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Abstract
The rising demand and limited natural reserves of platinum group metals (PGMs) have intensified the need for sustainable 
recovery from secondary sources. This study investigates the continuous fixed-bed column adsorption of platinum (Pt) and 
palladium (Pd) from aqueous solutions using silica-anchored acylthiourea and amine-modified adsorbents. Adsorption 
experiments were performed at pH 2 and a flow rate of 2.00 mL/min, with variations in bed height and metal concentration 
to optimise recovery. Among the four adsorbents tested, DTMSP-BT-SG exhibited the highest adsorption capacities, with 
Thomas model-derived values reaching 470.67 mg/g for Pt and 382.19 mg/g for Pd. Increasing bed height and metal con-
centration enhanced both breakthrough capacity and the volume of solution treated, with up to 4775 bed volumes processed. 
Comparison with batch-mode adsorption revealed that, although equilibrium was achieved more rapidly in batch systems, 
column mode enabled significantly higher treatment volumes and yielded higher capacities. Breakthrough data were best 
described by the Thomas and Yoon–Nelson models (R2 > 0.90), while the Bohart–Adams model was less predictive across 
the full breakthrough profile. The findings confirm the superior performance of acylthiourea-based adsorbents, particularly 
DTMSP-BT-SG, in large-scale continuous recovery of Pt and Pd from industrial and mining wastewater.
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Graphical Abstract
Silica anchored acylthiourea and amine adsorbents enabled efficient continuous recovery of platinum and palladium in fixed-
bed columns. These systems processed much larger solution volumes than batch methods, demonstrating strong potential 
for industrial scale applications.

Keywords  Fixed-bed column adsorption · Breakthrough curve modelling · Acylthiourea-functionalised silica · Platinum 
group metals (PGMs)

Introduction

Platinum (Pt) and palladium (Pd), owing to their unique 
physicochemical properties, play indispensable roles across 
a broad spectrum of scientific and industrial applications. 
These include catalytic converters in the automotive indus-
try, electronics, fuel cells, jewellery, and medicine [1–5]. 
The global push for cleaner energy and stricter environmen-
tal regulations has further accelerated the demand for Pt and 
Pd, particularly in catalytic and hydrogen-based technolo-
gies [3–5].

However, the natural occurrence of platinum group metal 
(PGM) ores is scarce, and their extraction involves costly, 
energy-intensive processes. This has resulted in a widening 
gap between industrial demand and natural supply, prompt-
ing urgent interest in alternative, sustainable recovery strate-
gies [5–7]. Among these, the recycling of secondary sources, 
such as electronic waste, spent automotive catalysts, and 
PGM-laden industrial effluents, offers a viable and environ-
mentally responsible solution [6–10]. Nonetheless, these 

waste streams often pose ecological hazards, necessitating 
recovery methods that are not only efficient and selective, 
but also cost-effective and environmentally benign [6, 11, 
12].

Several recovery techniques have been explored, includ-
ing solvent extraction, precipitation, ion exchange, and 
adsorption [12–16]. Among them, adsorption stands out 
for its operational simplicity, high efficiency, low cost, and 
minimal waste generation [12–15]. Adsorption can be exe-
cuted in batch or continuous (fixed-bed) modes depending 
on application scale.

In recent years, several adsorbent materials have been 
reported for Pd recovery, including ionic liquid–functional-
ised mesoporous silica composites, metal-doped inorganic 
matrices, and organically modified silicates [16, 17]. These 
systems highlight the importance of surface chemistry, 
ligand functionality, and structural properties in governing 
sorption performance. Such studies offer a broader context 
for evaluating our silica-anchored acylthiourea and amine-
based adsorbents.
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Batch adsorption is widely used for laboratory-scale 
removal of metal ions and is valued for its flexibility in 
optimising parameters such as pH, concentration, tempera-
ture, and contact time [19–22]. However, its limitations in 
throughput and scalability render it less suitable for indus-
trial applications [22, 23].

Fixed-bed column adsorption, by contrast, offers a scal-
able and continuous approach for treating larger volumes 
of wastewater [23–25]. In this mode, the solution is passed 
through a column packed with adsorbent material, facilitat-
ing high-throughput recovery while maintaining selectivity 
and efficiency.

In our previous studies, we developed novel silica-
anchored acylthiourea adsorbents and demonstrated their 
high efficiency and selectivity for Pt and Pd recovery in 
batch systems [26, 27]. These materials significantly outper-
formed comparable amine-functionalised silica gels under 
simulated refinery conditions. Building on this success, the 
current study extends the investigation to fixed-bed column 
systems to evaluate the scalability and industrial potential 
of these adsorbents.

