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ABSTRACT. Organic acids are being explored as biodegradable lixiviants for extracting valuable metals from various sources with a lower environmental footprint. 
However, studies on using organic acids for silver extraction from waste printed circuit boards (WPCBs) remain limited, particularly regarding process parameters 
and leaching kinetics. This study employed response surface methodology (RSM) with central composite design (CCD) to optimise acetic and citric acids for silver 
leaching from WPCBs. Key parameters included are temperature, lixiviant concentration, and leaching time. Kinetic behaviour was analysed using Arrhenius and 
shrinkage core models. RSM-CCD analyses indicated that the quadratic model effectively predicted silver leaching percentages across the tested factors, with 
significant effects noted for most parameters, except temperature in the acetic acid system. Optimal silver recovery was 11.48% for acetic acid (38.8°C, 2.5 M, 4 h) 
and 15.2% for citric acid (37.7°C, 1 M, 1.5 h). Kinetic studies showed leaching was diffusion-controlled, with activation energies of 13.13 kJ/mol for acetic acid and 
3.3 kJ/mol for citric acid. Overall, this study sets the foundation for a scalable and environmentally sustainable silver recovery from WPCB. 
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Introduction 

For over 6000 years, silver has been and continues to be 
integral to various aspects of human life (Syed, 2016). While 
historically valued for its use in jewellery, coins, and silverware, 
silver now finds extensive use in modern technologies, including 
electronics and renewable energy, where its superior electrical 
conductivity and photosensitivity properties are indispensable 
(Mishra et al., 2021; Click et al., 2024). Silver is primarily 
recovered as by-product from processing polymetallic sulphide 
ores of gold, lead, zinc, and copper (Zhang et al., 2024). 
However, the rising demand for silver in modern applications 
has led to over-reliance and depletion of these sources. In 2021, 
silver production met only 48 % out of the total physical demand 
for silver of ~1 trillion ounces, leaving a sizable deficit. Moreover, 
this demand was projected to increase by 9.3 % yearly 
(Cremona and Mestl, 2023). Consequently, the Sustainable 
Development Goal (SDG) 12, which aims at responsible 
consumption and production, demands that secondary sources 
of silver be exploited. 

A secondary source of silver that has increasingly garnered 
the attention of researchers over recent years is the waste of 
electrical and electronic equipment (WEEE), primarily due to two 
observations. On one hand, with over 53.6 million tons 
generated in 2019 and projected to reach 74.7 million tons by 
2030, WEEE is becoming one of the fastest-growing solid waste 
streams in the world. Out of the total amount of WEEE waste 
generated, only 17.6% has been documented to undergo proper 
collection, processing, and recycling, while the difference 
remains unaccounted for (Arshadi and Mousavi, 2014; de Souza 
et al., 2018; Forti et al., 2020). This creates an ever-growing 
concern as this waste contains hazardous elements and 
compounds such as cadmium, lead, mercury, and fluorinated 
flame retardants, which pose enormous health and 
environmental hazards, particularly when treated or processed 
inadequately. On the other hand, waste printed circuit board 
(WPCB), an integral component of WEEE, contains about 30-40 

wt% of valuable metals, including gold, copper, zinc, tin, nickel, 
and up to about 0.13 wt% silver, amongst others, which is higher 
than that found in primary sources (Cayumil et al., 2016; Mishra 
et al., 2021). Thus, ever-increasing volumes of WPCBs will 
provide an avenue as a secondary source for silver extraction, 
serving a dual benefit for the metal supply chain and managing 
the environmental pollution associated with the WPCB 
accumulation. 

Hydrometallurgical recycling has become a widely adopted 
approach for recovering valuable metals from WPCB  owing to 
its comparatively simple applicability and high extraction 
efficiency (Marinato et al., 2023; Nan et al., 2024). This 
approach is a two-stage process consisting of selective metal 
dissolution (leaching) and purification (ion exchange, 
precipitation, etc.). Current hydrometallurgical systems have 
been based on the leaching stage, mostly using cyanide, 
thiourea, thiosulphate, and inorganic acids such as HCl and 
HNO3, amongst others, as lixiviants (Kumari and Samadder, 
2022). Unsurprisingly, these lixiviants lead to distinct metal 
recovery rates, environmental footprints, and other inherent 
issues. For example, HCl and HNO3 exhibit higher metal 
leaching efficiency but at the same time generate chemical-
heavy liquid wastes and release gases such as Cl2 and NOx, 
posing a huge threat to the environment. Similarly, the high 
toxicity of cyanide is a major issue and has resulted in significant 
efforts for its substitution despite being efficient as a lixiviant. 
Thiourea and thiosulphate have shown great potential as green 
alternatives, but are still developing hydrometallurgical 
processes (Hsu et al., 2019). It, therefore, remains of great 
interest to find more environmentally sustainable leaching 
systems for future applications.  

Potential environmentally sustainable leaching systems use 
organic acids as lixiviants (Lisińska et al., 2022). Organic acids 
are environmentally friendly as they are biodegradable in 
aerobic and anaerobic conditions, making the liquid waste 
generated from the leaching process easy to treat. Moreover, 
they have demonstrated high metal recovery rates from different 
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sources under varying process conditions, particularly when 
used in the presence of oxidants. For instance, Li et al., (2013) 
studied the efficiency of citric, malic, and aspartic acids in 
leaching lithium and cobalt from spent lithium-ion batteries in the 
presence of H2O2. The results showed that citric and malic acids 
recovered 100% lithium and 90% cobalt, whereas aspartic acid 
recovered significantly less. Similarly, (Jadhav et al., 2016a) 
utilized citric acid in combination with H2O2 to leach different 
metals from large WPCB under varying conditions - citric acid 
(0.5-2 M) and H2O2 concentration (1.5-7.28%), temperature (30-
60°C), and stirring speed (0 and 150 rpm). The results showed 
that under static conditions, a 0.5 M citric acid solution and 
5.83% H2O2 solution achieved complete dissolution (100%) of 
Au, Ag, and other base metals within 4 hours at 30 °C. Aydoğan 
et al. (2024) also studied the dissolution kinetics of metallic Ag 
in acetic acid by applying the shrinkage core models, revealing 
a surface-chemical controlled process.    

Despite achieving high leaching rates and offering a 
promising environmentally sustainable option, very few studies 
have been conducted on using organic acids for leaching silver 
from WPCB (Birloaga and Vegliò, 2016; Zan et al., 2024). 
Moreover, the interaction effects of the studied leaching process 
parameters (temperature, organic acid concentration, time, 
stirring speed, solid-to-liquid ratio) were not accounted for, as 
these studies employed the conventional “one factor at a time” 
experimental approach (Saidan et al., 2012). Furthermore, there 
is no information on the underlying kinetic mechanism, which is 
imperative for the scalability of recycling WPCB in organic acid 
systems. 

The present work capitalized on central composite design 
(CCD) and response surface methodology (RSM) experimental 
design framework to study silver leaching from WPCB in 
selected green solvents, namely acetic and citric acids. Unlike 
the conventional approach, this experimental design framework 
considers the synergistic effects of selected process 
parameters: temperature, lixiviant concentration, and leaching 
time on the leaching systems. These parameters were further 
optimised to achieve an optimum percentage of silver-leached 
values. Finally, the dissolution kinetic mechanisms were also 
investigated using the Arrhenius and shrinkage core (SCMs) 
models. This research promotes responsible consumption and 
production (SDG 12), fostering innovation in material recovery 
(SDG 9), and supporting climate action (SDG 13) through eco-
friendly recycling methods that reduce electronic waste and 
minimise environmental impact. 

Materials and Methods 

WPCB sample acquisition and preparation 
A total mass of 3 kg of WPCB samples from discarded 

Toshiba laptops (2016 to 2018 models) was collected from the 
Agbogbloshie area in the southwest of Accra, Ghana. Large 
components that could not be easily crushed with the available 
equipment were manually removed from the WPCB samples, 
after which the samples were hand-broken into smaller pieces. 
To liberate the metals from non-metallic components and 
increase the exposed surface area for the leaching, the WPCB 
samples were crushed and ground into particle sizes smaller 
than 150 µm with metallic mortar and pestle. The samples were 
then divided into smaller representative samples of the required 
mass using the sampling by quartering method for the leaching 
experiment. 

