
JOURNAL OF APPLIED ELECTROCHEMISTRY 24 (1994) 745-750 

An electrochemical hydrocyclone cell for the treatment of 
dilute solutions: approximate plug-flow model for 
electrodeposition kinetics 
N. D H A M O *  

Institut ffir Metallurgie-Metallhfittenkunde, Technische Universitdt Berlin, Germany 

Received 20 July 1992; revised 27 September 1993 

The mass transfer conditions in a hydrocyclone cell have been analysed and an approximate plug-flow 
model has been developed to describe metal ion depletion during batch recycle operation. The resulting 
concentra t ion- t ime relationship and reaction rate equation has been shown to describe satisfactorily 
the experimental data obtained for the electrodeposition of  copper and silver from dilute solutions. 
Moreover,  these relationships have enabled the evaluation of  mass transfer coefficients in the hydro- 
cyclone cell. 
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numerical exponents 
concentration (mol dm -3) 
initial bath concentration (mol dm -3) 
cell inlet concentration (mol dm -3) 
cell outlet concentration (mol dm -3) 
rate constant (h 1) 
mass transfer coefficient (ms -t) 
volumetric mass transfer coefficient 
= 27rRLK (m 3 s -1) 
'active' length of the cylindrical cathode (m) 
volumetric flow rate (m 3 s 1) 
inside radius of the conical part of the cell 
reaction rate of component A (mol dm -3 h-l) 
inside radius of the cylindrical part of the cell 
(m) 
time 
vertical (axial) velocity in the annulus 
cell voltage (V) 
horizontal (tangential) velocity in the annulus 
volume of the reservoir/bath 
volume of the cell/reactor 
residence of time of the reservoir 

1. Introduction 

The hydrocyclone is an effective item of industrial 
equipment, well known for its simple modular design, 
without moving parts, and its high throughput per 
unit volume. Based on its principal feature of helical 
downward accelerated flow (Fig. 1) [1, 2], and consider- 
ing the advantages regarding industrial application, a 
novel electrochemical reactor has been developed as 
the hydrocyclone cell (HCC). This has been recently 
used in metal recovery from dilute solutions [3]. 

The present work analyses mass transfer conditions 

in the HCC and develops an approximate model for 
describing the kinetics of electrodeposition. 

2. Apparatus 

The HCC and the schematic arrangement of the 
experimental setup are shown in Fig. 2. The stainless 
steel hydrocyclone wall (a) serves as cathode. As 
depicted, the standardized cyclone of 78 mm diameter 
[4-6] is modified: in the central exit a graphite/stainless 
steel block, as an anode (b), is situated concentrically 
and is surrounded by a cation-exchange membrane 
(c), type Thomapor 50382, which acts as 'vortex 
finder' (Fig. 1). Two reservoirs, coupled with the cell 
via a sliding-vane type rotary pump, enable either 
batch recycle or single-pass mode experiments to be 
performed. The reservoirs are considered to be well 
mixed. Redissolution of the metal deposit can be 
achieved by polarity reversal. 

The HCC is characterized by a helical downward 
accelerated flow along the cathode surface (due to 
the conical shape of the cathodic compartment). 
This plays an important role in metal recovery since 
higher mass transfer coefficients occur towards the 
apex, i.e. in the region with lower metal content [3]. 

3. Mass-transfer conditions in HCC 

The accelerated helical flow in the HCC is different to 
that observed in rotating disc [7], cylinder [8, 9, 10] or 
cone [11] electrodes, and even to that observed in cells 
with helical/swirling flow [12-20]. Because of the pau- 
city of data for mass transfer in the hydrocyclone geo- 
metry, it is relevant to discuss the case of the rotating 
cylinder electrode with axial flow [13]. For this case 
the mass transfer coefficient may be written as 

K ~  u~vt  ~ (1) 
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Fig. 1. Schematic representation of the spiral-within-spiral flow 
pattern in the hydrocyclone. (a) Inlet, (b) vortex finder, (c) hydro- 
cyclone wall, (d) helical upward flow, (e) helical downward flow, 
(f) apex-opening. 

where u is the axial velocity, v t is the tangential velo- 
city and al and a2 are two exponents which, in the tur- 
bulent regime, may be considered as 0.33 and 0.4, 
respectively [13]. 

In the cylindrical part of the hydrocyclone (Fig. 3(a)) 

u ~ 0 (2)  

and, according to Kelsall [21], 

V t ~ 01'12 (3) 

where Q represents the volumetric flow rate. For the 
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Fig. 2. Schematic arrangement of HCC-system. (a) Cathode, (b) 
anode, (c) cation exchange membrane, (d) electrolyte inlet, (e) 
Teflon-gasket, (f) transparent Perspex cell top, (g) vent, (i) electro- 
lyte outlet, (j) electrolyte reservoirs, (k) apex valve, (In) recirculating 
pump. 

conical part we can write 

u ~ O / r  e (4) 

and referring to the data of Kelsall [21, fig. 6] 

vt ~ Q1"12/r5/9 (5) 

(a) (b) 

Fig. 3. Schematic representation of (a) HCC-concept and (b) electrical field configuration near the bottom of vortex-finder. (1) Cathode 
(hydrocyclone wall), (2) cation exchange membrane (vortex-finder), (3) anode, (4) helical wings. 
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Fig. 4. Electrochemical cell in batch recycle mode of operation. 