Herein, we examine the performance of four functional-
ised silica gel adsorbents, two bearing acylthiourea ligands 
and two with amine groups, for continuous recovery of Pt 
and Pd from aqueous solutions. As part of a staged evalu-
ation, this study focuses on adsorption performance in 
fixed-bed column systems, while recovery and adsorbent 
reusability investigations are being undertaken separately 
to inform full process optimisation. We assess the effects of 
bed height and influent concentration on adsorption perfor-
mance and apply kinetic models (Thomas, Yoon–Nelson, 
Bohart–Adams) to describe the breakthrough dynamics. 
The findings offer insights into the practical implementation 
of these materials for large-scale recovery of PGMs from 
wastewater and secondary industrial streams.

Experimental

Reagents and Apparatus

All reagents were of analytical grade and used without fur-
ther purification. Benzoyl chloride, potassium thiocyanate 
(KSCN), bis(3-trimethoxysilylpropyl)amine (BTMSPA), 
(3-aminopropyl)triethoxysilane (APTES), and silica gel 
(Davisil Grade 710, pore size 50–76 Å) were purchased from 
Sigma-Aldrich, South Africa. Stock solutions of Pt and Pd 
(1000 mg L−1 in 5% w/w HCl) were refrigerated at 4 °C until 
use. The pH of the working solutions was adjusted using 
0.01 mol L−1 of HCl or NaOH.

The synthesis of the acylthiourea ligands, N,N-
di(trimethoxysilylpropyl)-N'-benzoylthiourea (DTMSP-BT) 
and N-triethoxysilylpropyl-N'-benzoylthiourea (TESP-BT), 

followed procedures previously reported by our group [26, 
27]. These ligands were immobilised onto silica gel to pro-
duce the functionalised adsorbents, alongside the corre-
sponding amine-modified silica derivatives (BTMSPA-SG 
and APTES-SG). Detailed structural characterisation of 
the ligands and adsorbents has also been published previ-
ously, with structures shown in online supplementary mate-
rial Fig. S1 [26, 27]. This study focuses on evaluating these 
materials in fixed-bed column adsorption experiments for 
the recovery of Pt and Pd from aqueous solutions.

Fixed‑Bed Column Adsorption

Column experiments were conducted using borosilicate 
glass columns (4.00 mm internal diameter, 150.00 mm 
height) packed with known masses (22.5, 40.0, and 67.0 mg) 
of each adsorbent, corresponding to bed heights of 0.50, 
1.00, and 1.50 cm, respectively. A layer of glass wool was 
used at both ends to support the adsorbent bed. The packed 
columns were connected to a Masterflex peristaltic pump 
(Cole-Parmer, USA) to maintain a constant downflow rate 
of 2.00 mL min−1.

Metal ion solutions (3, 5, or 10 mg L−1 of Pt or Pd) were 
passed through the columns at pH 2. Each metal was tested 
separately; Pt and Pd solutions were prepared and run in 
independent column experiments. Stock solutions were 
based on 1000 mg L−1 standards in 5% (w/w) HCl. The chlo-
ride ion concentration in the test solution was approximately 
1.41 mol L−1, and the ionic strength, accounting for full dis-
sociation of HCl and the presence of H2[PtCl6] or H2[PdCl4], 
was estimated at ~ 1.43 mol L−1.

Effluent was collected in 20 mL aliquots at regular inter-
vals, and the time required for each collection was recorded 
to calculate flow stability. The metal concentrations in the 
effluent were quantified using inductively coupled plasma 
optical emission spectroscopy (ICP-OES, Spectro Genesis, 
Germany). Column operation was continued until the efflu-
ent concentration (Cₜ) equalled the influent concentration 
(C₀), indicating adsorbent saturation.

An illustrative schematic of the fixed-bed setup is pre-
sented in Fig. 1.

Breakthrough Analysis

The performance of continuous adsorption in a fixed-bed 
column is typically described using breakthrough curves 
[15, 25]. These curves plot the effluent-to-influent concentra-
tion ratio (Ct/C0) as a function of time (min) or effluent vol-
ume (mL) (Fig. 2) [28, 29]. They provide crucial information 
about the breakthrough point, defined as the moment when 
the adsorbate begins to appear in the effluent [28–30]. This 
point can be arbitrarily defined within the range of 5–90% 
of the influent concentration, though a Ct/C₀ value of 0.50 
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(50%) is often used in industrial applications and is adopted 
in this study [20, 22, 30].

