolysis; on the other hand, the coupling of the flow field may aggravate the separation 

of metal zinc and cadmium sponge, forming a new cementing activity point on the zinc surface to 

further improve current efficiency. Thus,maintaining the stability of the flow field within the 

electrolytic cell may have a beneficial effect on current efficiency enhancement.Thus, maintaining the 

flow field within the electrolytic cell might have had a beneficial influence on current efficiency 

enhancement.On this basis, the primary objective of this article is to construct a system that provides 

a circulating flow field that couples the zinc-cadmium bonding electric field in order to optimize the 

sponge cadmium purity and promote sponge cadmium settlement. Second, the zinc-cadmium 

cementation process is investigated in a circulating current-electric field, taking into account the effect 

of varied flow field velocity on the sponge cadmium shape. Finally, the kinetic parameters were 

compared for various cycle configurations, and the primary mechanism for optimizing sponge 

cadmium was elucidated.  

2. Experiment 

2.1. Material 

All electrodes used in the test were designed with dimensions of 40mm*50mm*3mm, where the 

anode was a zinc plate (97.5% purity) and the cathode was a titanium plate (99% purity) and had 

been thoroughly cleaned and polished prior to use. Cadmium sulphate, zinc sulphate, sulphuric acid 

and other drugs used in this study were all analytically pure. The electrolyte used in the reaction was 

prepared using deionised water and associated sulphates, and its specific zinc and cadmium 

concentrations were obtained from samples collected from the Shuikoushan Zinc Smelter Zhuye 

Group , Hunan, China. Multiple batches of samples were collected using ICP-AES to determine the 

major metal content and fractions of the reaction feedstock, as shown in the following table: 
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Table 1. 1 The composition of the main metal content of the solution before cadmium extraction in 

the zinc smelting process. 

 Zn Cd Fe Cu Co Ni 

1 50879 22368 406.5 338.2 4179 1175 

2 63763 18769 317.3 419.4 6416 1650 

3 47544 26548 195.6 455.9 4983 1774 

Avg 54062 22561.67 306.47 404.5 5192.67 1533 

 

Based on the original solution, a simulation solution containing cadmium solution was 

prepared: 

Table 1. 2 Concentration of original solution simulation configuration. 

Zn Cd Fe Ca Na Mn Mg 

54062 22561 306.47 404.5 1493 5192.67 1533 

2.2. Equipment 

Used in this work is a specially designed circulating flow - electric field gluing device. This is an 

electrolytic cell made of acid-resistant transparent acrylic glass with two upper and lower inlet and 

outlet pipes on both sides, configured in various circulation configurations depending on the 

direction of electrolyte flow. Six combinations of circulation flow directions can be designed by means 

of top H, bottom L, cathode C, anode A and lateral S. The electrolyte is circulated using a peristaltic 

pump with a design flow rate of approximately 1-30 mL/s, which is controlled by the inflow rate and 

the total inlet area. The input and outlet of the peristaltic pump are connected to a 500 ml electrolyte 

reservoir and the electrolyte is collected, mixed and circulated through the discharge outlet.Figure2.1 

depicts the circulating flow-electric field cementing apparatus used in this work. The electrolytic cell 

is built of acid-resistant transparent acrylic glass with two upper and lower water inlet and exit pipes 

on both sides, and multiple circulation configurations are configured depending on the electrolyte 

flow direction. The combination of six circulating flow directions can be designed by pressing the 

flow direction of H, upper L, cathode C, anode A, and electrode side S: H-AC-L, L-AC-H, H-CA-L, 

L-CA-H, LSH, and HSL. A peristaltic pump with a design flow rate of around 1-30mL /s is used to 

circulate the electrolyte, which is governed by the inflow velocity and total inlet area. The peristaltic 

pump's input and outlet are connected to a 500ml electrolyte storage tank, and the electrolyte is 

collected from the discharge outlet, mixed, and circulated. 

’ 

Figure 2. 1 Design and assembly of a circulating flow electric field device. 

2.3. Procedure 

All tests were carried out at room temperature and normal atmospheric pressure. First, 500ml of 

the reaction electrolyte at the simulated concentration was poured into the reaction and storage tanks, 

respectively. The circulating peristaltic pump was set to 50 revolutions per minute, and the 
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thermostatic water bath was heated to 40-80 °C and purged with nitrogen for 10 minutes to remove 

any dissolved oxygen. Finally, the distance between the electrode plates was set to 20mm and 

connected to the DC power supply in constant current mode, with the current density set to 

10mA/cm2. When the electrode set was inserted into the electrolytic cell, the experimental timing 

began. 