     

Design of leaching experiments using CCD-RSM 
The leaching experiments were designed using the RSM-

CCD experimental design framework with Design-Expert 
Software Version 13. Two levels of three leaching factors: 
temperature, lixiviant concentration and leaching time, were 
utilised in the CCD as shown in Table 1. Equation (1) was used 
to generate a specific number of experimental runs that were 
used to collect data at specific points. These points included 
factorial points (to study the main effects and interactions), 
central points (to estimate pure error or variability), and axial 
points (to capture curvature effects) (Behera et al., 2018). 

 

𝑁 = 2𝑛 + 2𝑛 + 𝑛𝑐                     (1), 
 

where N is the number of experimental runs, n is the number of 
factors, 2n is the number of factorial points, 2n is the number of 
axial points, and nc = 6 is the number of centre points. 
 
Table 1. The leaching factors and their corresponding range of 

levels for the RSM-CCD experimental design  

Variable Name of factor 
Range of levels 

Low High 

A Temperature (℃) 25 75 

B Lixiviant 
concentration (M) 

1 3 

C Leaching time (h) 1.5 4 

 
Leaching procedure 

Acetic and citric acid followed the same leaching protocol, 
as shown in Fig. 1. The leaching experiments were carried out 
in an open 1000 mL flat-bottom flask containing a stirring bead, 
placed on a dual hotplate and magnetic stirrer apparatus 
equipped with feedback control systems. 100 mL of the required 
concentration of lixiviant was added to the flat-bottom flask and 
heated to the predetermined temperatures and times at a 
constant stirring speed of 250 rpm before introducing 1 g of the 
representative WPCB sample. The amount of lixiviant used was 
based on a constant solid-to-liquid ratio of 10 g/L, whereas the 
concentrations were per the range given by the experimental 
design, as shown in Table 1. After each leaching test, the 
mixture was allowed to cool to room temperature, followed by 
filtration to remove any leach residue, and the leachate was 
analysed for the silver concentration. 

 

 
 
Fig. 1. Schematic representation of the initial WPCB preparation 

and leaching experimental procedure 
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Prior to leaching with the organic acids, the leachability of 
silver from the representative WPCB sample was investigated 
by performing a leaching test using 40 mL of aqua regia solution 
at 100 ℃ and 250 rpm for 1.5 hours. 25 mL of the aqua regia 
leachate was analysed for silver concentration and was used as 
the reference point for the estimation of the percentage of silver 
leached from WPCB (S) in the acetic and citric acids as 
expressed by equation (2). 

 

 𝑆 =
𝐶𝑔𝑉𝑔

𝐶𝑉
× 100                  (2), 

where Cg is the concentration of silver in the green leachate 
(mg/L), Vg is the volume of the green leachate (mL), C is the 
concentration of silver in the aqua regia leachate (mg/L), and V 
is the volume of the aqua regia leachate (mL) (de Souza et al., 
2018; Han et al., 2020).  
 
Materials characterisation 

Chemical compositional analysis of the representative 
WPCB sample and silver chloride precipitate was performed 
using a Rigaku NEX CG X-ray fluorescence spectrometer. A 
Thermofisher Scientific iCAP 7400 Duo ICP-OES spectrometer 
equipped with a Teledyne ASX-560 autosampler was utilised to 
determine the concentration of silver in aqua regia and organic 
acid leachates. To investigate the mineralogical composition of 
the WPCB, a representative sample was analysed with a Cu-kα 
source (λ= 1.5406 nm) Bruker D2 Phaser 2nd Gen X-Ray 
diffractometer operating at 30 kV and 10 mA within 2θ degrees 
range of 5° to 90°. The surface morphological analysis was 
carried out using the Zeiss Merlin VP Compact scanning 
electron microscope at an accelerating voltage of 0.5kV.  
 
Modelling and statistical analysis 

Design Expert version 13 software was employed in 
modelling, analysing, and optimising data in this study. The data 
collected for both acetic and citric acids were fitted to the 
regression model described by equation (3) (Onukwuli and 
Nnanwube, 2022; Khodaei et al., 2022; Golaghaei et al., 2024). 
 

𝑌 = 𝛽𝑜 + ∑ 𝛽𝑖𝑋𝑖

𝑛

𝑖=1

+ ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗(𝑖 ≠ 𝑗)

𝑛

𝑗=𝑖+1

𝑛−1

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑋𝑖
2

𝑛

𝑖=1

+ 𝜀, (3) 

 

where Y represents the response, βo, βi, βii, and βij are the 
constant, linear, quadratic, and interaction coefficients 

respectively, Xi  and Xj  are independent variables, where 𝑖 ≠ 𝑗, 

𝜀 is the error term, and n is the number of factors. 
The fitting of the regression models for the percentage of 

silver leached in acetic and citric acid systems was done by first 
comparing the experimental mean values of each term when 
added sequentially. This fitting was based on a significance 
criterion at 95% confidence level (p-value < 0.05), lack of fit at 
p-value > 0.05, high adjusted R2, and low standard deviation. 
Notably, cubic and higher-order interactions were eliminated 
because the experimental runs were not enough to estimate all 
the coefficients. Consequently, the quadratic model was 
identified as the best fit. This model was proven to be adequate 
and reliable via diagnostic analysis of predicted and actual 
experimental data.  

Analysis of variance (ANOVA) was used to investigate the 
significance of the selected leaching factors (model terms) and 
their interactions on the percentage of silver leached, applying 
the same significance criteria for the model. In general, 

insignificant model terms, unless necessary for hierarchy, are 
omitted to improve the model (Raeisi et al., 2023; Salahi et al., 
2023). However, in this study, all insignificant terms were 
maintained, and their effects alongside all significant terms were 
further investigated using the response surface plots. This 
information, as well as inherent characteristics of the leaching 
reactions and constraints were then employed to optimise the 
silver leaching process via ramp technique by applying the 
software’s built-in gradient descent, numerical optimisation 
algorithm, and desirability function.   

Results and discussion 

XRF and XRD analysis 
Table 2 shows the elemental composition of the WPCB 

sample by XRF analysis. Iron, silicon, and copper are identified 
to predominantly make up the WPCB sample with respective 
concentrations of 35.27 wt%, 25.9 wt%, and 13.3 wt%. Silver, 
which is the primary target of this study, takes up only 1.06 wt% 
of the total elements within the sample. The results also 
indicated the presence of other components, including 
significant quantities of aluminium, calcium, bromine, and traces 
of other metals such as tin, zinc, and nickel, which are classified 
as others. Notably, these identified elements are in line with 
previously reported results on the elemental characterisation of 
WPCB, but with different percentage compositions (Wang et al., 
2015; Khayyam Nekouei et al., 2019; Ichikawa et al., 2023). The 
difference in compositions may be attributed to the difference in 
type, brand, model, and year of manufacture of the electrical 
components selected by the individual studies (Petter et al., 
2015). 

 
Table 2. Elemental composition of the WPCB by XRF analysis 

 

Elements Composition (wt%) 

Fe 34.27 

Si 25.9 

Cu 13.03 

Al 9.18 

Ca 4.82 

Br 3.15 

Ag 1.06 

Others 8.59 

 
The XRD analysis was used to ascertain the XRF findings 

and most importantly, identify the form (mineralogy) in which the 
various elements, particularly silver, are present in the WPCB 
sample. The identification of the various forms in which the 
individual element in the sample is present is imperative, as it 
directly influences their relative selectivity. The result of the XRD 
analysis is shown in Figure 2. The diffraction pattern reveals 
sharp and distinct peaks corresponding to several metal phases, 
including copper, and silver, along with minerals, including 
schapbachite (AgBiS2), sphalerite ((Zn, Fe) S), quartz (SiO2), 
siderite (FeCO3), alarsite (AlAsO4), and chabazite 
(CaAl2Si4O12·6H2O). These phases correspond to the various 
materials used in the manufacturing of printed circuit boards and 
confirm the presence of the elements indicated by the XRF 
analysis. 