To better understand breakthrough behaviour and the 
fixed-bed process, the concept of the mass transfer zone 
(MTZ), also referred to as the primary sorption zone (PSZ), 
is introduced [22, 28, 29]. The MTZ represents the region 
within the adsorbent bed where active adsorption takes 
place [28, 29]. Initially, when the influent is introduced, the 
upper portion of the bed comes into contact with the metal 
ions, and the effluent contains negligible metal concentra-
tions (Ct/C₀ ≈ 0) [22, 29–31]. As adsorption progresses, 
this upper section becomes saturated, and the MTZ migrates 
downward to the unsaturated regions of the bed [22, 29].

This downward movement of the MTZ results in a grad-
ual increase in the effluent concentration, as indicated by 
a rising Ct/C₀ ratio (e.g., Ct/C0 = 0.25, 0.50, etc.) [29–31]. 
The operating limit of the column is typically reached when 

Ct/C0 equals 0.90, beyond which the adsorptive performance 
declines sharply [22, 29–31]. When Ct/C₀ reaches 1.0 (i.e., 
the effluent concentration equals the influent), the adsor-
bent is considered fully saturated or exhausted and must be 
replaced to sustain effective metal removal [29–31].

The breakthrough curve enables the calculation of sev-
eral performance parameters, including the adsorbed metal 
amount at breakthrough, q (mg), breakthrough adsorption 
capacity, qb (mg/g), bed volume processed (BV), and the 
adsorbent exhaustion rate (AER) [30–33].

Adsorbed metal amount (q)

Breakthrough adsorption capacity (qb)

where Q is the volumetric flow rate (mL/min), tb is the 
breakthrough time (min), C0 and Ct are the influent and 
effluent concentrations (mg/L), respectively, and m is the 
adsorbent bed mass (g).

Bed volume (BV) is a measure of the volume of solution 
treated relative to the volume of the adsorbent bed, providing 
insight into bed utilisation efficiency: [33]

Adsorbent exhaustion rate (AER) reflects how frequently 
the adsorbent must be replenished:

(1)q =
Q

1000∫
t=tb

t=0

C0 − Ctdt

(2)qb =
q

m
,

(3)

BV =
volume of water treated at breakthrough point(L)

volume of adsorbent bed(L)

(4)AER =
mass of adsorbent (g)

volume of water treated(L)

Fig. 1   Illustration for fixed-bed 
column adsorption

Fig. 2   Illustration of breakthrough curve (adapted with permission 
from Ref. [29])
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A higher BV and a lower AER both indicate enhanced 
column performance and operational efficiency.

Breakthrough Curve Models

Mathematical models are frequently applied to interpret 
fixed-bed column adsorption data, enabling the prediction 
of adsorption behaviour under varying operating conditions. 
These models help elucidate the adsorption mechanism, 
surface properties, and the affinity between adsorbate and 
adsorbent [33–35]. Furthermore, they are essential tools in 
the design and optimisation of large-scale adsorption sys-
tems [31–33]. The three commonly used models for fixed-
bed column analysis are the Thomas, Yoon–Nelson, and 
Bohart–Adams models [31–35].

The Thomas model is based on the Langmuir isotherm 
and assumes that the adsorption process follows second-
order reversible kinetics and is controlled by mass transfer 
rather than chemical reaction [34–36]. This model is widely 
employed for performance estimation of fixed-bed systems.

The linearised Thomas model is given as:

where kTh is the Thomas rate constant (L min−1 mg−1), q0 is 
the adsorption capacity (mg/g), m is the mass of adsorbent 
(g), Q is the influent flow rate (mL/min), C0 and Ct are the 
influent and effluent concentrations (mg/L) and t is the flow 
time (min).

From the slope and intercept of the linear plot of ln 
(C0/Ct−1) vs. time (t) the constants kTh and q0 can be 
determined.

The Yoon–Nelson model is a simplified approach that 
assumes the probability of adsorbate breakthrough is pro-
portional to the probability of adsorbate adsorption. It does 
not require detailed information about the adsorbent or the 
adsorbate [31, 35]. This model assumes that the reduction in 
adsorption probability is directly proportional to the adsorp-
tion of the adsorbate and breakthrough on the adsorbent 
[31–35]. The Yoon–Nelson model provides information on 
the breakthrough rate and can be used to determine the time 
required to reach 50% breakthrough [23, 31]. This model is 
expressed as:

where kYN is the Yoon–Nelson kinetic constant (1/min) and 
� is the time required to reach 50% breakthrough (min).

From the linear plot of ln (C0/(C0−Ct)) vs. t, the values of 
kYN and � can be obtained [31].

