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Abstract 

Agar solid waste (ASW) is a silica-rich industrial residue generated during agar extraction 
that contains organic residue mixed with mineral filtration aids such as Celite (diatoma-
ceous earth) and perlite. Its high ash content and low organic fraction limit its direct utili-
zation as a biomass-derived fuel. This study investigated hydrofluoric acid (HF) leaching 
as a demineralization pretreatment to reduce silica-rich minerals and improve the physi-
cochemical quality of ASW. Two ASW samples obtained from different agar-processing 
plants, namely ASW-Celite (contain Celite) and ASW-Perlite (contain perlite), were 
treated using 10 wt% HF at a solid-to-liquid ratio of approximately 1:12. The treated sam-
ples were characterized using XRF, ICP-MS, FTIR, ultimate analysis, and proximate analy-
sis. HF leaching caused substantial mass reduction, with solid yields of 24.99% for ASW-
Celite-HF and 48.9% for ASW-Perlite-HF. Ash content decreased from 85.84 to 44.99 wt% 
in ASW-Celite and from 77.10 to 24.83 wt% in ASW-Perlite. XRF analysis confirmed sig-
nificant silica removal, particularly in ASW-Celite, where SiO₂ decreased from 96.94 to 
21.30%. ICP-MS further showed the reduction of several ash-forming and environmen-
tally relevant elements, including Cr, Ni, Cu, Zn, Cd, P, S, Cl, Mn, and Fe. HF treatment also 
enriched the organic fraction, increasing carbon content from 4.69 to 12.52 wt% in ASW-
Celite and from 9.83 to 16.10 wt% in ASW-Perlite. The HHV of ASW-Celite improved from 
1.91 to 6.52 MJ/kg, whereas ASW-Perlite decreased from 4.80 to 3.19 MJ/kg due to its high 
oxygen content after treatment. These findings demonstrate that HF leaching effectively 
reduces silica-rich minerals in ASW, although further deoxygenation is required to im-
prove its fuel quality for bioenergy applications. 
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1. Introduction 

Agar production from Gracilaria macroalga constitutes a major marine biomass industry 
and generates substantial quantities of solid residues. According to FAO statistics, global pro-
duction of agar seaweed reached 3,695,231 wet tons in 2019. In Indonesia, agar production 
was estimated to reach 180–550 tons per year in 2020, reflecting the significant scale of in-
dustrial processing and the associated waste generation [1]. Despite its economic im-
portance, the agar extraction process exhibits relatively low biomass utilization efficiency, 
with only 17–43% of the raw macroalga converted into agar, while approximately 60–75% 
remains as solid residue [1], [2]. This agar solid waste (ASW) contains cellulose, hemicellu-
lose, and residual agar, making it a potentially valuable biomass resource for energy and ma-
terial applications [1], [3], [4]. However, despite its considerable organic content, ASW re-
mains largely underutilized. Improper disposal can lead to waste accumulation, odor gener-
ation, and operational challenges for processing facilities [5], [6], [7], [8]. Therefore, 
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developing effective strategies to recover and utilize the remaining biomass is essential for 
improving resource efficiency and supporting a circular bioeconomy within the agar-pro-
cessing sector. 

The limited utilization of ASW is primarily attributed to its exceptionally high inorganic 
content. Unlike most lignocellulosic residues, the mineral fraction of ASW is not solely de-
rived from the biomass itself but is substantially increased by the addition of filtration aids 
during agar extraction. Celite (diatomaceous earth) and perlite are commonly used to im-
prove filtrate clarity and prevent filter clogging [9], [10]. Both materials are highly siliceous, 
containing approximately 85–90 wt% and 70–75 wt% SiO₂, respectively [11], [12], [13]. Con-
sequently, ASW may contain ash levels as high as 59.18–78.75 wt%, significantly exceeding 
those of conventional biomass feedstocks [1]. Such high silica concentrations are particularly 
problematic because silica remains thermally stable during combustion and thermochemical 
conversion, resulting in low heating values, increased slagging and fouling tendencies, and 
reduced process efficiency [14]. Therefore, the challenge in valorizing ASW is not merely re-
ducing ash content, but selectively removing silica-rich mineral phases while preserving the 
organic fraction. 

Previous studies have shown that washing and acid pretreatment can reduce inorganic 
species and improve fuel properties, although the effectiveness depends strongly on biomass 
type, mineral form, and treatment severity [27], [28]. Mechanical approaches such as multi-
stage grinding and sieving have successfully reduced ASW ash content to 8.27 wt% [10]. How-
ever, their effectiveness depends on the physical liberation of mineral particles and becomes 
limited when inorganic components are strongly attached to or embedded within the fibrous 
matrix. In industrial ASW, filtration aids are often subjected to mechanical compression dur-
ing filtration, promoting intimate contact between siliceous particles and organic fibers, as 
reported in [29]. Under such conditions, physical separation alone may be insufficient to 
achieve substantial demineralization. Chemical pretreatment offers a more promising alter-
native because it targets mineral phases directly and is less dependent on particle liberation. 