Based on the experimental results of the previous study [16], the optimised electric field 

conditions were used for the current tests to better reveal the effect of the circulating flow field on the 

cementation process. As shown in Figure 5, the six configurations are: H-CA-L; L-CA-H; H-CA-L; L-

CA-H-L; L-S-H; H-S-L; the letters H and L denote the flow ports at the high and low positions 

respectively; A denotes the anode and C denotes the cathode. The order of these letters in the 

combination indicates the direction of flow of the fluid. 

 

Figure 2. 2 Design and assembly of circulating flow-electric field devices. 

Analysis and discussion 

3.1. Analysis of the apparent reaction process 

3.1.1. Cadmium sponge separation process 

Four sets of samples were extracted to compare the morphology of cadmium sponge. Three sets 

of samples were extracted from the anode surface, the cathode surface and the bottom of the cell after 

coupled circulating flow - electric field. One set of samples was extracted using the conventional zinc 

powder cementation process. From surface observation all four groups of samples appeared as 

greyish white sponge metal powder, see Figure 3.1. The variation was the presence of tiny granular 

structures in the zinc powder sponge cadmium sample in 3.1(a) and flakes in the anode surface 

sample in Figure 3.2(b) and the bottom of the cell sample in Figure 3.2(c). However, none of these 

structures were present in the cathode sample Figure 3.2(d). It is hypothesised that these flake 

structures are electrode surface zinc flakes that have been peeled off with the cadmium sponge. To 

verify this speculation further, all four sets of samples were analysed using ICP major components 

and the results are shown in Table 3.1. 
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Figure 3. 1 Collected sponge cadmium sample (a)zinc powder sponge cadmium (b)anode surface  (c) 

cell bottom (d)cathode surface. 

Table 3. 1  Proportion of sponge cadmium components from different locations. 

location Zinc Cadmium 

anode 5.9% 94.1% 

cathode 12.7% 87.2% 

bottom 7.9% 92.1% 

Zinc powder 26.4% 73.6% 

 

Two conclusions can be drawn from the comparison of  ICP results shown inTable 3.1. One is 

that the process of using zinc powder to cement the cadmium significantly results a higher zinc 

content in the sponge cadmium. Secondly the composition ratios from the anode surface and cell 

bottom samples are very close, which can be determined due to the fact that almost all of the sponge 

cadmium at the cell bottom is shed from the anode surface during the reaction. All four samples were 

collected and then filtered, dried, ground and sieved before being analysed by SEM and the results 

are shown in Figure 3.2. 

 

  

  

Figure 3. 2 Morphology & EDS Spectrum of sponge cadmium(a)Dendritic structure of cadmium 

sponge on anode surface(b) Cadmium sponge cemented by zinc powder (c) Cadmium sponge on 

anode surface, (d) Cadmium sponge on cathode surface. 

(a)                                 (b) 

 

 

 

 

 

(c)                                 (d) 
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Figure 3. 3 EDS Spectrum of sponge cadmium(a)Anode cadmium sponge(b) Cathode cadmium 

sponge. 

Figure 3.3 (a) shows that microscopically the sponge cadmium consists of feather-like dendritic 

structures. Compared to the conventional pellet-like sponge cadmium substituted by zinc powder 

Figure 3.2 (b), the sponge cadmium on the anode surface Figure 3.2 (c) and the cathode surface Figure 

3.2 (d) grows in a unidirectional dendritic pattern. This results in less zinc being encapsulated as well 

as entrapped into the cadmium sponge thus reducing the excess consumption of zinc powder. 

Further, an EDS comparison was performed on the cathode surface samples and the anode surface 

samples and the results are shown in Figure 3.3. In addition to a high cadmium content of up to 

95.05% Cd, both the anode and cathode also contained relatively low levels of impurity oxygen, 

which may be due to slight oxidation of the metal during sample drying. In addition the anode 

sponge cadmium was significantly more spongy compared to the cathode sponge cadmium, possibly 

related to the zinc electrolysis occurring on the anode surface. Therefore we tried to verify this 

speculation by observing the growth and shedding of cadmium sponge on the surface of the anode 

zinc plate.  