The Bohart–Adams model is typically used to describe 
the initial part of the breakthrough curve (Ct/C0 < 0.5), and 

(5)ln

(

C0

Ct

− 1

)

=
kThq0madsorbent

Q
− kThC0t,

(6)ln

(

C0

C0 − Ct

)

= kYNt − �kYN,

assumes that adsorption rate is proportional to the residual 
capacity of the adsorbent and the adsorbate concentration 
[30–36].

The model is given by:

where kAB is the Bohart–Adams rate constant (L 
min−1 mg−1), N0 is the saturation concentration (mg/L), Z is 
the bed height (cm), V is the linear velocity of the solution 
(cm/min) and t is the time (min).

Here, V is calculated by dividing the volumetric flow 
rate (cm3/min) by the cross-sectional area of the column 
(cm2) [36].

Results and Discussion

Effect of Bed Height

The effect of bed height on the adsorption performance of 
DTMSP-BT-SG was investigated at a constant flow rate of 
2.00 mL/min, an initial metal concentration of 10.0 mg/L, 
and solution pH 2. Bed heights of 0.50, 1.00, and 1.50 cm 
(corresponding to adsorbent masses of 22.5, 40.0, and 
67.0 mg, respectively) were evaluated (Fig. 3).

The results revealed that increasing bed height led to a 
delayed breakthrough, indicating prolonged column opera-
tion. This trend can be attributed to the greater number 
of available active sites at higher bed heights, allowing 
for more extensive interaction between the adsorbate and 
the adsorbent [37, 38]. Consequently, the breakthrough 
adsorption capacities (qb) increased with bed height, rang-
ing from 68.86 to 242.60 mg/g for Pt and from 48.28 to 
194.29 mg/g for Pd [6, 38].

Additionally, greater bed heights allowed for larger vol-
umes of influent to be treated prior to breakthrough. The 
processed bed volumes (BV) increased from 3183 to 3714 
(Pt) and 2546 to 3395 (Pd), as shown in Table 1. These 
findings confirm that increasing the adsorbent bed height 
enhances both the adsorptive capacity and column utilisa-
tion [38, 39].

Higher beds also promoted longer contact times 
between metal ions and the adsorbent, which improved 
mass transfer efficiency [38, 39]. This is reflected in the 
extended exhaustion times (T100%), which ranged from 
1050 to 5670 min for Pt and from 990 to 5310 min for Pd.

Breakthrough curves corresponding to higher bed 
heights exhibited broader mass transfer zones (MTZs) and 
more gradual slopes, indicative of improved adsorption 
dynamics and delayed saturation [38, 39].

(7)ln

(

Ct

C0

)

= kABC0t −
kABN0Z

V
,
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Empty Bed Contact Time (EBCT)

The empty bed contact time (EBCT) also referred to as bed 
service time, is a critical design parameter for evaluating 
the efficiency of fixed-bed adsorption systems [19, 39, 40]. 
EBCT represents the theoretical time the influent solu-
tion remains in contact with the adsorbent bed under ideal 
plug flow conditions. It is calculated using the following 
relationship:

In this study, the flow rate was constant at 2.00 mL/min 
(0.033 mL/s), and the bed volume increased proportionally 
with adsorbent mass. The calculated EBCT values are pre-
sented in Table 1 and ranged from 5.65 to 50.88 s as the bed 
height increased from 0.50 cm to 1.50 cm.

This increase in EBCT with bed height indicates longer 
residence times of the metal-laden solution within the col-
umn. The extended contact duration enhances the probabil-
ity of metal ion interaction with active sites on the adsorbent, 
thereby improving overall adsorption performance. This 
is consistent with the observed increases in breakthrough 
capacity (qb), exhaustion time (T100%), and bed volume pro-
cessed (BV) at higher bed heights.

Furthermore, a higher EBCT corresponds to a broader 
mass transfer zone (MTZ), which is reflected in the more 
gradual slope of the breakthrough curves. This behaviour is 
favourable for continuous column operation, as it maximises 
metal recovery before saturation is reached [40, 41].

In summary, the increase in EBCT with bed height 
directly correlates with enhanced column efficiency and 
is a key factor contributing to the improved performance 
observed at greater bed depths.

(5)EBCT =
Vb

Q

Fig. 3   Effect of bed height on the adsorption of a Pt and b Pd 
by DTMSP-BT-SG (initial concentration: 10.0  mg/L; flow rate: 
2.00 mL/min; pH 2)

Table 1   Breakthrough 
parameters analysis of DTMSP-
BT-SG

qb is adsorption capacity at breakthrough; BV is bed volume processed; AER is rate of adsorbent exhaus-
tion; EBCT is empty bed contact time; T100% is time at adsorbent saturation.