The most prominent peaks in the XRD pattern at diffraction 
angles of 43.3˚ and 55.5˚ correspond to metallic copper, whereas 
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the peaks at diffraction angles of 38.5˚ and 78.4˚ are attributed 
to metallic silver and silver in the form of schapbachite. Both 
copper and silver, in their metallic forms, can easily undergo 
dissolution in acids. Their coexistence in the WPCB could 
potentially present some challenges during the process of 
leaching silver, particularly regarding selectivity, as both metals 
may dissolve concurrently. Nonetheless, selective leaching of 
silver is possible under controlled conditions. Other crystalline 
phases, such as chabazite, sphalerite, alarsite, siderite, and 
quartz, represent non-metallic or trace components of the 
WPCB. 

 
Fig. 2. XRD spectra of the WPCB 

 

SEM Analysis 
The SEM analysis was conducted to identify the form, 

shape, and surface features of the mechanically reduced 
particles within the WPCB, all of which are essential in 
understanding how the material will behave during the leaching 
process. Figure 3 shows the SEM micrograph of the WPCB 
sample used in this study. The micrograph reveals a 
heterogeneous structure, where different sizes of metallic and 
non-metallic particles are dispersed. The presence of metallic 
silver and copper, and metallic mineral schapbachite, identified 
in earlier XRF and XRD analyses, is evidenced by the bright 
grey regions (Yin et al., 2011). These regions are not uniformly 
distributed, which could lead to localised variations in the 
percentage of metals leached, particularly silver. Areas that are 
dense with metallic particles are likely to experience higher rates 
of leaching, provided the lixiviant reaches these concentrated 
regions. Some of these metallic particles appear as irregularly 
shaped particles, exhibiting rough and uneven surfaces with 
numerous pores. The irregularity and roughness of these 
metallic particles are key considerations, as they provide more 
active sites for the lixiviant to interact with the metal, potentially 
enhancing the leaching process. The remaining metallic 
portions consist of predominantly smooth and mechanically 
fragmented particles, with a mixture of clustered and individual 
cylindrical shapes, as shown in Figure 3. The somewhat smooth 
nature of the particles would provide a more uniform distribution 
of lixiviant, but often with less intensity relative to rough surfaces. 
Moreover, the clustered-rich regions would reduce the available 
surface area that comes into direct contact with the lixiviant. 
Consequently, a low percentage of metal may be leached.  

Further examination of the micrograph shows irregular and 
cylindrical-shaped particles, with a distinctive dark grey colour. 
The majority of these particles can be identified as glass fibres 

encapsulated with resins containing quartz, sphalerite, alarsite, 
and siderite (Nekouei et al., 2018; Zhu et al., 2020). These 
materials are generally inert under mild acid-leaching conditions 
and will not interfere with the recovery of silver. However, their 
presence shows the complexity of the WPCB matrix, which 
consists of various metallic and non-metallic materials tightly 
integrated into one another. 

 

 
 

Fig. 3. SEM micrograph of the WPCB sample of particle sizes 
<150µm at 100µm before leaching 

 

Regression models, analysis of variance, and response 
surface plots 

Table 3 presents the experimental results for the runs 
generated from the selected ranges of temperature, lixiviant 
concentration, and leaching time. The quadratic models with 
coded coefficients for the percentage of silver leached in acetic 
and citric acid are presented in equations (4) and (5). The 
adjusted R2 and standard deviations were 0.8840 and 1.08 for 
equation (4) and 0.9978 and 0.20 for equation (5).  

 

 % 𝑆𝑖𝑙𝑣𝑒𝑟 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐴𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑) = 9.54 +
0.61𝐴 − 1.15𝐵 + 2.38𝐶 + 0.41𝐴𝐵 + 0.1𝐴𝐶 +
2.05𝐵𝐶 − 2.65𝐴2 − 0.77𝐵2 − 0.91𝐶2     (4) 
  

  % 𝑆𝑖𝑙𝑣𝑒𝑟 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐶𝑖𝑡𝑟𝑖𝑐 𝑎𝑐𝑖𝑑) = 15.48 +
0.97𝐴 − 1.82𝐵 − 0.98𝐶 − 1.34𝐴𝐵 − 0.61𝐴𝐶 +
1.71𝐵𝐶 − 5.26𝐴2 − 0.57𝐵2 − 1.52𝐶2       (5) 

 

The terms A, B, and C are the leaching factors: leaching 
temperature, lixiviant concentration, and leaching time, 
respectively. 

Table 4 presents the ANOVA results for the quadratic model 
of silver leaching in citric acid (Equation (5)). The overall model 
is significant, with a p-value below the significance level of 0.05 
(p-value < 0.0001) and a corresponding F-value of 942.47. The 
model also exhibited a non-significant lack of fit (p-value = 
0.0535 and F-value = 1.91). This means the model fits well with 
the experimental data. All the model terms are significant with p-
values < 0.0001. This indicates that the factors considered for 
this study and their interactions significantly affect the leaching 
process in one way or another. The order of significance based 
on the F-values is as follows: A2 > B > C2 > BC > AB > C > A > 
B2 > AC. Table 4 also presents the ANOVA results for the 
quadratic models of silver leaching in acetic acid. As expected, 
the model (p-value = < 0.0001, F-value = 17.08) and its lack of 
fit (p-value = < 0.0706, F-value = 4.20) are statistically significant 
and insignificant, respectively.  
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Table 3. RSM-CCD experimental design with process parameters and corresponding percentage of silver leached in acetic and citric 
acid 

Run Temperature  

(°C) 

Lixiviant 
concentration 

(M) 

Leaching time 

(h) 

Silver leached in 
acetic Acid 

(%) 

Silver leached in 
citric Acid 

(%) 

1 50 2 3 11.48 15.30 

2 50 2 0.6 3.28 12.84 

3 50 2 3 9.84 15.30 

4 50 2 5 9.84 8.61 

5 50 2 3 9.84 15.30 

6 30 3 2 4.92 8.47 

7 50 4 3 9.84 10.11 

8 50 2 3 9.84 15.30 

9 80 1 2 3.28 13.39 

10 30 1 4 6.56 7.92 

11 50 2 3 9.84 15.30 

12 50 2 3 9.84 14.89 

13 30 3 4 11.48 9.70 

14 90 2 3 4.92 3.14 

15 80 3 4 11.48 3.55 

16 30 1 2 4.92 12.16 

17 50 0.3 3 4.92 15.98 

18 25 2 3 4.92 9.29 

19 80 1 4 3.28 7.10 

20 80 3 2 3.28 4.37 

 
 

The linear terms B and C, curvature effects A2, B2, and C2, 
and the interaction term BC are all significant model terms with 
p-values < 0.05, and their order of significance based on their 
corresponding F-values is C > A2 > BC > B > C2 > B2. 
Conversely, the underlined linear term A and interaction terms 
AB and AC have p-values > 0.05 and are therefore not 
considered significant. In this regard, acetic acid concentration 
and leaching time are the only factors that greatly affect the 
silver leaching process, while temperature does not. In addition, 
the former is dependent on each other, but neither depends on 
the latter.  

The three-dimensional (3D) response surface plots are the 
graphical representation of a response as a function of two 
independent variables while maintaining all other variables 
constant. The plots help understand the main and interaction 
effects by facilitating a straightforward analysis of the 
independent variables. The shape of the 3D surfaces shows the 
magnitude of the correlation between the independent variables 
and the response, with the colours blue, green, yellow, and red 
of the response surface plots indicating the strength of these 
effects in ascending order (Dzikunu et al., 2024). 