 

 

Figure 3. 4 (a) Anode sponge cadmium (b) Anode section after curing and polishing (c) Anode zinc 

surface under electron microscope. 

(a)               (b)                    (c) 
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After cleaning the cadmium sponge from the anode surface with deionised water, the exposed 

anode zinc plate was scanned by electron microscopy and the results are shown in Figure 3.4(c). A 

distinct laminar structure could be observed on the surface of the anode, proving that the continuing 

sponge cadmium flaking from the anode was indeed due to the continuous dissolution of the 

laminated zinc flakes. Further, to observe the specific flaking process of the cadmium sponge and the 

formation of the laminated zinc flakes, the remaining anode was removed from the electrolytic cell, 

washed with deionised washing water and the slices were cured in epoxy resin as shown in Figure 

3.4(a)(b). Figure 3.5(a) shows the anode zinc plate after 1h of reaction. It can be seen that at this point 

the zinc surface has gelled with dendritic sponge cadmium and attached to the anode surface. Figure 

3.5(b) shows the anode zinc plate at 2h, where the dendritic cadmium sponge has grown and drifted 

away from the surface of the zinc plate, with a large number of dissolution holes and small pieces of 

zinc dissolving and peeling off. This is the key to solving the problem of cadmium encapsulated zinc. 

Figure 3. 5 Stripping process of cadmium sponge from anode zinc plate (a) Anode section for 1 hour 

reaction (b)) Anode section for 2 hours reaction. 

Figure 3.5(a) shows that the cadmium sponge has been extracted and attached to the anode 

surface. numerous corrosion micropores appeared on the surface of the anode due to the dissolution 

of the zinc. Figure 3.5(b) indicates the situation after 2 hours of reaction, when the cadmium sponge 

grew in a dendritic pattern and detached gradually from the anode surface. the continuous 

dissolution and enlargement of the corrosion micropores lead to the appearance of a lamellar 

structure and the continued exposure of unreacted zinc on the anode surface. This characterisation 

demonstrates the sustainability of the dissolution of the zinc anode under a coupled flow field, which 

promotes the further detachment of the cadmium sponge from the anode. 

3.1.2. Apparent reaction process 

Since the above results cannot visually reconstruct the separation of cadmium sponge and other 

parameters changes during the cementation process, it is necessary to monitor the relevant 

parameters and to classify the apparent reaction process on the basis of the existing studies on 

optimisation conditions.The flow field with the flow velocity variable coordinated as 0-50ml/s is respectively 

coupled with the electric field condition with a current density of 50mA/cm2 referenced from the literature [16] , 

to facilitate the discussion of the role of the coupled flow field.The reaction parameters monitoring results 

are shown in Figure 3.6.It can be found that the cementation process at different flow rates both has 

four similar phases from the comparison curve of the reaction, which named: the initial phase, the 

growth phase, the peeling phase, and the completion phase. The corresponding detailed judgment 

indexes are as follows: 

(1) Initial reaction phase: The concentration decline rate is greater than (3mg/L)/s, the pH is less 

than 5, and the thickness of the anode sponge cadmium is less than 3mm; 

(2) Sponge sponge formation phase: the concentration decline rate is greater than (3mg/L)/s, pH, 

and the thickness of the sponge on the anode surface is greater than 3mm; 
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(3) Sponge sponge exfoliation phase: the concentration decline rate is less than (3mg/L)/s, the pH 

change is less than ±0.1, and the anode sponge cadmium is exfoliated; 

(4) Reaction complete phase: The concentration percentage is close to 0, the pH change is less 

than ±0.1, and no new sponge appears. 

 

 

Figure 3. 6.The division of reaction phases and the anode cross-section state under SEM.(a)Anode 

morphology in first phases.(b)Anode morphology in second phases.(c)Anode morphology in third 

phases.(d)Anode morphology in last phases. 

As the four phases in the Figure3.6 show, the trend of the percentage change in cadmium 

concentration in the electrolyte decreases gradually over time. The coupled flow field velocity is zero 

among them, indicating that there is no flow field coupling in the system. Correspondingly, the 

percentage of cadmium concentration at the end of the reaction decreased gradually as the flow rate 

increased, eventually increasing by 10.37 percent when the flow rate reached its maximum. The 

interpretation for this phenomenon is thought to be that the optimized fluid conditions cause a 

decrease in concentration polarization at the electrode surface in this coupled multiphysics 

structure[19-22]. 