Parameters qb (mg/g) BV AER (g/L) EBCT (sec) T100% (min)

Pt Pd Pt Pd Pt Pd Pt Pd

Mass (mg)
 22.5 68.86 48.28 3183 2546 0.032 0.034 5.65 1050 990
 40.0 131.87 95.42 3661 3024 0.040 0.051 16.98 2295 1800
 67.0 242.60 194.29 3714 3395 0.053 0.057 50.88 5670 5310

Concentration (mg/L)
 3.0 59.78 55.56 4775 4775 0.028 0.028 5.65 1230 1200
 5.0 68.86 48.28 3183 3183 0.034 0.030 5.65 1050 990
 10.0 116.05 76.62 2865 1910 0.043 0.047 5.65 720 780
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Effect of Metal Concentration

The influence of initial metal concentration on the column 
adsorption performance of DTMSP-BT-SG was studied at 
a fixed-bed height of 0.50 cm (22.5 mg adsorbent), a con-
stant flow rate of 2.00 mL/min, and solution pH 2. Metal 
concentrations of 3.0, 5.0, and 10.0 mg/L were evaluated to 
simulate varying influent conditions (Fig. 4).

The breakthrough curves demonstrated that higher influ-
ent concentrations resulted in shorter breakthrough and 
exhaustion times. For Pt, the time to complete saturation 
(T100%) decreased from 1230 to 720 min as the concentration 
increased from 3.0 to 10.0 mg/L. Similarly, for Pd, T100% 
decreased from 1200 to 780 min. This behaviour is attrib-
uted to the more rapid saturation of the adsorbent’s active 
sites under higher metal loading conditions [39–43].

The breakthrough adsorption capacities (qb) increased 
with rising influent concentration, due to the enhanced 

driving force for mass transfer and a higher concentration 
gradient between the solution and the adsorbent surface. 
This led to more efficient utilisation of the available active 
sites before breakthrough occurred.

However, the volume of solution treated before satura-
tion decreased with increasing concentration, reflecting the 
faster exhaustion of the adsorbent bed. For instance, the bed 
volume (BV) decreased from 4775 to 2865 for Pt, and from 
4775 to 1910 for Pd, as shown in Table 1.

The adsorbent exhaustion rate (AER) also increased with 
metal concentration, ranging from 0.028 to 0.043 g/L for Pt 
and from 0.028 to 0.047 g/L for Pd. A higher AER indicates 
more rapid consumption of the adsorbent, which may limit 
operational efficiency under high-concentration conditions.

In addition, the steepness of the breakthrough curves 
increased with metal concentration, indicative of a narrower 
mass transfer zone (MTZ) and reduced adsorption front sta-
bility. While this may lead to sharper breakthroughs, it also 
signifies higher adsorption rates during the initial stages of 
operation.

Overall, these findings confirm that while elevated metal 
concentrations enhance adsorption capacity, they also accel-
erate bed saturation and reduce operational time, necessi-
tating careful optimisation in continuous treatment systems 
[32, 33, 40–43].

Comparing Efficiency of Batch vs. Column 
Adsorption

To assess the relative effectiveness of batch and fixed-bed 
column adsorption modes for Pt and Pd recovery, compara-
tive evaluation was performed using previously reported 
batch data for DTMSP-BT-SG under identical conditions 
of pH, concentration, and temperature. The theoretical satu-
ration volumes, derived from batch-mode adsorption capaci-
ties, were contrasted with the experimentally observed val-
ues in the column mode.

As presented in Table S2, the volume of solution treated 
at full saturation in column mode (V100% ranged from 480 
to 1260 mL) significantly exceeded the theoretical volume 
predicted from batch capacities (V100% = 67–650 mL). This 
finding underscores the enhanced operational capacity and 
throughput of the column system, particularly under con-
tinuous flow conditions. Chowdhury et al. have noted that 
in batch mode, the adsorbent remains in static contact with a 
limited solution volume, whereas in column mode, continu-
ous introduction of fresh influent allows for more efficient 
utilisation of active sites through progressive loading along 
the bed profile [20, 22, 29, 42].

In batch mode, quantitative extraction (> 99%) of Pt and 
Pd was achieved within 3 h [26, 27]. In contrast, in col-
umn studies, the corresponding saturation point, based on 
breakthrough analysis and predicted from batch-derived 

Fig. 4   Effect of influent metal concentration on the adsorption of 
a Pt and b Pd by DTMSP-BT-SG (bed height, 0.50  cm; flow rate, 
2.00 mL/min; pH 2)
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capacities, occurred within 30 min (Fig. 5), indicating that 
the adsorbent retained considerable residual capacity beyond 
the batch-equivalent threshold.