Taking into account the above mentioned numerical 
values for al and a2, substitution of u and vt into 
Equation 1 leads to the following expressions: 
for the cylindrical part 

g ~ Q7/9 (6) 

for the conical part 

K ~ O7/9/r (7) 

In other words, the product of the mass transfer 
coefficient with the wall surface is almost independent 
of r. Thus, the whole cell can be considered cylindrical 
with the following mass transfer coefficient 

K ~ Qb (8) 

where b has a numerical value of ~ 7/9. 
Furthermore, due to the geometry of the HCC, the 

interelectrode gap at the bottom of the vortex finder 
(Fig. 3(b)) varies and the electrical field becomes less 
uniform. Consequently the cathode activity is 
strongly influenced by the cell voltage. 

4. Theory 

Consider the HCC in the batch recycle mode of opera- 
tion shown in Fig. 4. Following the analysis described 
elsewhere [22-24] and taking into account that in the 
present experiments the initial metal concentrations 
varied from 60 to ll0p.p.m, and the ratios VB/VR 
from 45 to 90 [3], the assumptions involved in the pre- 
sent work are as follows: 
(a) The spiral movement of the electrolyte through 
the cathodic compartment may be approximated to 
plug-flow. 
(b) The concentration of the metal ion is very low 
and hence the electrochemical reaction is mass transfer 
controlled. 
(c) The reservoir is a perfectly stirred tank. 
(d) The volume of the cell is very small compared 
with that of the reservoir and hence the change in 
metal concentration with time is negligible as 
compared to its change with length. 

According to (d), the differential mass balance over a 
cylindrical element of length dx (Fig. 4) yields 

d _dx 
which, after integration, leads to 

C(L) : C(O) oxp (--2Q RLK) (10) 

Since it is difficult to separate the contribution of the 
volumetric flow rate on mass transfer coefficient 
from that of the cell voltage on the cathode activity, 
it is convenient to use a volumetric mass transfer 
coefficient 

KL = 27rRLK (11) 
Thus the outlet concentration is 

C(L) = C(0) exp ( U ~ )  (12) 

The mass balance for the reservoir may be written as 

dC(0) _ Q[C(L) - C(0)] (13) 
V~ dt 

Substitution of Equation 12 into Equation 13 and 
integration leads to the following expression for the 
concentration-time dependence: 

C ( 0 ) :  Co exp{ -t.rB I 1 -  exp ( - ~ ) ] }  (14) 

Solving the last equation with respect to K L gives 

KL = --Qln [I +TBln (C(O)~ ] (15) 
t \-CT; J 

From Equation 14 the following expression may be 
derived for the reaction rate of component A (metal 
ion): 

dC(0) __I I i _ e x p ( _ _ ~ ) ] C ( 0 ) ( 1 6 )  
rA -- dt = TB 

which confirms a first order reaction 

--rA = kC(O) (17) 

with the following rate constant 

k - - - - I [1 - - exp( - -~ ) ITB (18) 

5. Experimental details 

Copper recovery from dilute acidified sulphate 
solutions containing 0.25M Na2SO 4 as supporting 
electrolyte (pH ~ 1.6) and silver recovery from dilute 
alkaline electroplating rinsewaters containing 
K[Ag(CN)2], K2CO3, KCN and additives 
(pH ~ 11.4) were chosen to check the validity of the 
above model. 

The experiments were performed at room tempera- 
ture (17-23°C) and in the batch recycle mode of 
operation. The apex valve (Fig. 2) was kept closed 
and the solution entered the cell tangentially and left 
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Fig. 5. Variation of copper concentration with time. Graphite anode (cell voltage/V, flow rate/dm 3 min -l): (A) 3.15, 12; (O) 2.5, 12; stainless 
steel anode (cell voltage/V, flow rate/dm 3 min-1): (o) 2.5, 12; (A) 2.5, 15. 

samples were determined by atomic absorption 
spectrophotometry. 