Acid leaching has been widely applied to remove inorganic constituents from silica-rich 
biomass. Various acids, including HF (hydrofluoric acid), HCl (hydrochloric acid), H₂SO₄ (sul-
furic acid), H₃PO₄, HI, and citric acid (C₆H₈O₇), have been investigated for demineralization 
purposes [30]. HCl is frequently reported as an effective deashing agent and can produce sil-
ica purities of 91–99% from rice-husk-derived silica [30]. Likewise, H₂SO₄ treatment has im-
proved the fuel properties of sewage sludge and wastewater algae by reducing ash content 
and increasing higher heating value [14], [31]. For ASW, HCl treatment has been reported to 
decrease ash content from 68.44% to 56.91% [32]. Nevertheless, these studies primarily fo-
cus on general deashing rather than selective silica removal. Since silica is the dominant in-
organic component in ASW, conventional mineral acids may be insufficient to achieve deep 
demineralization. [14], [30], [31]. 

In contrast, HF possesses a unique ability to dissolve silicate structures through the for-
mation of soluble fluorosilicate complexes [33], [34]. This property makes HF substantially 
more effective for silica removal than conventional mineral acids. Table 1 shows some 

Table 1. HF-sensitive elements that are commonly found in minerals and soil. 

Sensitivity to HF Elements Why they are sensitive 

Very high Si, Al HF strongly attacks silica, glass, silicates, aluminosilicates, 

Celite, perlite, clay-like phases [15], [16], [17] 

High Ti, Zr, Hf, Nb, Ta, W Form stable fluoride or oxyfluoride complexes; often af-

fected during HF digestion/leaching [18], [19] 

High B, Ge, Sn Can form volatile or soluble fluorinated species; may de-

crease or behave irregularly [20] 

Moderate–high Ca, Mg, Sr, Ba Can form poorly soluble fluorides, e.g., CaF₂, MgF₂, BaF₂; may 

precipitate instead of dissolve [21] 

Moderate–high La, Ce, Nd, Sm, Gd, Dy, 

Y, Yb, Lu 

Rare earth elements can form insoluble fluoride precipitates; 

may become enriched in the residue [22], [23], [24] 

Moderate Th, U Can form fluoride complexes or precipitated fluoride spe-

cies; may concentrate in solid residue [25] 

Moderate Fe, Mn, Cr, Ni, Co, Cu, Zn Can dissolve partly, but response depends on mineral form 

and redox/speciation [26] 
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elements and its reactivity to HF during leaching process. HF was selected because of its 
strong affinity toward silica-rich minerals. During the demineralization process, silica reacts 
with HF to form soluble fluorosilicate species according to: 

SiO2 + 6HF → 2H2O + H2SiF6      (1) 

where the formation of soluble fluorosilicate compounds facilitates the removal of silica from 
the solid matrix during filtration and washing. 

Previous studies reported silicon removal efficiencies of up to 99.47% from titanium 
dioxide powder [35], while HF achieved 98.2% silicate mineral removal from coal compared 
with only 52.9% for HCl under comparable conditions [36]. Despite its demonstrated effec-
tiveness toward silica-rich materials, the application of HF for upgrading ASW has not been 
systematically investigated. Furthermore, no study has compared the demineralization be-
havior of ASW containing different filtration aids, despite the substantial differences in min-
eralogy between Celite and perlite. 

Despite its high effectiveness for silica dissolution, the application of HF raises important 
environmental and safety concerns. HF is highly corrosive and toxic, posing significant risks 
to human health and the environment if not handled, stored, and disposed of properly [37]. 
Consequently, its industrial use requires stringent safety protocols, specialized equipment, 
and appropriate waste-treatment systems, which may increase operational complexity and 
cost. In contrast, hydrochloric acid (HCl) is generally considered safer and easier to handle 
and is therefore more commonly employed in biomass demineralization processes. However, 
while HCl is effective for removing many inorganic impurities, its ability to dissolve silica-rich 
minerals is substantially lower than that of HF [35]. This creates a trade-off between process 
safety and demineralization efficiency, particularly for silica-dominated residues such as 
ASW. Therefore, evaluating the effectiveness of HF for selective silica removal is important to 
determine whether the improvement in biomass quality justifies the additional safety and 
environmental considerations associated with its use. 

Moreover, a critical knowledge gap remains regarding the selective removal of silica-
rich minerals from ASW and the extent to which filtration aid mineralogy governs deminer-
alization efficiency and the subsequent enrichment of the organic fraction. To address this 
gap, the present study systematically evaluates the effectiveness of HF leaching as a selective 
demineralization strategy for ASW containing two mineralogically distinct filtration residues: 
Celite-derived amorphous silica (ASW-Celite) and perlite-derived aluminosilicate phases 
(ASW-Perlite). Changes in ash forming element concentration, ash content, elemental com-
position, functional group characteristics, and higher heating value (HHV) were quantified 
before and after HF treatment to assess the extent of mineral removal and organic enrich-
ment in each sample type. 

2. Methods 

Demineralization of ASW was performed through HF leaching to selectively remove sil-
ica-rich mineral phases and enhance the organic fraction. The overall experimental proce-
dure is illustrated in Figure 1. 

 

Figure 1. Schematic illustration of the ASW HF leaching (10% concentration) process. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. Solid waste from the agar extraction process and solid product after HF leaching (10% con-
centration; solid-to-liquid ratio of 1:12). Physical appearance of: (a) ASW-Celite before leaching, (b) 
ASW-Celite-HF during filtration, (c) ASW-Celite-HF solid product, (d) ASW-Perlite before leaching, (e) 
ASW-Perlite-HF during filtration, and (f) ASW-Perlite-HF solid product. 