3.2. Moderating effect of circulating flow-electric fields 

The conclusions of the previous section revealed that the separation of the cadmium sponge 

from the anode occurs mainly in the third phase of the cementation reaction. Studies have shown that 

residual zinc in cadmium sponge is the main source of zinc depletion in the consolidation reaction. 

The dense cadmium sponge layer led to a lack of continuous zinc participation in the cementation 

reaction. Thus, it is necessary to identify the optimum flow field configuration to regulate the 

morphology of cadmium sponge in order to investigate the influence of the mass transfer process on 

the crystallisation and separation of cadmium sponge to achieve the best reaction. 

    

a                 b                  c                  d 
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3.2.1. Effect of circulating flow rate 

Firstly, the purity and specific surface area of cadmium sponge at different flow rates were tested 

for comparison and the results are shown in Figure 3.7. The purity of cadmium sponge can be 

increased with the increase of flow rate. At a flow rate of 30 mls-1, the purity of cadmium sponge 

reached a maximum of 94.93%, and then gradually decreased. Presumably, the decrease in the purity 

of cadmium sponge might be attributed to two factors: one is that an excessively high flow rate leads 

to the stripping of the larger zinc on the anode surface together with the cadmium sponge into a 

precipitate. The other was the possible generation of alkaline zincate during the reaction. To test this 

speculation, the sponge cadmium was characterised by XRD and the results are shown in Figure 3.8. 

No alkaline zincates appeared to be in the process of cementation by comparison with the literature 

of related studies[23-24].Accordingly, the specific surface area of cadmium sponge also peaked at a flow 

rate of 30 mls-1 as can be seen in Figure 3.7. This demonstrates that excessively high flow rates are 

not conducive to the high purity extraction of cadmium sponge, and that the relatively loose 

morphology of cadmium sponge can be more easily self-exfoliated in the presence of the flow field, 

resulting in less zinc stripping. 

Furthermore cadmium sponge at various flow rates was collected and compared 

morphologically under electron microscopy as shown in Figure 3.9. The cadmium sponge 

morphology shows a dense state at low flow rates and is looser at high flow rates. The reason why 

the flow rate affects the sponge cadmium particles is speculated as follows: when the flow rate is low, 

the microscopic local concentration polarization leads to higher cadmium overpotential, the 

nucleation rate is larger than the nucleation growth rate, and so the sponge cadmium particles formed 

are more dense[25-26]. Conversely, as the flow rate increases, the nucleation growth rate is greater than 

the nucleation rate, and the sponge cadmium particles are looser.The growth of the lateral branches 

of the cadmium sponge crystal branches can be seen to be significantly stronger than the main 

branches as the flow rate rises[27-30]. This is presumably attributed to the growth process of the 

crystals being stronger than the nucleation process due to the increase in flow rate, which further 

demonstrates that the increase in flow rate facilitates the modulation of the spongy morphology of 

cadmium sponge. 

 

Figure 3. 7. Composition and specific surface area of cadmium sponge at different flow rates. 
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Figure 3. 8.Comparison of sponge cadmium spectrum at different flow rates in XRD. 

    

Figure 3. 9. Morphology of cadmium sponge at various flow rates(a)10 mLs-1(b)10 mLs-1(c)40 mLs-

1(d)50 mLs-1. 

3.2.2. Effect on apparent reaction processes 

 

Figure3.10. Reaction phase comparison results in each cycle configuration. 

 

b c 
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Comparative studies were performed with six distinct circulation configurations at 30mL /s flow 

rate to assess the influence of different flow field modes on the cementation process in the device.As 

a result, different electrolyte cycling configurations do impact the actual formation and exfoliation 

times of sponge cadmium, and the combination of pH and cadmium concentration %variations may 

further confirm that the four reaction phases are accelerated or delayed accordingly. As shown in 

Figure 3.10, LACH and LCAH were the first two to enter the second phase in the six flow field 

configurations, owing to the turbulence in the up and down flow directions prompting earlier 

shedding of the cadmium sponge. With LACH the first and second phases were completed more 

quickly than LCAH, presumably due to the flow field direction from anode to cathode facilitating 

more diffusion of zinc ions and reducing concentration polarisation to improve reaction efficiency. 