In Figure 4, the three-dimensional (3D) response surface 
plots for the percentage of silver leached in acetic acid are 
visualised. The 3D surface plot in Figure 4(a) shows the 

relationship between temperature and concentration of acetic 
acid and exhibits a quadratic shape. At lower temperatures, the 
percentage of silver leached rises, but as temperature 
increases, the percentage of silver leached decreases, as also 
shown in Figure 4(c). While temperature exhibits this effect, it is 
not statistically significant under the conditions tested. 
Notwithstanding, this does not imply temperature is unimportant; 
rather, its effect may be complex and possibly intertwined with 
other variables, for example, the curvature effect (A2). The 
percentage of silver leached, on the other hand, increases with 
increasing acetic acid concentration until reaching a saturation 
point (Figure 4(a) and (e)). This effect is more pronounced at 
higher concentrations around the turning points of the 
temperature curve and at higher leaching times, indicated by the 
dark yellow colour. As shown by Figure 4(c), increasing the 
leaching time increases the percentage of silver leached, and it 
is more substantial at higher leaching times around the turning 
points of the temperature curve (dark yellow colour in the 3D 
surface plot). The leaching time while interacting with acetic acid 
concentration also showed an increasing percentage of silver 
leached effect that is about 86% of the lone effect of leaching 
time, with the largest percentage of silver leached at higher 
concentrations and extended time, as seen in Figure 4 (e).   
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Table 4. Analysis of variance (ANOVA) for the quadratic models for the percentage of silver leached in acetic and citric acids 

 

This demonstrates that the effect of the concentration of 
acetic acid is dependent on the leaching time, as confirmed by 
the ANOVA results in Table 4.  

Similarly, in Figure 4, the 3D response surface plots for the 
percentage of silver leached in citric acid are illustrated. The 
temperature appears to follow a similar trend as when silver was 
leached in acetic acid. However, the effect is significant and 
stronger across all leaching times and concentrations around 
the turning points of its curve, as indicated by the dark red colour 
in Figure 4 (b) and (d). On the other hand, the concentration of 
citric acid and leaching time show diminishing effects on the 
silver dissolution process. Increasing both the concentration and 
leaching time as lone or interacting factors decreases the 
percentage of silver leached, as shown in Figure 4(b), (d), and 
(f). When interacting with each other, the effect is more 
pronounced at lower values (dark red colour in Figure 4 (f)). 

It is important to note that the observed effects and 

associated yield of the response surface plots are a result of the 

nature of the underlying leaching reactions, particularly the 

chemical characteristics inherent to the reactant and product 

species. For a better understanding of these behaviours, one-

factor graphical representations are used to evaluate the 

leaching system under the conditions tested for both acetic and 

citric acids, based on possible dissolution reactions in 

subsequent sections. 

 

Studies of silver dissolution in acetic acid 
 
Possible reaction mechanism for the silver dissolution in 
acetic acid 

Organic acids have been reported to undergo two main 
processes when dissolving minerals from ores; acidification and 
complexation (Jadhav et al., 2016b). During acidification, the 
acid dissociates in an aqueous medium to supply protons and 
ligands. The protons are reduced to oxidize the metal of interest 
from its ore. The presence of oxidants such as oxygen and 
hydrogen peroxide render this process more readily. 
Conversely, the ligand reacts with the metal ion to form a more 
stable and soluble complex in the complexation reaction. Based 
on these two processes, the reaction steps for the dissolution of 
silver in acetic acid can be described by equations (6) – (9). The 
dissociation of acetic acid in aqueous medium can be written as: 

 

Source 

Acetic Acid Citric Acid 

Sum of 
Squares 

df 
Mean 

Square 
F-value p-value 

Sum of 
Squares 

df 
Mean 

Square 
F-value p-value 

Model 179.16 9 19.91 17.08 
< 

0.0001 
345.62 9 38.40 942.47 

< 
0.0001 

A-Leaching 
Temperature 

2.61 1 2.61 2.24 0.1652 6.60 1 6.60 161.91 
< 

0.0001 

B-Lixiviant 
Concentration 

16.76 1 16.76 14.39 0.0035 42.50 1 42.50 1043.06 
< 

0.0001 

C-Leaching Time 62.18 1 62.18 53.36 
< 

0.0001 
10.44 1 10.44 256.27 

< 
0.0001 

AB 1.37 1 1.37 1.18 0.3036 14.70 1 14.70 360.84 
< 

0.0001 

AC 0.0572 1 0.0572 0.0491 0.8292 1.98 1 1.98 48.51 
< 

0.0001 

BC 21.50 1 21.50 18.45 0.0016 14.93 1 14.93 366.42 
< 

0.0001 

A² 45.60 1 45.60 39.14 
< 

0.0001 
179.86 1 179.86 4414.11 

< 
0.0001 

B² 11.94 1 11.94 10.25 0.0095 6.59 1 6.59 161.73 
< 

0.0001 

C² 12.78 1 12.78 10.97 0.0079 35.80 1 35.80 878.56 
< 

0.0001 

Residual 11.65 10 1.17 
  

0.4075 10 0.0407   

Lack of Fit 9.41 5 1.88 4.20 0.0706 0.2675 5 0.0535 1.91 0.2471 

Pure Error 2.24 5 0.4479 
  

0.1399 5 0.0280   

Cor Total 190.81 19 
   

346.03 19    
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Fig. 4. 3D response surface plots showing effects of two-factor interactions on the percentage of silver leached in acetic and citric acid 
respectively: (a) and (b) leaching temperature versus acid concentration, (c) and (d) leaching temperature versus leaching time, and (e) 

and (f) acid concentration versus leaching time. 

 
 

𝐶𝐻3𝐶𝑂𝑂𝐻 +  𝐻2𝑂(𝑙)  ⇆  𝐶𝐻3𝐶𝑂𝑂(𝑎𝑞)
−  +  𝐻3𝑂(𝑎𝑞)

+  (6) 

 
Based on the chemical composition of the WPCB sample 

used in this study, the following dissolution reaction is possible 
with atmospheric oxygen as an oxidant. 

 
4𝐴𝑔(𝑠) + 𝑂2(𝑔)  +  4𝐻3𝑂(𝑎𝑞)

+  → 4𝐴𝑔(𝑎𝑞)
+ +  6𝐻2𝑂(𝑙) (7) 

 
A more soluble complex is formed by a complexation 

reaction between the ionic species and the ligand from acetic 
acid, as shown in equation (8). 

 
𝐴𝑔(𝑎𝑞)

+ +  𝐶𝐻3𝐶𝑂𝑂(𝑎𝑞)
− → 𝐴𝑔𝐶𝐻3𝐶𝑂𝑂(𝑎𝑞)  (8) 

  
Consequently, the overall leaching reaction can be written 

as: 
 
4𝐴𝑔(𝑠) + 4𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝑂2(𝑔)  → 4𝐴𝑔𝐶𝐻3𝐶𝑂𝑂(𝑎𝑞) +

 2𝐻2𝑂(𝑙)     (9) 

 
 
 

 
 

Effects of process parameters on the silver dissolution 
 
Effect of temperature 

Figure 5 shows the effects of the individual factors on the 
percentage of silver leached in acetic acid. The effect of 
temperature on the leaching of silver is depicted in Figure 5(a). 
It can be observed that the percentage of silver leached 
increased from 6% to about 10% when the temperature initially 
increased from 25°C to approximately 53°C. The percentage of 
silver leached decreased to 7% as the temperature was further 
increased to 75°C. Aydoğan et al. (2024) observed a similar 
trend at a higher temperature (61.5°C) using hydrogen peroxide 
as an oxidant, attributing this behaviour to the decomposition of 
the peroxide. However, in this case, the temperature behaviour 
may be linked to the solubility of atmospheric oxygen, which 
decreases with increasing temperature (Hao et al., 2022). Thus, 
at temperatures below 53°C, oxygen was readily dissolved, 
increasing the available oxygen for oxidizing the silver, and vice 

versa for temperatures above 53℃. In addition, while the 
reactivity of silver is aided at higher temperatures, the reactivity 
of other metals, such as copper in this case, is relatively higher. 
Consequently, the acidification and complexation of these  
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Fig. 5. The effect of (a) leaching temperature at 2 M and 2.75 h, 
(b) acetic acid concentration at 50°C and 2.75 h, and (c) leaching 

time at 50°C and 2 M on the percentage of silver leached in 
acetic acid 

metals might be more pronounced, thereby decreasing the 
percentage of silver leached. Despite this temperature-
dependent trend, the statistical analysis (Table 4) indicated that 
the temperature range tested was statistically insignificant 
relative to acetic acid concentration and leaching time, as it 

recorded a p-value > 0.05. This suggests that the dissolution 
process may occur at a favourable rate in the range of acetic 
acid concentration and leaching time tested irrespective of 
temperature in the studied temperature range. 