2.1. Sample preparation 

ASW was obtained from two separate agar manufacturing facilities, referred to as ASW-
Celite (from Plant A, located in Western Java, Indonesia) and ASW-Perlite (from Plant B, lo-
cated in Eastern Java, Indonesia). These residues were byproducts of the filtration phase dur-
ing agar production, comprising leftover biomass combined with filtration agents — specifi-
cally Celite in the case of ASW-Celite and perlite for ASW-Perlite. The gathered samples un-
derwent open-air drying under natural sunlight for roughly 30 to 40 hours, spanning three 
to four days, until a consistent moisture level was reached. Throughout the drying process, 
the surrounding temperature stayed within the range of 30–35 °C, while relative humidity 
fluctuated between 60% and 80%. Once dried, the samples were kept in airtight containers 
until further processing. Visual representations of the untreated ASW samples can be found 
in Figure 2(a) and Figure 2(d). 

A 10 wt% HF solution was prepared by mixing 41 mL of 40 wt% HF with 150 mL of 
distilled water; the HF used was produced by Merck. The HF concentration was selected 
based on the maximum concentration threshold considered acceptable under HF safety con-
siderations, namely 10 wt%. Proper safety measures, including personal protective equip-
ment (PPE), were implemented during this leaching process. For each experiment, 12.6 g of 
dried ASW was added to the solution, corresponding to a solid-to-liquid ratio of approxi-
mately 1:12 (w/w). All equipment used during this treatment was made of plastic. The sus-
pension was stirred using a magnetic stirrer at ambient temperature. During the process, the 
suspension released heat due to the reaction. The heat was measured using a non-contact 
thermometer, and the reaction was considered complete when the temperature nearly 
reached ambient temperature. 

Following leaching, the slurry was separated by filtration, as shown in Figure 2(b) and 
Figure 2(e). The solid residue was then dried in a laboratory oven at 105 °C until constant 
weight was achieved. The dried products were designated as ASW-Celite-HF and ASW-Per-
lite-HF, as shown in Figure 2(c) and Figure 2(f). The experiment was conducted with varying 
initial masses of ASW across 9 different mass values, as shown in Table 2. Two replicate sam-
ples were prepared for averaging the mass yield results, particularly for characterization pur-
poses. Furthermore, an additional term was introduced to differentiate solid biomass before 
and after leaching, where ASW-Celite-HF and ASW-Perlite-HF represent the product yield af-
ter HF leaching.  

2.2. Characterization 

The initial and final solid masses of all samples subjected to HF leaching are summarized 
in Table 3. The effectiveness of the demineralization process was evaluated by determining 
the solid yield according to Equation (2). 
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𝑆𝑜𝑙𝑖𝑑 𝑌𝑖𝑒𝑙𝑑 (%) =  
𝑚𝑓𝑖𝑛𝑎𝑙

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙
⁄ × 100%      (2) 

where mfinal denotes the mass of the dried residue after leaching and minitial denotes the initial 
dry mass of the raw ASW. 

Characterization was performed on one representative sample from each ASW type: 
ASW-Celite was represented by Sample No. 1, and ASW-Perlite was represented by Sample 
No. 9 in Table 2. The physicochemical properties of both raw and HF-treated samples were 
characterized using a suite of complementary analytical techniques. Elemental composition 
was determined by Inductively Coupled Plasma–Mass Spectrometry (ICP-MS; Perkin Elmer 
NexION 2000) and by X-ray Fluorescence (XRF; Bruker S2 PUMA) using the SMART-Oxides 
measurement method. Functional groups and structural changes in organic and inorganic 
components were examined by Fourier Transform Infrared Spectroscopy (FTIR; Shimadzu 
IRPrestige-21). Ultimate analysis (C, H, N, S, and O; Thermo Scientific FlashSmart CHNS/O) 
and proximate analysis were subsequently conducted. Proximate analysis provided the mois-
ture content, volatile matter (VM), ash content, and fixed carbon (FC), all determined via ther-
mogravimetric analysis (TGA). Measurement replication was performed automatically by the 
respective instruments, and results are reported as mean values. 

ICP-MS data are reported as elemental concentrations in ppb. The element removal effi-
ciency (%) was calculated using Equation: 

𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓. =  [1 −
𝐶𝑓𝑖𝑛𝑎𝑙 × 𝑚𝑓𝑖𝑛𝑎𝑙

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝑚𝑖𝑛𝑖𝑡𝑖𝑎
⁄ ] × 100%   (3) 

where 𝐶initial and 𝐶final denote the elemental concentrations (ppb) in the solid before and 
after HF treatment, respectively, and 𝑚initial and 𝑚final denote the corresponding solid 
masses. 

The energy potential of the samples was assessed using the HHV. It was performed by 
combining ultimate and proximate analyses, with all results reported on a weight percentage 
basis. The oxygen content was calculated by difference according to: O (%) = 100% − (%C + 
%H + %N + %S + %Ash).  

The HHV was estimated using the correlation proposed by Demirbas et al., based on the 
modified Dulong formula, as shown in Equation (4) [38]. 

𝐻𝐻𝑉 (
𝑀𝐽

𝑘𝑔
) = 0.316 ∗ 𝐶 + 1.423 ∗ 𝐻 + 0.308 ∗ 𝑆 − 0.154 ∗ 𝑂 − 0.145 ∗ 𝑁   (4) 

where C, H, N, S, and O represent the elemental composition (wt%) on a dry basis. 