For similar reasons, the final cadmium extraction rates obtained for HSL and LSH were not improved 

compared to the other four configurations, but the reaction rate was still somewhat improved relative 

to HCAL and HACL. This is caused by the lack of a barrier to the fluid in the electrode plate, with 

the lateral flow direction being more favourable to increasing diffusion rates of ions in the electrolyte. 

3.2.3. Effect on cadmium sponge morphology 

To verify the conclusions of the previous section, we compared the electron microscopic 

morphology and specific surface area of cadmium sponges under the six methods, as shown in Figure 

3.11 and Figure 3.12. It was easily found that the morphological variations of the cadmium sponges 

produced under different flow field configurations were mainly in the dendrite development degree 

and specific surface area.The sample morphologies of LACH and LCAH exhibit abundant side crystal 

branches and dense cluster structures. Combined with the data in Figure 3.12, it is clear that the 

specific surface area of LACH and LCAH is greater than that of the other four groups. The specific 

surface area of LSH and HSL is the smallest, and the crystal branching also shows the characteristics 

of thicker main crystal branches. This confirms the speculation in the previous section about the faster 

local ion diffusion in the transverse flow field. 
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Figure 3. 11.Morphology characteristics of sponge cadmium in different cyclic configurations. 

 

Figure 3. 12.The specific surface area of sponge cadmium in different flow field configuration. 

The cadmium sponge morphology shows a dense state at low flow rates and is looser at high 

flow rates. The reason why the flow rate affects the sponge cadmium particles is speculated as 

follows: when the flow rate is low, the microscopic local concentration polarization leads to higher 

cadmium overpotential, the nucleation rate is larger than the nucleation growth rate, and so the 

sponge cadmium particles formed are more dense. Conversely, as the flow rate increases, the rate of 

nucleation growth is greater than the rate of crystal nucleation resulting in looser particles of 

cadmium sponge.In both configurations, LACH and LCAH, the specific surface area of cadmium 

LSH                     HSL                    HACL 
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sponge is relatively large. The purity of cadmium sponge in the other four innovative cycle 

configurations is essentially similar, but smaller than in the two aforementioned structures. As a 

result of these findings, flow field conditions play a crucial role in regulating the quality of cadmium 

sponge, and the cyclic configuration is an effective means of optimising and controlling the 

morphology of cadmium sponge. 

3.2.4. Effects on element distribution     

From the results in the previous section it can be concluded that whether the cementation 

reaction takes place in a zinc plate or in a zinc pellet, there will be some unreacted zinc wrapped in 

cadmium sponge. therefore one of the ultimate goals of flow field modulation is to minimise the loss 

of zinc. Further, we have analysed the ion distribution during the reaction and compared how the 

flow field configuration affects the ion distribution. 

Firstly, the reactions that occur throughout the system are analysed.The electrolysis of zinc, the 

cementation of zinc and cadmium, and the electrorefining of cadmium are the three primary reactions 

in this system[31-33]. Faraday's law states that: 

                CdM

nFE


Mass

Energy

                               (1) 

              UnF

M

UIt

nFItM CdCd


/

E

m

                           (2) 

Where MCd is the actual weight of the cadmium sponge collected, I represents the total current 

applied, and t represents the whole time. 

The quantity of zinc cementation, and dissolution in the system can be determined directly using 

the following method based on the actual zinc and cadmium losses. In addition, the distribution 

proportion of cadmium production may be estimated for various entry and exit ways, and the results 

are displayed in Table 3.2. The flow field can also alter the degree of replacement of sponge cadmium 

under different in and out modes, as shown in the table. By comparison, the fraction of anode 

replacement during the production of cadmium sponge produced under LACH is significantly 

higher, reaching 75.6 percent. It's possible that the degree and speed of the anode cementation 

reaction are influenced by the flow field. It is required to investigate the reaction control processes 

and mechanism under reaction conditions in order to further prove this hypothesis. 

Table 3. 2. Comparison of ion distribution of different circulation configurations %. 

Reaction 

position 
Cementation on anode Electrorefining on cathode 

No flow field 64.5 35.5 

LACH 74.3 25.7 

LCAH 72.5 27.5 

HACL 71.6 28.4 

HCAL 72.7 27.3 

LSH 73.2 26.8 

HSL 72.9 27.1 

3.3. Mechanistic analysis of flow field enhancement 

In this section, we present a mechanistic study of the Zn-Cd substitution process. This includes 

a determination of the control steps of its reaction process and an analysis regarding the kinetic 

processes of its reaction. 