Although the empty bed contact time (EBCT) in column 
mode was shorter (5.65 s) compared to batch contact dura-
tions, the overall breakthrough time (T100% = 720–5670 min) 
was considerably extended. This slower kinetics in column 
mode is attributable to the continual supply of fresh metal 
solution, which gradually saturates the adsorbent bed while 
maintaining dynamic equilibrium [15, 22, 29, 42, 43]. The 
result is a substantially greater treatment volume per mass of 
adsorbent, as evidenced by the high bed volumes processed 
(up to 4775 BV).

It should be noted that column experiments were con-
ducted intermittently, with operational pauses introduced 
overnight. These interruptions likely contributed to the non-
uniformities observed in the breakthrough curves, manifest-
ing as minor discontinuities or inflection points [39]. None-
theless, the adsorbents maintained excellent performance, 
indicating robust stability under start-stop conditions.

In summary, while batch adsorption offers rapid metal 
extraction and easier parameter control, fixed-bed column 
mode demonstrates superior throughput, greater capacity 
utilisation, and operational scalability, making it a more 
practical option for continuous and large-scale PGM recov-
ery applications.

Comparing Adsorption of Pt and Pd 
by DTMSP‑BT‑SG, TESP‑BT‑SG, BTMSPA‑SG, 
and APTES‑SG

To evaluate the comparative performance of all four adsor-
bents, additional fixed-bed column experiments were 

conducted using DTMSP-BT-SG, TESP-BT-SG, BTMSPA-
SG, and APTES-SG under identical conditions: solution pH 
2, flow rate 2.00 mL/min, bed height 0.50 cm (22.5 mg), and 
initial metal concentration of 10 mg/L (Fig. 6).

The breakthrough data (Table S3) revealed variations 
in breakthrough times (tb) and total volumes treated. The 
breakthrough times ranged from 180 to 270 min, and the 
corresponding treated volumes spanned 120–220  mL, 
depending on the adsorbent and metal species.

Among the adsorbents tested, APTES-SG exhibited the 
highest adsorption capacity at breakthrough, indicating 
enhanced affinity for both Pt and Pd under these conditions. 
BTMSPA-SG on the other hand recorded the lowest adsorp-
tion capacities, consistent with the slower adsorption kinet-
ics and lower ligand loading previously reported in batch 
studies [26, 27].

Fig. 5   Adsorption of Pt and Pd by DTMSP-BT-SG illustrating the 
expected saturation point based on batch mode capacities (bed-height, 
0.50 cm; concentration, 10 mg/L; flow rate = 2.00 mL/min, pH 2)

Fig. 6   Fixed-bed adsorption of Pt and Pd by DTMSP-BT-SG, TESP-
BT-SG, BTMSPA-SG, and APTES-SG (flow rate: 2.00 mL/min, pH 
2)
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At complete saturation (T100%), the treated solution vol-
umes ranged between 420 and 660 mL for the different 
adsorbents. These values exceeded the theoretical vol-
umes predicted from batch-mode capacities (Table S2), 
further affirming the practical advantages of fixed-bed 
column operation in continuous applications.

The observed trends in performance are consistent 
with the structural and functional differences among the 
adsorbents. The acylthiourea-functionalised adsorbents 
(DTMSP-BT-SG and TESP-BT-SG) displayed compara-
ble and superior adsorption efficiencies across both met-
als. This is attributed to the presence of multiple donor 
atoms (N, O, S), which enhance complexation and selec-
tivity for soft metal ions such as Pt(IV) and Pd(II). The 
amine-functionalised adsorbents showed divergent behav-
iour. While APTES-SG performed favourably, BTMSPA-
SG was less effective, likely due to steric hindrance and 
reduced accessibility of the amine sites.

In addition to adsorbent-specific effects, the differ-
ence in adsorption behaviour between Pt and Pd can 
also be attributed to their solution-phase speciation and 
coordination characteristics. In acidic chloride media, 
Pt(IV) exists as the kinetically inert [PtCl6] [2-] com-
plex, while Pd(II) forms the more labile [PdCl4]2− spe-
cies [43]. Pd(II), being smaller and more labile, adsorbs 
more rapidly but reaches saturation earlier. Pt(IV), due to 
its octahedral geometry and slow ligand exchange, binds 
more persistently to the donor atoms on the adsorbent 
surface, resulting in delayed breakthrough but prolonged 
retention.

These findings reinforce the significance of both 
ligand chemistry and surface functional group accessibil-
ity in determining column adsorption performance. The 
acylthiourea-based systems proved consistently superior, 
though the improved synthesis of APTES-SG yielded 
notable enhancements over BTMSPA-SG.