3. Results and Discussion 

A comprehensive evaluation of the physicochemical properties of ASW before and after 
HF leaching was conducted to assess the effects of demineralization on solid yield, elemental 
composition, functional groups, and energy characteristics. Particular attention was given to 
the high inorganic content of ASW, especially silica originating from filtration aids (Celite and 
perlite), to examine the extent to which HF treatment enhances the organic fraction.  

The results are discussed in relation to structural changes identified by FTIR, composi-
tional variations obtained from ICP-MS, XRF, CHNS and proximate analysis, and their impli-
cations for fuel properties based on proximate analysis and higher heating value (HHV). In 
addition, changes in elemental ratios are interpreted using the Van Krevelen diagram to elu-
cidate the compositional evolution of ASW following demineralization. 

Table 2. Initial mass variation of ASW samples and solid-to-liquid (S/L) ratio subjected to the HF leach-
ing process for ASW-Celite and ASW-Perlite, arranged in ascending order. 

 Initial Mass (g) of ASW before HF Leaching 

Sampel No. 1 2 3 4 5 6 7 8 9 

ASW-Celite 12.64 15.80 18.73 20.30 21.93 22.72 23.50 25.06 28.20 

S/L Ratio  1 : 11.86 1 : 9.49 1 : 8.01 1 : 7.39 1 : 6.84 1 : 6.6 1 : 6.38 1 : 5.98 1 : 5.32 

ASW-Perlite 3.16 3.94 4.76 6.30 7.10 7.99 9.53 11.11 12.69 

S/L Ratio 1 : 47.51 1 : 38.05 1 : 31.52 1 : 23.81 1 : 21.14 1 : 18.77 1 : 15.74 1 : 13.5 1 : 11.82 
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3.1. Product yield 

Figure 3 presents the relationship between the initial mass of ASW and the final solid 
residue obtained after HF leaching. Both ASW-Celite and ASW-Perlite exhibited strong posi-
tive linear correlations between the initial and final solid masses, indicating that the final res-
idue mass was predominantly governed by the initial solid loading under conditions of con-
stant HF concentration and solution volume. 

The comparatively lower solid yield of ASW-Celite (Figure 3, top) suggests more effec-
tive dissolution of its inorganic fraction, which is consistent with the nature of Celite as the 
primary filtration aid. Celite is composed mainly of amorphous silica, a form that is highly 
reactive toward HF and readily converted into soluble fluorosilicate species. By contrast, 
ASW-Perlite (Figure 3, bottom) contains perlite-derived minerals, which are aluminosilicate-
based and are expected to exhibit greater resistance to HF attack owing to their more com-
plex crystalline structure. Accordingly, the higher final residue mass observed for ASW-Per-
lite reflects lower demineralization efficiency and greater retention of inorganic or mineral-
associated material following treatment. The observed mass loss is therefore attributed pri-
marily to chemical dissolution of inorganic constituents rather than to physical material loss, 
consistent with prior findings on HF-assisted ash removal in acid-leaching systems [39]. No-
tably, compared with previous studies in which acid leaching of various biomass feedstocks 
required several hours [14], [30], [31], the HF leaching process in the present study was com-
pleted in less than one hour, typically within approximately 45 minutes. An exothermic re-
sponse was observed during the reaction, as evidenced by a rise in suspension temperature, 
and completion was indicated by the return of suspension temperature to near-ambient con-
ditions. 

The solid yield results, summarized in Table 3, confirm substantial mass removal during 
HF leaching. For ASW-Celite, the solid mass decreased from 12.64 g to 3.16 g, corresponding 
to a solid yield of 24.99%. For ASW-Perlite, the solid mass decreased from 12.70 g to 6.21 g, 
yielding a higher solid yield of 48.90%. This difference suggests that ASW-Celite underwent 
more extensive dissolution than ASW-Perlite under the same HF concentration and solid-to-
liquid ratio. 

3.2. XRF-based evaluation of mineral redistribution after HF leaching 

XRF analysis was employed to evaluate the inorganic oxide distribution in raw and HF-
treated ASW-Celite, as presented in Figure 4. The analysis provides informative data on major 
ash-forming elements — particularly Si, Al, K, Ca, Fe, P, S, and Cl — which are of direct rele-
vance to biomass demineralization and bioenergy applications. 

  

Figure 3. Relationship between the initial mass of ASW and the final solid residue after HF leaching 
(with 150mL 10% HF concentration) for (a) ASW-Celite and (b) ASW-Perlite. 

Table 3. Solid yield following the HF leaching process (10% HF concentration; solid-to-liquid ratio of 
1:12) for ASW-Celite and ASW-Perlite.  

Feedstock Solid Raw (g) Solid Yield (g) Solid Yield (%) 

ASW-Celite 12.64 3.16 24.99% 

ASW-Perlite 12.69 6.21 48.90% 

y = 0.0145x2 + 0.0323x
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0

2

4

6

8

10

12

14

16

0 10 20 30 40

F
in

al
 M

as
s 

o
f S

o
li

d
 (

g)

Initial Mass of Solid (g)

(a) ASW-Celite

y = 0.0003x2 + 0.4255x + 1
R² = 0.896

0

1

2

3

4

5

6

7

0 5 10 15

F
in

al
 M

as
s 

o
f S

o
li

d
 (

g)

Initial Mass of Solid (g)

(b) ASW-Perlite



Public et al., International journal of innovation in mechanical…  136 

 

 

Figure 4. XRF comparison of chemical compound concentrations in ASW-Celite before and after HF 
treatment (10% HF concentration; solid-to-liquid ratio of 1:12). 