3.3.1. Steps analysis of coupled flow-electric field cementation 

Firstly, Zn-Cd substitution is a multi-phase electrochemical reaction process, similar to other 

metal substitutions in the liquid phase. Combined with the relevant literature we speculate that the 
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reaction process under circulating flow-electric field coupling is shown in Figure 4.3, which consists 

of a series of steps as follows[34-37]: 

1) The diffusion of hydrated cadmium ions from the solution into the liquid phase boundary 

layer around the zinc; 

2) diffusion of these hydrated cadmium ions across the boundary layer to the cathode surface 

3) The zinc as an anode loses electrons to the cathodic region; 

4) The hydrated cadmium ions dehydrate the film and gain electrons into a metal and attached 

to the cathode region 

5) Zinc loses electrons to turn into zinc ions, forming hydrated ions; 

6) Hydrated zinc ions leave the anode surface and diffuse towards the liquid phase boundary 

layer 

7) Hydrated zinc ions leave the boundary layer and diffuse into the solution proper. 

In actual practice, steps 1 and 7 are not usually the limiting steps. The rates of steps 2 and 6 

depend primarily on the rate of solute transfer. The status of these two steps in the system depends 

on the local viscosity of the liquid or the fluid state, and the reactions limited by these steps are called 

diffusion or mass transfer limiting steps. Therefore, the key to optimising the reaction rate of the 

cementation process lies in the determination and optimisation of the reaction limiting step[38,39]. 

、 

Figure 3. 13 Reaction steps for Zn-Cd cementation on the anode. 

3.3.2. Determination of limiting step  

The three simultaneous reactions that occur in the coupled circulating flow-electric field 

cadmium extraction process are cementation, electrorefining and electrolysis. These reactions interact 

and influence each other. Determining the reaction mechanism shall first determine the limiting steps 

of the reaction. According to the literature, it is usually the limiting step of the cementation reaction 

that includes both diffusion limiting and electrochemical limiting [40,41]. And the two most common 

methods to determine the reaction limiting step are the empirical method and the activation energy 

method. The empirical method [42] is mainly based on the principle of referring to two conjugated 

half-reactions forming an Evans diagram with overlap and examining the location of their 

intersection points. The potential difference in the Tafel region is inversely proportional to the 

likelihood of crossover. In simplicity, the reaction limiting step is determined by the standard 

electrode potential difference between the cemented metals: if this value is greater than 0.36V for the 

diffusion transfer step; if less than 0.06V for the electrochemical reaction step[43]. When the value is in 

between, this must be determined in conjunction with other parameters. the standard potentials for 

Zn are -0.763 V and CD-0.402 V, with a potential difference of 0.361 V. This can be tentatively 

determined as diffusion control. 

It is worth noting, however, that the above potential difference is only greater than the standard 

value of 0.01 V for the empirical method of determination. The empirical rule does not fully explain 

the kinetics of the replacement process as the empirical criterion Δφ０ is a thermodynamic one; in 

fact, the overpotential of the electrode reaction, the concentration of ions and their presence, the 

morphology of the surface deposits, the composition of the aqueous solution, the fluid velocity, etc. 
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all influence the rate limiting steps of the cementation reaction.Further confirmation should therefore 

be carried out using the activation energy[43]. 

The integral method is one of the best methods to study reaction sequences and is used to 

evaluate first order reactions when analysing ln(C/C0) vs. time curves. Based on the concentration 

change curves at different temperatures, the corresponding lnc vs. t curves can be obtained, as shown 

in Figure 3.14(a). Further regression gives the corresponding k values. Drawing Figure 3.14(b) with 

lgk vs. 1/T gives a curve with a slope of -E/2.303R and an activation energy value of E. The activation 

energy is calculated from the slope to be 12.6 kJ/mol. The activation energy value indicates that the 

reaction is diffusion controlled and, combined with the rule of thumb, can be determined to be 

diffusion controlled. 

 

  

(a) (b) 

Figure 3. 14. (a)kinetic curve at different temperature &lnk vs. 10000/T. 

3.3.2. Determination of diffusion coefficient 

For cementation processes using geometrical electrodes, the macroscopic aspects can contribute 

significantly to the continuity of the reflection on the one hand, and the microscopic aspects can 

effectively control the complexities of the surface product on the other. for these experimental 

techniques, which often have very well defined geometries and liquid flow patterns, the kinetic data 

can still be confusing to interpret, so relevant kinetic studies are of great importance[44]. 