In the case of  copper, the initial metal concentration 
was varied between 100 and l l6p .p .m,  and the 
volume of  solution in each run was ~ 70 dm 3. Both 

it flowing upwards via the helical channel between 
the anode and the membrane due to the helical 
wings on the anode surface (Fig. 3). At certain 
intervals samples were taken from the lower reser- 
voir. The metal ion concentrations in the 
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Fig. 6. Variation of silver concentration with time. Cell voltage/V, flow rate/dm 3 min-l: (m) 1.8, 17; (o) 1.9, 7; (v) 1.9, 17; (A) 2.0, 17; (o) 2.2, 
10; (A) 2.2, 17. 
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Table 1. Operating conditions, mass transfer coefficient and rate constant in the case of  copper recovery 

Operating conditions Values of  k/h -1 

Anode Q U "r B Conc. range K L × 106 K x 104 Derived from Calculated Discrepancy/ 
/dm 3 rain -1 /V /min /p.p.m. /m 3 s -1 / m  s -1 correlation by means of  /% 

(Equation 17) Equation 18 

Graphite 12 3.15 5.83 116/28 6.89 1.73" 0.353 0.348 - 1 . 4  
12 2.5 5.83 115/18 5.97 1.50" 0.307 0.302 - 1 . 6  

Stainless 12 2.5 5.75 104/15 5.89 1.48" 0.285 0.303 +6.3 
steel 15 2.5 4.60 100/6.9 6.47 1.63" 0.321 0.342 +6.5 

* Calculated by means  of  Equat ion 1 

graphite and stainless steel were used as anode 
material. 

In the case of silver, the initial metal concentration 
was varied between 60 and 100 p.p.m, and the volume 
of solution in each run was ~ 35 dm 3. Graphite was 
used as anode material. 

6. Results and discussion 

Figures 5 and 6 show copper and silver depletion with 
time at various cell voltages and volumetric flow rates. 
From these experimental concentrat ion-t ime curves 
the coefficient KL and the reaction rates r A were 
determined. 

The plot of  In [C(O)/Co] against t (Equation 14) 
gave KL from the slope of  the straight line; this 
resulted in very good agreement with the experimental 
points. 

The reaction rates were determined by graphical 
differentiation of the concentrat ion-t ime curves. 
They were thereafter correlated to the experimental 
values of  C(0) to determine, according to Equation 
17, the rate constant k. 

Table 1 summarizes the data obtained in the case of 
copper recovery. An attempt was made to calculate 
the HCC mass transfer coefficients, taking as cathode 
'active' area only the surface covered with metal. It 
may be seen that HCC gives lower mass transfer 
coefficients when compared with the pump cell [26], 
but higher than those reported for other cells under 
similar conditions [27-29]. 

In the case of  silver recovery, the correlation 
(according to the Branton strategy) of  the coefficient 
K L with the flow rate and the cell voltage led to the 
following empirical equation: 

1, taking as 'active' area o f  the cathode the surface covered with metal. 

g L ---- 0 . 0 0 2 2  Q0.9 e x p  ( 0 . 4  U)  (1 9 )  

where 1.2 x 10-4m3 s -1 < Q < 2.8 × 10-4m3s -1 and 
1.8V < U < 2.2V. Equation 19 results in good agree- 
ment with Equation 8 as regards the exponent of the 
volumetric flow rate. In this case the coefficient K 
varied between 0.43 × 10 -4 and 1.06 × 10-4ms -1. 

Table 2 summarises the operating conditions and 
the data obtained in the case of silver recovery. 

The small discrepancies enable prediction of  the 
rate constant by means of Equation 18, taking into 
account the values for KL calculated by means of  
Equation 15 or those obtained in this work (see Table 
1 in the case of copper recovery or empirical Equation 
19 in the case of silver recovery). 

7. Conclusions 

The approximate plug flow model involved in the 
derivation of  the concentrat ion-t ime relationship 
during batch recycle operation of  the hydrocyclone 
cell led to a first order reaction for metal recovery 
from dilute solutions and has been shown to describe 
satisfactorily the electrodeposition of  copper and silver. 
The data obtained in this work, Table 1 and Equation 
19, may be used to predict the reaction rates under 
similar operating conditions. The approach enabled 
evaluation of  mass transfer coefficients for the HCC. 
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Table 2. Operating conditions and rate constant in the case of  silver recovery 

Operating conditions 

U Q r B Conc. range 
/V /dm 3 rain -1 /rain /p.p.m. 

Values o fk /h  -1 

Derived from 
correlation 
[Eqn 171 

Calculated 
by means 
of  Eqn 18 

Discrepancy 
/% 

1.8 17 1.94 61,6 ~ 7.24 
1.9 17 2.06 104 --+ 0.26 
1.9 7 4.58 110 --+ 60.7 
2.0 17 1.94 60.4 ~ 5.81 
2.2 17 1.94 62.1 ~ 3.07 
2.2 10 3.30 62.3 --~ 18 

0.314 
0.342 
0.151 
0.341 
0.370 
0.229 

0.308 
0.345 
0.158 
0.342 
0.403 
0.225 

-1 .9  
+0.9 
+4.6 
+0.3 
+8.9 
-1 .7  
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