The XRF results for raw ASW-Celite indicate that the untreated sample was overwhelm-
ingly dominated by SiO₂, with an instrument-reported concentration of 96.94%. This finding 
confirms that the inorganic fraction of ASW-Celite was predominantly silica-based, consistent 
with the presence of Celite as the filtration aid. The marked dominance of SiO₂ accounts for 
the high ash content and correspondingly low fuel quality of the untreated material. Minor 
oxide and elemental species were also detected, including CaO, Fe₂O₃, K₂O, S, P₂O₅, Cl, and 
Al₂O₃. 

Following HF treatment, the SiO₂ concentration decreased markedly from 96.94% to 
21.30%. This represents the most significant finding from the XRF analysis and confirms the 
strong reactivity of HF toward silica-rich minerals. The reduction in SiO₂ is consistent with 
the established reaction mechanism of HF with silicate minerals, whereby HF attacks Si–O 
bonds to form soluble fluorosilicate species such as H₂SiF₆ [40]. Previous studies on silicate 
dissolution have demonstrated that HF adsorption at mineral surfaces weakens Si–O and Al–
O lattice bonds, promoting the formation of fluorinated Si and Al complexes in solution [33]. 

Several oxide fractions increased in relative concentration following HF treatment, no-
tably K₂O, CaO, and Al₂O₃. Specifically, K₂O increased from 3.73% to 38.30%, CaO from 9.48% 
to 20.90%, and Al₂O₃ from 0.004% to 11.00%. These increases are attributed to relative en-
richment arising from the preferential dissolution of SiO₂. As a large proportion of silica is 
removed, the remaining inorganic constituents become proportionally more concentrated in 
the residual solid. Conversely, the decreases observed in Fe₂O₃ (from 6.44% to 3.40%), S 
(from 11.76% to 0.50%), and Cl (from 0.386% to 0.20%) indicate that a fraction of the iron-, 
sulfur-, and chlorine-containing species was also removed during leaching. Collectively, these 
results indicate that HF leaching was highly effective for the removal of silica, sulfur, and chlo-
rine, while alkali and alkaline-earth mineral species were not completely eliminated. 

The XRF data confirm that the primary effect of HF treatment was the selective dissolu-
tion of silica-rich mineral matter from ASW-Celite. This outcome is significant because silica 
is among the principal contributors to ash accumulation in biomass feedstocks and can sub-
stantially reduce fuel quality by diminishing the relative organic fraction [40], [41]. It should 
be noted, however, that XRF accuracy may be affected by matrix effects, sample heterogene-
ity, particle size, surface roughness, and variations in organic-to-inorganic composition be-
fore and after leaching [42]. Accordingly, XRF results are treated as supplementary data in 
the present study, with ICP-MS providing the primary quantitative basis for elemental analy-
sis of selected elements. 

3.3. ICP-MS element detection results 

ICP-MS was employed to evaluate the redistribution and removal of trace, environmen-
tally relevant, and ash-forming elements in ASW before and after HF leaching. The measured 
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concentrations are reported in ppb and were interpreted in conjunction with the solid-yield 
data to determine elemental removal efficiency, calculated according to Equation (3). ICP-MS 
analysis was conducted on both ASW-Celite and ASW-Perlite, for untreated samples and HF-
leached samples alike. 

The ICP-MS results indicate substantial removal of several toxic and environmentally 
relevant elements following HF leaching. In both ASW-Celite and ASW-Perlite, Cr, Ni, Cu, Zn, 
and Cd exhibited high removal efficiencies, as summarized in Table 4. These results demon-
strate that HF leaching was effective not only for the dissolution of silica-rich mineral matter 
but also for the reduction of trace metals associated with the inorganic fraction of ASW. 

The high removal efficiencies observed for Cu, Zn, Ni, and Cd suggest that these elements 
were predominantly present in acid-soluble, exchangeable, or weakly mineral-bound forms. 
Under acid leaching conditions, such species can be mobilized through proton-promoted dis-
solution, ion exchange, and complexation reactions. Analogous behavior has been reported 
in biomass pretreatment studies, wherein acid washing and leaching were shown to remove 
inorganic species and improve fuel quality by reducing ash-forming and environmentally 
sensitive elements [27], [28], [43]. 

The major mineral and ash-forming elements exhibited element-specific removal behav-
ior following HF leaching. The removal efficiencies of Na, Mg, P, S, Cl, Ca, Mn, and Fe in ASW-
Celite and ASW-Perlite are presented in Table 5. Overall, inorganic element removal was 
more pronounced in ASW-Celite than in ASW-Perlite, which is consistent with the lower solid 
yield of ASW-Celite after HF treatment. The preferential removal of S and Cl is of particular 
significance for bioenergy applications, as chlorine- and sulfur-containing species are com-
monly associated with corrosion, acid gas formation, and operational instability during com-
bustion, pyrolysis, and gasification [41], [43]. By contrast, Ca and Mg exhibited only moderate 
to low removal efficiencies, particularly in ASW-Perlite. This behavior may be attributed to 
the formation or retention of sparingly soluble fluoride phases, such as CaF₂ or MgF₂, or to 
their association with more chemically resistant aluminosilicate minerals. The comparatively 
lower removal of Mg and Ca in ASW-Perlite further supports the interpretation that perlite-
derived aluminosilicate structures are more resistant to HF attack than the amorphous silica 
characteristic of Celite. 