Although the cementation reaction produces new solids, zinc and cadmium produce cadmium 

sponges with a thin and loose boundary layer that has no effect on the ion diffusion kinetics. As the 

reactants depend on the geometry of the reactants and the state of the solid surface, and as the 

reactants are not particles, the diffusion kinetics used in this system are incompatible with the 

contraction nucleation model normally used to analyse cementation reactions[45]. Diffusion in planes 

mainly follows the following equation for the cementation reaction, where the plane produces a loose 

solid boundary layer: 

）（ 021 c)(kv  c
D

cc
  

Where k is the diffusion coefficient, V denotes the diffusion velocity, and C-c0 denotes the 

concentration difference. 

As shown, diffusion velocity V is mostly determined by the diffusion constant and the 

concentration difference. And: 
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As seen in the preceding two equations, the thickness of the diffusion layer is inversely 

proportional to the flow velocity, whereas the diffusion constant is inversely proportional to the 
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temperature. As a result, the reaction's temperature and flow rate are the primary characteristics that 

impact the kinetic coefficient[46]. On this basis, the mass transfer coefficient for a simple batch reactor 

can be determined using the following formula[47]: 

Vc`ln(c0/c)=KAt 

Where vc denotes the volume of the solution and A denotes the effective region; c and c0 denote 

the solution's instantaneous and starting concentrations, respectively; and t denotes the reaction time. 

As illustrated in Figure 3.8, linear fitting can be performed using ln(c0 /c) and time, and slope 

computation can be used to determine the changing trend of the mass transfer coefficient K. As 

illustrated in the figure, the mass transfer coefficient K increases from 0.0137 to 0.087 as the flow rate 

of the circulating flow field increases from 0 to 30ml/s.Additionally, the diffusion kinetics curves for the 
various cyclic configurations can be derived using the solution concentration changes, as illustrated in 

Figure 3.16.Obviously, LACH's comparatively higher mass transfer coefficient also means that 

this flow field configuration is more favourable to facilitate the Zn-Cd cementation process. This 

result also provides a kinetic validation of the optimisation results for each configuration in the 

previous section. 

 

Figure 3. 16 Kinetic curves and mass transfer coefficients of each cycle configuration. 

4. Conclusion 

In this study, a new method of Zn-Cd gelling based on flow-electric field coupling is proposed. 

The gelling process, the modulation of the cadmium sponge morphology and its associated 

mechanism of the method are described in detail. The primary conclusions were obtained as follows: 

Firstly,the tests compared the fractions as well as the morphology of sponge cadmium in this 

system and confirmed that the advantage of this method for sponge cadmium extraction lies in the 

reduction of zinc loss. Section electron microscope was performed for the first time to reveal the initial 

separation process of sponge cadmium. Further, the four phases of the apparent reaction were 

divided according to concentration, pH and cross-sectional morphology, which provided a data base 

for further analysis of the optimisation mechanism of the method. 

A series of analyses were carried out for the optimised conditions of the flow field. The reaction 

effect of the flow rate was tested in combination with component ratios, electron microscopy, XRD 

and BET data to obtain the optimum flow rate condition of 30 ml/s. The effect of each flow field 

configuration on the apparent reaction phases was also tested, and the LACH and LCAH were 

confirmed to be effectively ending the first and second phases of the reaction earlier, thus advancing 

the efficient separation of cadmium sponge. Correspondingly, the morphology and ion distribution 

results of the cadmium sponge showed that LACH was the more suitable flow field configuration, as 

well. 

A series of mechanistic analyses based on the optimisation effect of this configuration were 

carried out to explore the specific steps of the reaction process. Its reflective rate-limiting steps were 

calculated and determined using the empirical and activation energy methods. The results show that 

the rate-limiting step of the reaction is the mass transfer step.  Furthermore, the cementation reaction 

of zinc and cadmium in this system was shown to be a first-order reaction with an activation energy 
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of 12.6 kJ/mol for the cementing reaction, implying that the diffusion step is the rate-limiting step 

combined with a rule of thumb.By further kinetic model calculations and comparison of individual 

configuration mass transfer coefficient tests, the mass transfer optimisation effect of LACH was 

confirmed. 
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