Breakthrough Curve Modelling

To quantitatively evaluate the adsorption performance and 
kinetics of the fixed-bed column system, the experimental 
data were fitted to three well-established models: Thomas, 
Yoon–Nelson, and Bohart–Adams (see the "Breakthrough 
Curve Models" section for model equations and assump-
tions). The model parameters, including adsorption capaci-
ties, kinetic constants, and breakthrough times, were 
determined using linear regression and are summarised in 
Tables 2 and 3.

Thomas Model

The Thomas model provided an excellent fit for both Pt 
and Pd adsorption, with correlation coefficients (R2) rang-
ing from 0.90 to 0.98. For DTMSP-BT-SG, the adsorption 
capacity (q0) increased with both bed height and metal con-
centration, indicating enhanced metal uptake under condi-
tions of greater adsorbent mass and higher driving force. For 
Pt, q0 ranged from 158 to 470 mg/g and for Pd, q0 ranged 
from 152 to 382 mg/g.

Among the four adsorbents tested, BTMSPA-SG exhib-
ited the lowest q0 values, in agreement with prior batch stud-
ies and reflecting its reduced active site availability [6, 39, 
40]. TESP-BT-SG and APTES-SG also showed good con-
formity to the model, though the acylthiourea-functionalised 
materials consistently outperformed the amine-functional-
ised adsorbents.

These results demonstrate the applicability of the Thomas 
model in predicting column performance, especially in scal-
ing adsorption capacity under varying conditions.

Yoon–Nelson Model

The Yoon–Nelson model also yielded high-quality fits 
across all experimental conditions, with R2 values up 
to 0.98. The model's predictive parameter τ (the time to 

Table 2   Fixed-bed column 
modelling adsorption data Pt 
recovery by DTMSP-BT-SG

Pt Thomas Yoon–Nelson Bohart–Adams

KTh × 10–4 q0 R2 kYN × 10–3 Τ R2 KAB × 10–4 N0 R2

L/min mg mg /g 1/min min L/mg min mg /L

Mass (mg)
 22.5 17.01 159 0.93 8.79 345 0.93 4.85 127 0.71
 40.0 6.73 239 0.93 3.48 938 0.93 2.32 152 0.81
 67.0 2.32 471 0.98 1.20 3053 0.98 1.28 254 0.91

Concentration (mg/L)
 3.0 17.71 120 0.93 5.30 452 0.93 5.58 95 0.89
 5.0 17.01 158 0.93 9.17 345 0.93 4.58 126 0.71
 10.0 9.98 219 0.90 9.66 255 0.90 3.26 160 0.75
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50% breakthrough) correlated well with the actual break-
through times, reinforcing the model’s validity. The rate 
constant (kYN) increased with metal concentration, due to 
accelerated saturation kinetics while τ increased with bed 
height, consistent with longer contact times and delayed 
breakthrough. The increase in kYN with concentration is 
also attributed to an enhanced mass transfer gradient, 
resulting in improved bulk transfer rates under these con-
ditions [6, 39, 43, 44].

Among the adsorbents, DTMSP-BT-SG displayed the 
highest τ, indicating superior adsorption retention. BTM-
SPA-SG, in contrast, exhibited the lowest τ, consistent with 
faster breakthrough and earlier exhaustion. These results 
confirm that the Yoon–Nelson model effectively captures 
breakthrough behaviour without requiring detailed structural 
information about the adsorbent.

Beyond fitting the current data, the model parameters pro-
vide predictive value for column design, enabling estimation 
of breakthrough time and bed saturation under different flow 
rates and concentrations. These outputs can inform scale-
up strategies and operational planning in future process 
development.

Bohart–Adams Model

The Bohart–Adams model was applied to assess the initial 
breakthrough behaviour of Pt and Pd in the fixed-bed column 
system (Figs. S2 and S3). As discussed in the "Breakthrough 
Curve Models" section, this model is most applicable to the 
early phase of column operation, where the adsorbent bed is 
largely unsaturated. In this study, the Bohart–Adams model 
yielded only moderate correlation with the experimental 
data, with R2 values ranging from 0.47 to 0.91 for Pd and 
0.71 to 0.91 for Pt (Tables 2 and 3). These values were con-
sistently lower than those obtained from the Thomas and 
Yoon–Nelson models, indicating that the Bohart–Adams 
model is less suited to describe the full breakthrough profile.