Table 4. Concentrations of toxic and environmentally relevant elements in ASW before and after HF 
leaching (10% HF concentration; solid-to-liquid ratio of 1:12). 

Elements ASW-Celite ASW-Perlite 

Concentration (ppb) Removal  

efficiency 

(%) 

Concentration (ppb) Removal  

efficiency  

(%) 
ASW without 

treatment 

ASW after HF 

treatment 

ASW without 

treatment 

ASW after HF 

treatment 

Be 0.290 N/A - 0.029 N/A - 

Cr 96.335 104.928 73% 191.82 73.911 81% 

Ni 45.131 15.810 91% 58.731 15.127 87% 

Cu 101.969 34.187 92% 86.56 12.827 93% 

Zn 178.732 43.962 94% 126.164 30.011 88% 

As 5.000 N/A - 8.333 N/A - 

Se 22.000 N/A - 10 N/A - 

Mo 4.488 N/A - 3.088 N/A - 

Cd 0.287 0.161 86% 0.405 0.051 94% 

Sb 0.410 1.345 18% 0.098 0.119 41% 

Hg 0.199 0.459 42% 0.242 N/A - 

Tl 0.330 1.261 4% 16.368 N/A - 

Pb 14.097 N/A - 5.286 N/A - 

Th 10.019 N/A - 2.581 N/A - 

U 1.311 N/A - 0.029 N/A - 
1 N/A indicates “Not Available”. 
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It is acknowledged that the ICP-MS results are subject to inherent methodological limi-
tations in the context of the present study. Accordingly, ICP-MS data are treated as supporting 
evidence for elemental removal and are interpreted in conjunction with XRF, proximate anal-
ysis, FTIR, and solid-yield results to provide a comprehensive assessment. 

3.4. FTIR analysis of ASW before and after HF leaching 

FTIR spectra of untreated and HF-treated ASW samples were recorded in ATR mode 
over the wavenumber range of 4000–400 cm⁻¹ to evaluate changes in organic functional 
groups and silica-related mineral phases, as presented in Figure 5. 

 

Figure 5. FTIR spectra of ASW-Celite (ASW-A) and ASW-Perlite (ASW-B) before (ends with 0) and after 
HF leaching (10% HF concentration; solid-to-liquid ratio of 1:12). 
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Table 5. Concentrations of major mineral and ash-forming elements in ASW-Celite and ASW-Perlite be-
fore and after HF leaching (10% HF concentration; solid-to-liquid ratio of 1:12). 

Elements ASW-Celite ASW-Perlite 

Concentration (ppb) Removal 

efficiency 

(%) 

Concentration (ppb) Removal 

efficiency 

(%) 
ASW without 

treatment 

ASW after HF 

treatment 

ASW after HF 

treatment 

ASW after HF 

treatment 

C 4,047.201 16,189.794 0.02% 6,333.543 9851.633 24% 

N 3,823,721.8 3,975,015.924 74% 3,085,661 4527216 28% 

Na 10,484.575 13,775.785 67% 12,628.780 11918.85 54% 

Mg 3,501.528 4,922.386 65% 9,380.213 14669.95 24% 

Al 23,870.651 N/A - 10,606.290 N/A - 

Si 3,757.929 N/A - 4,538.064 N/A - 

P 753.069 233.554 92% 270.585 162.147 71% 

S 789.845 148.304 95% 942.965 0 100% 

Cl 50.278 0 100% 122.154 0 100% 

K 2,393.107 N/A - 2,868.874 N/A - 

Ca 2,221.439 4,290.894 52% 3,272.920 4751.896 29% 

Mn 784.410 1,705.751 80% 1,958.434 1127.014 72% 

Fe 2,130.698 11,014.242 62% 3,671.731 4397.703 41% 
1 N/A indicates “Not Available”. 
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The broad absorption band observed at approximately 3300 cm⁻¹ in all samples is as-
signed to O–H stretching vibrations. This feature is commonly associated with hydroxyl-con-
taining biomass constituents, particularly polysaccharide residues, and may also incorporate 
contributions from adsorbed water and surface silanol groups. In agar and Gracilaria-derived 
materials, O–H stretching in the 3300–3400 cm⁻¹ region is characteristic of hydroxyl-rich 
carbohydrate structures [1], [2]. The persistence of this band following HF treatment indi-
cates that hydroxyl-containing organic structures were retained in the solid residue after 
leaching. An additional aliphatic C–H stretching band at approximately 2925 cm⁻¹ further 
corroborates the presence of residual organic matter [44]. The absorption band at approxi-
mately 1600 cm⁻¹ is attributed to O–H bending vibrations of adsorbed or structurally bound 
water, a feature commonly observed in hydroxyl-rich biomass and polysaccharide-based ma-
terials, including agarocolloid-type constituents [45]. 