 
Effect of acetic acid concentration  

The effect of the concentration of acetic acid on the 
percentage of silver leached is shown in Figure 5(b). The 
concentration of acetic acid exhibited positive behaviour on the 
percentage of silver leached. Initially, the percentage of silver 
leached rose slowly before reaching a plateau at 2.5 M. 
Thereafter, the silver extraction remained significantly the same, 
with about 10% as the maximum percentage of silver leached. 
As the concentration increased from 1 M to 2.5 M, more 
hydroxonium (H3O+) and acetate ions (CH3COO−) were 
released into the solution, increasing the oxidation and 
complexation reactions of silver (Suanon et al., 2016). However, 
at 2.5 M concentration, all available silver ions may have already 
formed complexes with acetate ions. Thus, the percentage of 
silver leached remains relatively constant beyond this point 
regardless of the increasing concentration of acetate ions in the 
solution. 

 
Effect of leaching time 

The effect of leaching time on the percentage of silver 
leached using acetic acid is presented Figure 5(c). The leaching 
of metals has consistently been proven to be time-dependent 
(Preetam et al., 2022). Similarly in this study, the silver 
dissolution time in acetic acid was found to be the most 
significant factor, as indicated by the ANOVA (Table 4) and 
response surface analysis (Figure 4). As shown in Figure 5(c), 
the percentage of silver leached increased sharply with 
increasing the leaching time to a maximum of 11% in 4 hours. 
This is attributed to the fact that higher leaching times allowed 
for more interaction between the acetic acid, the atmospheric 
oxygen, and the silver. Simultaneously, this implies that silver 
dissolution takes a longer time to reach completion. 

 
Optimisation of the leaching factors/parameters  

From hydrometallurgical principles, increasing the operating 
temperature, lixiviant concentration and leaching time are 
expected to increase the metal yield. This suggests that the 
most effective way to achieve the highest metal yield is to 
maintain these process parameters at higher levels. In practice, 
leaching systems vary from one another and may not always 
conform to expected behaviour, however, a higher metal yield is 
desired. While achieving a higher yield is desired, it is equally 
important to consider the economic viability and environmental 
sustainability of the leaching system, hence, the necessity of the 
optimisation of the process parameters.  

In the present study, the optimisation of the silver-acetic acid 
leaching process was based on costs associated with the 
consumption of acetic acid and energy since the acid is eco-
friendly. As previously established, temperature might not have 
a significant effect on the leaching process. Moreover, the 
percentage of silver leached reduces at temperatures above 
53°C. Increasing leaching time, on the other hand, continuously 
increases the percentage of silver leached, and increasing the 
concentration also increases the percentage of silver leached 
until reaching saturation at 2.5 M. Generally, if the concentration 
required is higher, the cost of the acid is also higher.  

Similarly, higher temperatures and longer leaching time 
invariably led to a greater energy (heating) cost. Comparatively, 
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the cost associated with the consumption of energy is much 
greater than that of the acetic acid. In these regards, the 
constraints imposed for the optimisation of the leaching process 
were temperature minimisation, lixiviant concentration range 
limitation (1-2.5 M), and percentage of silver leached 
maximisation. No constraint was placed on the leaching time 
since a minimisation constraint was placed on temperature.  

The results of the optimisation of the process parameters 
used in studying the leaching of silver in acetic acid are 
displayed in Figure 6. The optimum values for temperature, 
lixiviant concentration, and leaching time to achieve the highest 
possible percent silver leached (11.48%) at low energy cost 

were determined to be 38.8°C, 2.5 M, and 4 hours. The 
desirability value of 0.851 suggests that the optimal values 
determined meet the constraints imposed on the leaching 
system. 

 
Fig. 6. Optimum leaching conditions suggested for achieving the 

highest possible percentage of silver leached in acetic acid at 
low cost 

Kinetic studies of the silver-acetic acid leaching process 
 
Shrinkage core models 

The leaching reactions of solid particles with reagents are 
predominantly heterogeneous and can generally be expressed 
as: aAfluid + bBsolid → products. The kinetics of solid particles 
interacting with reagents can be described by several 
heterogeneous models. Notwithstanding, the shrinkage core 
models (SCMs) are often used to describe this interaction. 
SCMs describe the reaction between the solid particle, assumed 
to be a perfect sphere, and the fluid to occur at the outer surface 
of the solid. Initially, the reactant species from the reagent is 
carried through the bulk fluid to the surface of the solid sphere 
particles via mass transport, kickstarting the reaction. As the 
reaction proceeds, the unreacted core shrinks towards the 
particle centre while a porous product layer, with increasing 
thickness, forms around it (Wu et al., 2015; Habbache et al., 
2017). The slowest process of the overall reaction is the rate-
determining step, hence, considered to control the overall 
reaction.  

When the overall reaction is controlled by the surface 
chemical reaction (CR) occurring at the solid/fluid interface, 
equation (10) is used to describe the leaching kinetics.  

1 − (1 − 𝛼)
1

3 = 𝑘𝑐𝑡             (10) 
  

Similarly, when diffusion through the product layer (DPL) is 
the rate-controlling step, equation (11) can be used to describe 
the dissolution kinetics.  

 

1 −
2

3
𝛼 − (1 − 𝛼)

2

3 = 𝑘𝑝𝑡            (11) 

  
Furthermore, when diffusion through the liquid film (DFL) 

controls the overall reaction, the leaching kinetics can be 
described using equation (12) (for particle sizes greater than 0.1 
mm) (Levenspiel, 1998; Free, 2022a). 

 

1 − (1 − 𝛼)
1

2 = 𝑘𝑓𝑡             (12) 

   
where α is the fraction of the silver leached, t is the leaching or 
reaction time, and kc, kp, and kf, are the apparent rate constants 
for the chemical reaction, diffusion through the product layer, 
and diffusion through the liquid film-controlled models 
respectively.  

To determine the rate-limiting step of the leaching reaction, 
in this case, silver-acetic acid leaching reaction, the functions of 
the fraction of silver reacted were plotted against the reaction 
time, t, for different temperatures and constant concentration. 
The plotted points were linearly fitted, and the respective 
regression coefficients (R2) were evaluated. Moreover, the 
apparent rate constants were determined from the slopes of the 
linear fits.  

The kinetic plots according to the SCMs for the silver-acetic 
acid leaching system at 30°C, 40°C, and 50°C are shown in 
Figure 7. These temperatures were chosen for the kinetic 
studies due to the optimum temperature value (38.8°C) falling 
below 50°C. Moreover, the effect of the initial temperature range 
(25°C - 75°C) tested was indicated by the ANOVA results 
(Table 4) to be insignificant. The results from the kinetic plots 
are also summarised in Table 5. As shown in Table 5 and Figure 
7(a), the CR model recorded R2 values of 0.9552, 0.9568, and 
0.9583 for 30°C, 40°C, and 50°C, respectively. Similarly, in 
Figure 7(b), it can be observed that the DPL model exhibited R2 
values of 0.9823, 0.9801, and 0.9801 for 30°C, 40°C, and 50°C, 
respectively. Furthermore, according to the fitted results for the 
DFL model in Figure 7(c), R2 values of 0.9547, 0.9563, and 
0.9579 were recorded at 30°C, 40°C, and 50°C, respectively. 