Separation Mechanism and Implications of Modelling

The adsorption profiles observed for Pt and Pd reflect the 
combined effects of mass transfer, surface affinity, and 
solution-phase speciation in acidic chloride media. In this 
environment, Pd(II) predominantly exists as the more labile 
[PdCl4]2− complex, resulting in faster initial uptake and 
steeper breakthrough curves, but also earlier bed saturation. 
Pt(IV), in contrast, forms the kinetically inert [PtCl6]2− spe-
cies, leading to slower adsorption but stronger and more 
persistent binding. This behaviour is consistent with a 
chemisorption-dominated mechanism in which Pd achieves 
rapid site occupancy, whereas Pt is retained for longer due 
to slower ligand exchange.

The Thomas model parameters quantify maximum 
adsorption capacities and rate constants, providing insight 
into the extent and kinetics of metal uptake, while the 
Yoon–Nelson model offers robust estimates of breakthrough 
times and curve symmetry, which are valuable for process 
control. Taken together, these models validate the experi-
mental profiles and clarify the adsorption–separation mecha-
nism. They also provide predictive capability for scale-up, 
enabling operational parameters such as breakthrough time, 
bed saturation, and adsorbent lifetime to be estimated under 
varying flow rates and feed concentrations.

Conclusion

This study demonstrated the successful application of 
silica-anchored acylthiourea and amine adsorbents for the 
fixed-bed column recovery of platinum (Pt) and palladium 
(Pd) from aqueous solutions. Among the tested materi-
als, DTMSP-BT-SG consistently outperformed the other 
adsorbents, displaying the highest adsorption capacities 
and longest breakthrough times under optimised condi-
tions. Maximum adsorption was achieved at a bed height 
of 1.50 cm, influent concentration of 10 mg/L, pH 2, and 

Table 3   Fixed-bed column 
modelling adsorption data of Pd 
recovery by DTMSP-BT-SG

Pd Thomas Yoon–Nelson Bohart–Adams

KTh × 10–4 q0 R2 kYN × 10–3 Τ R2 KAB × 10–4 N0 R2

L/min mg mg /g 1/min min L/mg min mg /L

Mass (mg)
 22.5 18.83 152 0.79 8.52 379 0.79 7.23 107.58 0.47
 40.0 10.99 183 0.91 4.97 823 0.91 4.32 104.60 0.83
 67.0 2.89 382 0.93 1.31 2829 0.93 1.49 213.11 0.86

Concentration (mg/L)
 3.0 20.96 134 0.93 5.82 542 0.93 8.70 87.07 0.81
 5.0 19.11 152 0.78 8.65 378 0.78 7.23 107.58 0.47
 10.0 9.16 245 0.87 8.77 287 0.87 3.03 190.22 0.63
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a constant flow rate of 2.00 mL/min. At these conditions, 
DTMSP-BT-SG exhibited breakthrough capacities of 
242.60 mg/g (Pt) and 194.29 mg/g (Pd), with bed vol-
umes processed up to 4775 and prolonged saturation times 
exceeding 5600 min.

Comparison with batch-mode performance revealed 
that although quantitative extraction occurred more rap-
idly in batch mode, the fixed-bed column offered superior 
throughput and capacity utilisation. The experimental vol-
umes treated in column mode (up to 1260 mL) exceeded 
theoretical predictions based on batch capacities, indicat-
ing improved metal recovery per gram of adsorbent.

Breakthrough modelling using the Thomas and 
Yoon–Nelson models showed strong correlation with 
experimental data, with R2 values above 0.90, confirm-
ing their reliability for describing column dynamics and 
estimating key parameters such as adsorption capacity and 
breakthrough time. The Bohart–Adams model, while less 
effective across the full breakthrough profile, provided 
useful comparative insights into initial adsorption kinetics.

Between the adsorbents, the acylthiourea-functionalised 
materials (DTMSP-BT-SG and TESP-BT-SG) outper-
formed the amine-functionalised alternatives (BTMSPA-
SG and APTES-SG), owing to their multi-donor ligand 
systems and higher metal-binding affinity. However, 
APTES-SG showed notable improvement over BTMSPA-
SG, highlighting the importance of ligand accessibility 
and loading.

The separation mechanism, as clarified in the "Separa-
tion Mechanism and Implications of Modelling" section, 
together with the predictive capability of the Thomas and 
Yoon–Nelson models, provides a strong basis for translat-
ing the laboratory-scale adsorption profiles into operational 
parameters for larger-scale recovery systems.

In conclusion, the findings establish silica-anchored 
acylthioureas, particularly DTMSP-BT-SG, as highly effec-
tive, selective, and scalable adsorbents for Pt and Pd recov-
ery in fixed-bed systems. Their strong performance under 
simulated industrial conditions supports their potential for 
practical deployment in PGM recycling and wastewater 
remediation. Building on this foundation, future work will 
focus on developing elution protocols and assessing adsor-
bent reusability to enable long-term, continuous operation.
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