By contrast, strong absorption bands at approximately 1060, 840, 778, and 453 cm⁻¹ are 
assigned to Si–O–Si stretching and bending vibrations, confirming a substantial silica contri-
bution to the inorganic fraction [46]. The band at approximately 1630 cm⁻¹ is attributed to 
the bending mode (δ O–H) of coordinated molecular water [46]. These spectral features are 
consistent with previously reported FTIR spectra of perlite and of solid waste derived from 
agar processing facilities [1]. The elevated intensity of the Si–O–Si bands in untreated ASW, 
and their marked attenuation following HF treatment, are in good agreement with the XRF 
results, which indicate a pronounced reduction in SiO₂ concentration after leaching. This con-
cordance between spectroscopic and compositional data confirms that silica-rich phases — 
originating from Celite in ASW-Celite and perlite in ASW-Perlite — dominated the inorganic 
fraction of the raw material. After HF leaching, the intensity of the Si–O–Si bands decreased 
markedly in both sample types, most notably at approximately 1060, 840, and 778 cm⁻¹, 
providing direct spectroscopic evidence of silica dissolution. 

3.5. Ultimate and proximate analysis 

The ultimate composition, proximate analysis, and HHV results for ASW before and after 
HF leaching are presented in Table 6. These results collectively highlight the dominant role 
of inorganic constituents in governing the physicochemical and energy properties of ASW, 
and the extent to which demineralization modifies these characteristics. 

The proximate analysis reveals that untreated ASW was dominated by inorganic matter. 
ASW-Celite contained 85.84 wt% ash, while ASW-Perlite contained 77.10 wt% ash. These val-
ues are substantially higher than those typically reported for conventional lignocellulosic bi-
omass [29]. Comparable challenges have been documented for agar-processing solid waste, 
wherein the presence of inorganic filtration residues severely limits direct biomass valoriza-
tion [1]. 

Following HF leaching, ash content decreased markedly in both sample types, as shown 
in Table 7. ASW-Celite-HF retained 44.99 wt% ash, while ASW-Perlite-HF retained 24.83 wt% 
ash. The corresponding ash removal efficiencies were 38.94% for ASW-Celite and 58.23% for 
ASW-Perlite, as detailed in Table 8. The more pronounced reduction observed in ASW-Perlite 
indicates that HF leaching substantially diminished the inorganic burden associated with per-
lite-containing ASW. Nevertheless, HF leaching did not fully convert the treated residue into 
a material comparable to conventional biomass fuel, confirming that demineralization is a 
necessary but potentially insufficient pretreatment step for silica-rich ASW. 

The ultimate analysis further confirms that HF leaching enriched the organic fraction of 
ASW. Carbon content increased appreciably in both sample types following treatment, a con-
sequence of the relative concentration of organic constituents upon partial removal of min-
eral matter. Since oxygen content was calculated by difference, this increase also reflects the 
relative enrichment of oxygenated organic structures following ash removal. The persistently 
high oxygen content indicates that the treated samples remained highly oxygenated and had 
not undergone carbonization or deoxygenation — behavior that is consistent with the selec-
tive nature of HF leaching, which removes inorganic mineral phases without thermochemi-
cally modifying the biomass structure. 

The H/C and O/C atomic ratios derived from the ultimate analysis further support this 
interpretation, as depicted in the Van Krevelen diagram in Figure 6. The Van Krevelen dia-
gram illustrates the evolution of elemental composition following HF leaching and is widely 
employed to evaluate biomass composition and thermochemical transformation pathways 
[14]. Gracilaria sp. (GRA), the algal feedstock processed by the agar extraction plant, lies 
within the typical carbohydrate biomass region (H/C ≈ 2.0; O/C ≈ 1.0), while untreated ASW 
samples are positioned in proximity but are slightly displaced due to dilution of the organic 
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fraction by silica-rich inorganic components. Both H/C and O/C ratios increased in ASW-
Celite and ASW-Perlite following HF treatment. The relatively elevated O/C ratios in the 
treated samples may indicate the retention of residual soluble inorganic species within the 
solid matrix, suggesting that supplementary washing steps could further reduce inorganic 
content. This is consistent with prior studies demonstrating that acid leaching followed by 
adequate rinsing enhances mineral removal efficiency, as soluble and weakly bound inor-
ganic species may remain entrapped in the solid matrix in the absence of sufficient washing 
[47]. The H/C and O/C values of the treated samples remain higher than those characteristic 
of carbonized solid fuels — materials in which fuel densification has proceeded via dehydra-
tion or decarboxylation. This observation implies that improvement in fuel quality requires 
not only ash reduction but also a reduction in oxygenated functional group content. Accord-
ingly, further thermochemical upgrading — such as hydrothermal carbonization, torrefac-
tion, or pyrolysis — would be expected to reduce H/C and O/C ratios and improve the energy 
density of the treated material [40], [41], [48]. 

The HHV results indicate that HF leaching improved the energy content of ASW-Celite 
but not ASW-Perlite. The HHV of ASW-Celite increased from 1.91 MJ kg⁻¹ to 6.52 MJ kg⁻¹, 
representing a net gain of 4.61 MJ kg⁻¹. This improvement is consistent with the substantial 
reduction in ash content and the concurrent increase in carbon and hydrogen concentrations. 
By contrast, the HHV of ASW-Perlite decreased from 4.80 MJ kg⁻¹ to 3.19 MJ kg⁻¹ following 
HF treatment, despite reductions in ash content and increases in carbon content. This appar-
ent anomaly is explained by the very high oxygen content of ASW-Perlite-HF (54 wt%). In the 
HHV correlation of Equation (4), carbon and hydrogen contribute positively to the calculated 
heating value, whereas oxygen and nitrogen exert a negative influence. Consequently, the in-
crease in carbon content was insufficient to offset the strong negative contribution of the el-
evated oxygen fraction in ASW-Perlite-HF.  