Comparing all the fitted results for the silver-acetic acid 
leaching data for temperature, all the models demonstrated a 
good fit. Nevertheless, the DPL model shows the best fit, as it 
recorded the highest R² values at all temperatures. This 
suggests that the kinetics of the silver-acetic acid leaching 
system might be better explained by the DPL model. Thus, the 
leaching process is likely controlled by the diffusion of the 
reactants and product species (equations (6) and(7)) through 
the product layer at these temperatures. The effects of 
concentration on kinetic behaviour were also studied, with the 
corresponding leaching apparent rate constants and R2 values 
of the fitted models summarised in Table 5.  

 
Activation energies evaluation 

In general, diffusion-controlled processes are less sensitive 
to temperature, unlike chemical-controlled processes (Clotilde 
Apua and Madiba, 2021). 
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Table 5. Kinetic parameters and correlation coefficients evaluated from the various SCMs for the leaching of silver in acetic acid 

Process 
parameters 

Surface chemical reaction Diffusion through the product layer Diffusion through liquid film 

Kc (h-1) R2 Kp (h-1) R2 Kf (h-1) R2 

Temperature (K) 

     

303 0.0064 0.9552 0.00029 0.9823 0.0095 0.9547 

313 0.0066 0.9568 0.00036 0.9801 0.0097 0.9563 

323 0.0068 0.9583 0.0004 0.9801 0.0099 0.9579 

CH3COOH Conc. (M) 

     

1 0.00093 0.2993 0.00004 0.2913 0.0014 0.2994 

2 0.0068 0.9583 0.0004 0.9801 0.0099 0.9579 

3 0.0126 0.9889 0.0008 0.9985 0.0186 0.9885 

 
Given that the kinetics of the silver-acetic acid leaching 

system might be well-described by the DPL model, it is important 
to elucidate its applicability based on the temperature sensitivity. 
The activation energy is the parameter that quantifies the 
temperature sensitivity of reactions - equation (13). Therefore, 
in this study, the linearized Arrhenius model expressed in 
equation (14) was used to evaluate the activation energy of the 
silver-acetic acid leaching reactions based on the SCMs. 

 

𝑘𝑝 = 𝜐 𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
)             (13) 

 
 

𝑙𝑛 𝑘 = 𝑙𝑛 𝜐 −
𝐸𝑎

𝑅
(

1

𝑇
)             (14) 

 
 

Where k is the apparent rate constant, 𝜐 is the pre-
exponential (frequency) factor, Ea is the activation energy, R is 
the universal gas constant (8.314 J/(mol.K), and T is the reaction 
temperature. By generating a straight line from the plots of Ink 
against 1/T for the individual models, the activation energies 
were calculated from the slope (Ea = -R × Slope). 

Figure 8 depicts the Arrhenius plots of the individual SCMs, 
and Table 6 summarises information on the activation energy 
and coefficient of correlation (R2). All the SCMs fit well with the 
Arrhenius model, with R2 values of 0.9999, 0.9686, and 0.9998 
for the CR (Figure 8(a)), DPL (Figure 8(b)), and DFL (Figure 
8(c)), respectively. This indicates that the activation energies 
obtained from the slopes of the fits can be considered accurate 
and can be used to determine the temperature sensitivity of the 
respective models. Nonetheless, the DPL model showed the 
lowest R2 value among the SCMs. This result deviates from the 
expected kinetic data fitting of the SCMs, which previously 
exhibited the highest R² value, which suggested that it may best 
explain the kinetics of the leaching system. In this regard, the 
selection of the most suitable model was ultimately guided and 
made clearer by the corresponding activation energies of the 
SCMs. 

The CR model exhibited a low activation energy of 2.46 
kJ/mol, as shown in Table 6. Thus, a low amount of energy is 
required to transport the oxygen and acetic acid molecules 
(equation (9)) to the outer skin of the silver-containing particles 
to cause the leaching reaction. 

 

Table 6. Kinetic parameters from the Arrhenius plots based on 
the SCMs for silver leaching in acetic acid 

Kinetic 
parameters 

Chemical 
reaction 

Diffusion 
through 
product 

layer 

Diffusion 
through 

liquid film 

Activation 
Energy, Ea 

(kJ/mol) 
2.46 13.13 1.68 

Coefficient of 
correlation 

(R2) 
0.9999 0.9686 0.9998 

 
This significantly deviates from the typical energy 

requirement of a chemically controlled process because they 
generally demand higher energy input and therefore are 
temperature dependent. Hence, the CR model may not be used 
to accurately describe the kinetic behaviour of the silver-acetic 
acid leaching system. 

 Again, unlike chemically controlled processes, which 
generally have activation energies of more than 40 kJ/mol, 
diffusion-controlled processes exhibit lower activation energies 
(less than 20 kJ/mol) (Faraji et al., 2022). In Table 6, it can also 
be observed that the DFL model recorded a relatively low 
activation energy value of 1.68 kJ/mol. While this activation 
energy value aligns with the typical energy requirement for a 
diffusion-controlled process, it is unusually low. A very low 
activation energy for the DFL model implies that the transport of 
acetic acid and oxygen through the liquid film surrounding the 
solid silver particles, occurs with almost no resistance. In 
practice, the diffusion of species through the liquid film would 
encounter resistance such as viscosity and concentration 
gradient, particularly when the reactant species involve 
CH3COOH, a weak acid. The presence of such a reactant, which 
must dissociate and diffuse through the liquid film and reach the 
silver surface, would inherently require a moderate amount of 
energy to overcome these resistances (Jansson, 1980). This 
suggests that the DFL model may not be the rate-determining 
step of the silver-acetic acid leaching system. 

The DPL model, on the other hand, exhibited relatively high 
activation energy (13.13 kJ/mol). This follows the expected 
activation energy requirement for diffusion through the product 
layer-controlled process. 
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Fig. 7. SCM plots for silver leaching in 2 M acetic acid: (a) 

Surface chemical reaction model [1-(1-α)1/3], (b) Diffusion through 
the product layer [1-2α/3-(1- α)2/3], and (c) Diffusion through the 

liquid film [1-(1- α)1/2] at 30°C, 40°C, and 50°C. 

This further ascertains that the silver-acetic acid leaching 

system is controlled by the diffusion through the product layer, 

hence, the DPL model can be used to accurately describe the 

kinetic behaviour of the leaching reaction. 

The final empirical model for describing the kinetic 

behaviour of the silver-acetic acid leaching system was then 

 
Fig. 8. Arrhenius plot for (a) Surface chemical reaction, (b) 

Diffusion through product layer, and (c) Diffusion through liquid 
models for the leaching of silver in acetic acid  

derived by combining equations (11) and (13), and it is 
expressed in equation(15). 

 

1 −
2

3
𝛼 − (1 − 𝛼)

2

3 = 𝜐 × 𝐶𝑐 × 𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
) × 𝑡    (15) 

  

where α, υ, Ea, R, T, and t have the same meanings from 
previous equations, C is the lixiviant concentration, and c is the 
reaction order with respect to the lixiviant concentration.  

The reaction order was evaluated from the plot of lnkp versus 
lnC as 2.7909 (Free, 2022; Dzikunu et al., 2024), whereas the 
pre-exponential factor, υ, was evaluated from the intercept of the 
DPL kinetic plot (Figure 8(b)) as 5.4 × 10-2 h-1. The overall 
empirical kinetic model representing the silver leaching from 
WPCB in acetic acid is written in equation (16). 

1 −
2

3
𝛼 − (1 − 𝛼)

2

3 = 5.4 ×

10−2 × 𝐶2.7909 × 𝑒𝑥𝑝 (−
13.13×103

8.314𝑇
) × 𝑡                     (16) 
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Studies of the silver-citric acid leaching process 
 
Possible mechanism for the silver dissolution 

As previously established for acetic acid, the dissolution of 
silver in citric acid also follows acidification and complexation 
processes. Additionally, the oxidation of the silver in the WPCB 
samples follows equation (7). However, the initial dissolution 
reaction differs significantly, and the reaction steps can be 
described by equation (17)–(23).   