Table 6. Elemental (C, H, N, S, O) and Proximate compositions of ASW before and after HF leaching 
(10% HF concentration; solid-to-liquid ratio of 1:12). 

Properties ASW-

Celite 

ASW-Per-

lite 

ASW-Celite-

HF 

ASW-Perlite-

HF 

C 4.69 9.83 12.52 16.1 

H 1.26 1.7 5.45 3.5 

N N/D1 0.29 0.91 1.57 

S 0.03 N/D 0 0 

O 8.9 11.09 36.12 54 

MC 2.74 4.89 N/A2 N/A 

VM 9.05 27.78 N/A N/A 

Ash 85.84 77.1 44.99 24.83 

FC 2.37 3.46 N/A N/A 

HHV (MJ/kg) 1.91 4.8 6.52 3.19 
C, H, N, S, O are reported in wt%. 
MC (moisture content), VM (volatile matter), ash content, and FC (fixed carbon) were reported in wt%. 
1 N/D indicates “Not Detected”. 
2 N/A indicates “Not Available”. 

Table 7. Ash content, ash removal efficiency, and mass balance of HF-leached ASW (10% HF concen-
tration; solid-to-liquid ratio of 1:12), reported in wt%. 

Biomass Treatment  Ash Content 

(wt%) 

 Ash Removal 

Efficiency (%)  

Mass Balance (%) 

Ash Retained  Ash Removed 

ASW-Celite No treatment 85.84 - - - 

ASW-Perlite No treatment 77.1 - - - 

ASW-Celite-HF HF leaching 44.99 38.943 52.411 33.429 

ASW-Perlite-HF HF leaching 24.83 58.230 32.205 44.895 
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Figure 6. Van Krevelen diagram of untreated ASW and ASW after HD leaching with 10% concentration 
and with a solid-to-liquid ratio 1:12. 

Relative to conventional lignocellulosic biomass fuels, which typically exhibit HHV val-
ues in the range of 15–20 MJ kg⁻¹, the energy content of both treated ASW samples remains 
low: ASW-Celite-HF reached 6.52 MJ kg⁻¹ and ASW-Perlite-HF reached only 3.19 MJ kg⁻¹. 
These results indicate that further thermochemical upgrading — such as hydrothermal car-
bonization, torrefaction, or pyrolysis — would be required prior to deployment in energy 
applications. 

4. Conclusions 

This study demonstrated that hydrofluoric acid (HF) leaching at a concentration of 10% 
and a solid-to-liquid ratio of 1:12 constitutes an effective pretreatment strategy for reducing 
the silica-rich mineral fraction in agar solid waste (ASW) — a material in which silica origi-
nates from filtration aids introduced during the agar extraction process. XRF, ICP-MS, and 
FTIR analyses collectively confirmed that HF leaching selectively targeted silica-rich mineral 
phases derived from these filtration aids. ICP-MS analysis further demonstrated the reduc-
tion of several ash-forming and environmentally relevant elements, including Cr, Ni, Cu, Zn, 
Cd, P, S, Cl, Mn, and Fe, with toxic and environmentally sensitive species such as Cr, Ni, Cu, Zn, 
and Cd exhibiting particularly high removal efficiencies in both ASW-Celite and ASW-Perlite. 
HF leaching transformed ASW-Celite — which contains Celite as the filtration aid — from a 
highly silica-dominated residue into a material with substantially reduced SiO₂ content. The 
SiO₂ concentration decreased from 96.94% to 21.30%, and the solid yield decreased to 
24.99%, confirming extensive dissolution of the silica-rich fraction. By comparison, ASW-Per-
lite — which contains perlite — retained 48.90% of its initial mass, indicating lower demin-
eralization efficiency attributable to the greater chemical resistance of aluminosilicate-based 
mineral structures. Untreated ASW was characterized by exceptionally high ash content: 
85.84 wt% in ASW-Celite and 77.10 wt% in ASW-Perlite. Following HF leaching, ash content 
decreased to 44.99 wt% in ASW-Celite-HF and 24.83 wt% in ASW-Perlite-HF, confirming sub-
stantial demineralization in both cases. Ultimate analysis demonstrated that demineraliza-
tion increased the relative organic fraction of ASW, with carbon content increasing from 4.69 
wt% to 12.52 wt% in ASW-Celite and from 9.83 wt% to 16.10 wt% in ASW-Perlite. The energy 
response, however, differed between the two sample types. The HHV of ASW-Celite increased 
from 1.91 MJ kg⁻¹ to 6.52 MJ kg⁻¹, reflecting improved fuel quality following mineral removal. 
By contrast, the HHV of ASW-Perlite decreased from 4.80 MJ kg⁻¹ to 3.19 MJ kg⁻¹, primarily 
due to the elevated oxygen content of the treated residue. This outcome demonstrates that 
ash reduction alone is insufficient to guarantee energy improvement when the residual or-
ganic fraction remains highly oxygenated. Although HF leaching improved the physicochem-
ical properties of ASW, the residual ash content, high oxygen concentration, and low HHV 
values indicate that further upgrading is required prior to direct utilization as a solid biofuel. 
Future investigations should address the optimization of acid concentration, washing inten-
sity, and solid-to-liquid ratio, as well as the integration of HF leaching with thermochemical 
deoxygenation processes — such as torrefaction, hydrothermal carbonization, or pyrolysis 
— to further enhance fuel quality and advance the practical valorization of ASW. 
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