The dissociation of citric acid, a weak triprotic acid, occurs 
in three distinct stages, each corresponding to the release of one 
proton, and can be written as follows: 

 
𝐶6𝐻8𝑂7(𝑠)  +  𝐻2𝑂(𝑙)  ⇆  𝐶6𝐻7𝑂7(𝑎𝑞)

−  +  𝐻3𝑂(𝑎𝑞)
+  (17) 

  

𝐶6𝐻7𝑂7(𝑎𝑞)
−  +  𝐻2𝑂(𝑙)  ⇆  𝐶6𝐻6𝑂7(𝑎𝑞)

2−  +  𝐻3𝑂(𝑎𝑞)
+

                    (18) 
  

𝐶6𝐻6𝑂7(𝑎𝑞)
2−  +  𝐻2𝑂(𝑙)  ⇆  𝐶6𝐻5𝑂7(𝑎𝑞)

3−  +  𝐻3𝑂(𝑎𝑞)
+

                             (19) 
  

The pKa values for the equilibriums described by equations 
(17), (18), and (19) are 3.1, 4.8, and 6.4, respectively (Larba et 
al., 2013). Since the pH value of acid used in this study was 4, 
the reaction was carried out according to equations (17) and 
(18). Therefore, the complexation reactions for silver can be 
represented as follows: 

 
𝐴𝑔(𝑎𝑞)

+ + 𝐶6𝐻7𝑂7(𝑎𝑞)
− → 𝐴𝑔𝐶6𝐻7𝑂7(𝑎𝑞)               (20) 

 

𝐴𝑔(𝑎𝑞)
+ + 𝐶6𝐻6𝑂7(𝑎𝑞)

2− → 𝐴𝑔𝐶6𝐻6𝑂7(𝑎𝑞)
−                (21) 

    
The overall dissolution reaction can be written as: 
 

4𝐴𝑔(𝑠) + 𝑂2(𝑔) + 4𝐶6𝐻8𝑂7(𝑠)  → 4𝐴𝑔𝐶6𝐻7𝑂7(𝑎𝑞) +

 2𝐻2𝑂(𝑙)                            (22) 

4𝐴𝑔(𝑠) + 𝑂2(𝑔) + 4𝐶6𝐻7𝑂7(𝑎𝑞)
−  → 4𝐴𝑔𝐶6𝐻6𝑂7(𝑎𝑞)

− +

 2𝐻2𝑂(𝑙)                          (23) 

 

where Equations (22) and (23) represent the dissolution of 

metallic silver by the first and second dissociation of citric acid, 

respectively. 

Effects of process parameters on the silver dissolution 
 
Effect of temperature 

Figure 9 presents the effects of the individual factors on the 
percent silver leached in citric acid. In Figure 9(a), the effect of 
temperature is visualised. As the temperature increased from 
25°C, the percentage of silver leached increased sharply until 
about 54°C, where it began to drop as the temperature further 
increased. This behaviour was anticipated as previous studies 
have reported similar results (Yoğurtcuoğlu, 2023; Zan et al., 
2024). Oxygen was readily dissolved as temperature increased, 
enhancing the oxidation of Ag to Ag+. This was accompanied by 
a maximum of 16% silver leached at 54°C. When the 
temperature was higher, the solubility of oxygen decreased and 
resulted in less oxidation of the Ag. Moreover, the reactivities of 
metals such as copper increase at higher temperatures. As a 
result, they might have competed with the oxidised silver for the 
citrates, thereby reducing the silver extraction. 

 

Effect of citric acid concentration 
The effect of citric acid concentration on the percent silver 

leached is shown in Figure 9(b). It can be seen that the increase 
in the concentration of citric acid had a negative effect on the 
silver extraction, with the highest percentage of silver leached at 
about 17% observed at 1 M. Increasing the concentration 
beyond 1 M resulted in a consistent decrease in the percentage 
of silver leached. This result contrasts with those previously 
reported by other researchers who investigated a lower 
concentration range. Larba et al. (2013) observed an increase 
in metal dissolution with increasing concentration of citric acid 

from 0.01 M to 0.05 M while adding anions from NaCl, NaNO3, 
and Na2SO4. Zan et al. (2024) and Yoğurtcuoğlu (2023) found a 
rather fluctuating behaviour with increasing concentrations while 
using an anion from NaCl and H2O2 as an oxidant, respectively. 
The current study, however, is consistent with the work of Li et 
al. (2010), who found that increasing the concentration of citric 
acid from 1.2 M to 1.5 M decreased the amount of metal 
leached. The decrease in silver dissolution with increasing citric 
acid concentration in the range tested can be due to the 
formation of copper oxide precipitates during the dissolution 
process, which creates a physical barrier between the silver ions 
and the citric acid (Barragan et al., 2020).  

 
Effect of leaching time 

The effect of leaching time on the percentage of silver 
leached is depicted in Figure 9(c). It is apparent that the leaching 
time, while having a notable influence, exhibited an inverse 
influence on the percentage of silver leached in citric acid for 
most times. As the leaching proceeded for 1.5 hours, the percent 
silver recorded for leached silver was 14.9%. Allowing the 
leaching to proceed for about 2 hours and 15 minutes increased 
the percentage of silver leached (15.6%) only slightly. Further 
increase in the leaching time resulted in a consistent decrease 
in the percentage of silver leached. From hydrometallurgical 
principles, increasing leaching time should increase the 
percentage of silver leached as it allows for progressive 
interaction between the citrate and silver ions until the point 
where all the citrate ions are consumed by the silver ions. 
However, the results of the current study demonstrate the 
opposite, such that a shorter time is enough to leach a relatively 
high percentage of silver from the metallic silver. This might be 
due to the reactivity of the other metals within the WPCB 
sample. Thus, the reactivity of silver, while relatively lower, may 
be enough for the silver to form complexes with citrate ions at 
shorter times. As the leaching time increases, other metals may 
become relatively more reactive, competing with the silver for 
the citrate ions, thereby decreasing the percentage of silver 
leached. 

 
Optimisation of the leaching factors 

The optimisation of the silver-citric acid system was carried 
out similarly to the silver-acetic acid system optimisation 
process. However, due to the difference in the behaviour of the 
leaching factors, the optimisation of the silver-citric acid leaching 
system was done under different constraints. 

The constraints to achieve the maximum percentage of 
silver leached were leaching temperature, lixiviant 
concentration, and leaching time minimisation. Figure 10 shows 
the optimisation results for the silver-citric acid leaching process. 
The optimum values for temperature, citric acid concentration, 
and leaching time to achieve the highest possible percentage of 
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Fig. 9. The effect of (a) leaching temperature at 2 M and 2.75 h, 

(b) citric acid concentration at 50°C and 2.75 h, and (c) leaching 
time at 50°C and 2 M on the percentage of silver leached in citric 

acid 

silver leached at low energy cost were determined at 37.7°C, 1 
M, and 1.5 hours. The corresponding desirability value was 
0.914, indicating that the optimum values determined meet the 
constraints imposed on the leaching system. Overall, the 
highest possible percentage of silver leached achieved at the 
optimal condition was 15.2%. 

 
Kinetic studies of the silver-citric acid leaching process 
 
Shrinkage core models 

The kinetic behaviour of the silver-citric acid leaching 
reaction was investigated using shrinkage core models (SCMs) 

 

 
Fig. 10. Optimum leaching conditions suggested for achieving 

the highest possible percentage of silver leached in citric acid at 
low cost 

expressed in equations (10), (11) and (12), within a temperature 
range of 30 to 50°C, a concentration range of 1 to 3 M, and a 
time range of 1.5 to 2.5 hours. The temperatures selected were 
based on the same criteria used for the kinetic studies of the 
silver-acetic acid leaching system. Similarly, the selection 
criteria for the time range were based on the optimum value (1.5 
hours) identified through the optimisation process and the time 
that resulted in the highest percentage of silver leached. This 
choice is justified by the need to ensure sufficient reaction time 
for completion of the reaction while avoiding reactant depletion. 

Figure 11 illustrates the SCM plots for the silver-citric acid 
leaching system at 30°C, 40°C, and 50°C. These plots are 
further summarised in Table 7, along with the effects of 
concentration on the kinetic behaviour. The CR model exhibited 
R2 values of 0.9333, 0.9029, and 0.8481 at 30°C, 40°C, and 
50°C respectively, as shown in Figure 11(a). As revealed by the 
DPL model plot in Figure 11(b), R2 values of 0.9391, 0.9069, 
and 0.8508 were recorded at these respective temperatures. 
For the DFL model plot shown in Figure 11(c), the fits for the 
30°C, 40°C, and 50°C indicate R2 values of 0.9332, 0.9029, and 
0.848, respectively. Considering the R2 values collectively, all 
the models demonstrated satisfactory fit to the experimental 
data. This indicates that all the models can adequately describe 
the kinetic behaviour of the silver-citric acid leaching reaction. 
Notwithstanding, the DPL model might better explain the kinetic 
behaviour across these temperatures due to its relatively high 
R2 values. 

 
Activation energies evaluation 

To justify the rate-determining step for the dissolution 
kinetics of leaching silver from WPCB in citric acid, indicated by 
the kinetic modelling analysis, the activation energies of the 
various models were evaluated using the plots generated from 
the Arrhenius equation (equation (14))). The results of the 
Arrhenius modelling of the SCMs, including the respective 
activation energies and correlation coefficients, are presented in 
Figure 12 and summarised in Table 8. The results show that R2 
values of 0.9932, 0.9973, and 0.9936 were recorded for the CR, 
DPL, and DFL models, respectively. Thus, all the SCMs showed 
over 99% fitting to the Arrhenius model, indicating that they 
highly follow the exponential dependence on temperature, and 
the evaluated activation energies can be accurately used to 
further analyse the SCMs. The DPL model, however, showed a 
relatively high R2 value and may better explain the dissolution 
kinetics. 



47 

 

Table 7. Kinetic parameters and correlation coefficients evaluated from the various SCMs for the leaching of silver in citric acid.  

Process 
parameters 

Surface chemical reaction Diffusion through the product layer Diffusion through the liquid film 

kc (h-1) R2 kp × 10-4 (h-1) R2 kf (h-1) R2 

Temperature (K) 

303 0.0039 0.9333 2.80 0.9391 0.0057 0.9332 

313 0.0032 0.9029 2.69 0.9069 0.0047 0.9029 

323 0.0025 0.8481 2.58 0.8508 0.0037 0.848 

Citric acid Conc. (M) 

1 0.0026 0.8508 3.05 0.8532 0.0038 0.8507 

2 0.0025 0.8481 2.58 0.8508 0.0037 0.848 

3 0.0074 0.9812 5.88 0.9871 0.0109 0.981 

 
 

 
 
Fig. 11. SCM plots for silver leaching in citric acid: (a) Surface 

chemical reaction model [1-(1-α)1/3], (b) Diffusion through the 
product layer [1-2α/3-(1- α)2/3], and (c) Diffusion through the liquid 
film [1-(1- α)1/2] at 30°C, 40°C, and 50°C 

 
 

The activation energies recorded for the CR, DPL, and DFL 
are 18.06 kJ/mol, 3.29 kJ/mol, and 17.55 kJ/mol, respectively. 
The activation energy value evaluated for the CR model appears 
to contrast with the typical activation energy level for a 
chemically controlled reaction. For a chemical reaction to 
proceed, bonds between atoms or molecules must be broken 
and new bonds formed. Breaking bonds requires a significant 
amount of energy, which leads to a higher activation energy, 
often greater than 40 kJ/mol (Faraji et al., 2022; Tanaydin et al., 
2022). The activation energy recorded for the CR model is less 
than 40 kJ/mol, creating an inconsistency with a typical 
chemically controlled process. Hence, the CR model cannot be 
used to describe the dissolution kinetics. 

In contrast, the activation energies of DPL and DFL appear 
consistent with the energy requirement of a diffusion-controlled 
process, which requires less energy to transport reactants 
through the bulk fluid to the surface of the reacting particle.  

This means both models can account for the dissolution 
kinetics of the leaching of silver from the WPCB in citric acid. 
While both models are capable of describing the dissolution 
kinetics, from the kinetic and Arrhenius modelling, it is evident 
that the DPL model offers a better fit and hence can relatively 
account for the dissolution kinetics better. 

 
Table 8. Kinetic parameters from the Arrhenius plots based on 

the SCMs for silver leaching in citric acid. 

Kinetic 

Parameters 

Chemical 

Reaction 

Diffusion 

through 

product 

layer 

Diffusion 

through 

liquid film 

Activation 

Energy, Ea 

(kJ/mol) 

18.06 3.29 17.55 

R2 0.9932 0.9973 0.9936 
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Fig. 12. Arrhenius plot for (a) Surface chemical reaction, (b) 
Diffusion through product layer, and (c) Diffusion through liquid 

models for the leaching of silver in citric acid 

The empirical model for the description of the kinetic 
behaviour of the leaching reaction was derived using equations 
(11) and (13). The reaction order was determined to be 0.5072 
from the plot of lnkp versus lnC (Free, 2022; Dzikunu et al., 
2024), and the pre-exponential factor, υ, was computed as 1.3 
× 104 h-1 from the intercept of the DPL Arrhenius plot Figure 
12b)). The comprehensive empirical kinetic model for the 
leaching of silver from WPCM in citric acid can then be 
expressed by Equation (24). 

 

1 −
2

3
𝛼 − (1 − 𝛼)

2

3 = 1.3 ×

104 × 𝐶0.5072 × 𝑒𝑥𝑝 (−
3.29×103

8.314𝑇
) × 𝑡              (24) 

 
 

Conclusion 
 
The present study was designed to investigate silver 

leaching from WPCBs using acetic and citric acids through a 
central composite design-response surface methodology (CCD-
RSM) approach. The findings suggest that the quadratic model 
is suitable for predicting silver recovery from WPCBs. The 
quadratic model demonstrated reliable accuracy, statistically 
supported by high adjusted R² and low standard deviation 
values, with temperature, lixiviant concentration, and leaching 
time significantly influencing silver recovery outcomes. The 
coded second-order quadratic model equation highlighted the 
main factors affecting silver leaching, emphasizing the complex 
interactions of temperature (A), lixiviant concentration (B), and 
leaching time (C). The study found that temperature had a less 
pronounced effect in the acetic acid system compared to the 
citric acid system. Optimisation of the leaching process 
achieved silver recoveries of 11.48% at specific factor levels of 
38.8°C, 2.5 M, and 4 hours for acetic acid, and 15.2% at 37.7 
°C, 1 M, and 1.5 hours for citric acid, with desirability values 
nearing 1.0. 

Subsequently, kinetic models were applied to study the 
leaching process dynamics, providing insight into the silver 
leaching kinetics. The model fit summary suggests that diffusion 
through the product layer mechanism best approximates the 
leaching kinetic behaviour, with R² > 0.85 across varying 
conditions. Investigations on the leaching kinetics temperature 
dependence were analysed using the Arrhenius plot, further 
validating that the reaction kinetics were principally controlled by 
diffusion through the product layer, with activation energies of 
13.13 kJ/mol for acetic acid and 3.3 kJ/mol for citric acid. 

Furthermore, this study enhances the precision of the 
leaching process, leading to a more efficient and sustainable 
method for recovering silver from WPCBs without the use of 
synthetic oxidants. The integration of RSM-CCD provided a 
comprehensive understanding of the critical interactions among 
process parameters that significantly impact silver recovery, 
paving the way for scalable, cost-effective WPCB management. 
The evidence presented in this work suggests that implementing 
the optimised parameters in industrial settings will yield a 
practical and economically viable approach for silver recovery. 
In the present research, the integration of kinetic frameworks 
with RSM-CCD provides a novel approach to analyse and 
optimise silver leaching, further improving predictability and 
control over the WPCB recovery process, and laying the 
foundation for future research in sustainable e-waste recycling. 
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