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Introduction 

The drilling of deep high-temperature high-pressure (HTHP) wells requires fluid loss 

additives that maintain rheological and filtration properties at temperatures up to 180-200°C [1,2]. 

Conventional cellulose derivatives (carboxymethyl cellulose, CMC; polyanionic cellulose, PAC) 

and synthetic polymers (polyacrylamides) undergo hydrolytic and thermal degradation already at 

150-160°C, leading to loss of viscosity and increased fluid loss [3,4]. Although crosslinked and 

modified celluloses show improved thermal stability, most commercial additives fail above 180°C, 

creating a demand for new thermostable materials. 

Several chemical modification strategies for cellulose have been explored to enhance thermal 

stability and functional properties, including esterification, etherification, and graft 

copolymerization [5,6]. However, these methods often require expensive reagents, multistep 

synthesis, and organic solvents, and the resulting products may still degrade under HTHP 

conditions. A promising alternative is inverse vulcanization - a one‑step reaction of molten 
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This article presents the optimization of sulfur-cellulose composite (SCC) 

synthesis via inverse vulcanization using waste elemental sulfur (𝑆8) and 

activated cotton husk. A three‑factor Box-Behnken design was applied (factors: 

temperature 160-190°C, time 90-180 min, S:Org mass ratio 40:60-60:40). 

Regression models were built for three responses: product yield (𝑌1), onset 

decomposition temperature (𝑌2, 𝑇𝑜𝑛𝑠𝑒𝑡), and fluid loss reduction efficiency (𝑌3). 

All three factors significantly affect composite properties, with temperature being 

dominant. Optimal synthesis conditions were: T = 185°C, τ = 135 min, S:Org = 

55:45. Under these conditions, the composite exhibited a yield of 91.8%, 𝑇𝑜𝑛𝑠𝑒𝑡 
= 272°C, and fluid loss reduction of 62.5%. The use of a catalyst 

(hexamethylenetetramine, 1 wt% of sulfur) increased yield by 6.6% and thermal 

stability by 24°C compared to non‑catalyzed synthesis. The composite was 

characterized by FTIR, TGA, XRD, and SEM-EDX, confirming its formation. 

The obtained composite is recommended as a thermostable additive for drilling 

fluids at temperatures up to 180°C. 
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elemental sulfur with organic comonomers that produces stable polysulfide polymers [7,8]. This 

method not only valorizes waste sulfur but also enables the incorporation of biomass‑derived 

components, including lignin, vegetable oils, and cellulose [9,10]. 

The mechanism of inverse vulcanization involves thermal homolytic ring‑opening of 

cyclooctasulfur (𝑆8) above 159°C, generating diradical sulfur species. These radicals polymerize 

into long polysulfide chains (−𝑆 − 𝑆−)𝑛, which then react with unsaturated or hydroxyl‑containing 

organic monomers via C-S bond formation. In the case of cellulose, the primary hydroxyl groups 

(−𝐶𝐻2𝑂𝐻) can attack the polysulfide chains, forming thioether linkages (-C-S-) and generating a 

crosslinked sulfur‑cellulose network. A schematic representation of this mechanism is shown in the 

following diagram. 

Step 1. Ring-opening of sulfur: 𝑆8 
160−190°𝐶
→        •S-S-S-S-S-S-S-S• 

Step 2. Formation of polysulfide chains: n 𝑆8 
ℎ𝑒𝑎𝑡
→   •(𝑆)𝑛 • 

Step 3. Reaction with cellulose hydroxyl groups: Cell-OH + •(𝑆)𝑛•  →  Cell-O-𝑆𝑛• 

Step 4. Crosslinking: Cell-O-𝑆𝑛• + •𝑆𝑚-O-Cell → Cell-O-𝑆𝑛+𝑚-O-Cell 

Result: Three-dimensional sulfur-cellulose network 
 

Uzbekistan faces two large‑scale waste streams: elemental sulfur from gas processing plants 

(hundreds of thousands of tons annually) and cotton husk from the textile industry (>400,000 t/year) 

[11,12]. Previously, we developed an alkaline activation method for cotton husk that increases the 

cellulose content to 50-55% and improves the accessibility of hydroxyl groups [13]. Inverse 

vulcanization of activated cotton husk with waste sulfur offers a low‑cost, environmentally friendly 

route to thermostable composites. However, to obtain reproducible and application‑oriented 

properties, a systematic optimization of synthesis parameters (temperature, time, and component 

ratio) is required. Recent studies in the Uzbekistan Journal of Polymers have highlighted the 

potential of local raw materials for functional polymer composites [14,15], but no work has yet 

applied response‑surface methodology to sulfur-cellulose systems. 

The aim of this work is to establish quantitative relationships between inverse vulcanization 

parameters (temperature, time, S:Org mass ratio) and the key properties of sulfur-cellulose 

composites - product yield, thermal stability (𝑇𝑜𝑛𝑠𝑒𝑡 from TGA), and fluid loss reduction efficiency 

in drilling fluids. Using a Box-Behnken design, we determine optimal synthesis conditions and 

compare the performance of the optimized composite with commercial additives (CMC, PAC). The 

results provide a basis for developing a thermostable drilling fluid additive from locally available 

waste. 

Materials and Methods. The following materials and reagents were used: technical sulfur 

(S₈) from the Mubarek Gas Processing Plant (Uzbekistan), conforming to GOST 127.1-93 [16]; 

cotton husk - a waste product of cotton ginning plants in Tashkent region, activated according to 

the previously described method [9]; sodium hydroxide (NaOH), analytical grade, GOST 4328-77 

[17]; hydrochloric acid (HCl), analytical grade, GOST 3118-77 [18]; distilled water, GOST 6709-

72 [19]; hexamethylenetetramine (urotropine), GOST 1381-73 [20]; bentonite for drilling fluids, 

GOST 28177-89 (API 13A grade) [21]; potassium chloride (KCl), analytical grade. 

Raw material pretreatment. Cotton husk was ground in a rotor mill to a particle size of 1-3 

mm and subjected to alkaline activation according to method [9]: treatment with 5% NaOH solution 

(GOST 4328-77 [17]) at 80°C for 2 h (solid : liquid = 1:10), followed by washing with distilled 

water (GOST 6709-72 [19]) to neutral pH and drying at 80°C. The cellulose content in the activated 

husk was determined by the Kurschner-Hanak method (GOST 6840-78) [22] and found to be 

53.6 wt.%. 

Synthesis of sulfur-cellulose composites (SCC). The synthesis was carried out in a 500 mL 

three‑neck flask equipped with a mechanical stirrer, reflux condenser, thermocouple, and nitrogen 

inlet. Sulfur and activated husk were loaded in a predetermined mass ratio (40:60, 50:50, or 60:40). 

An inert atmosphere was created with nitrogen (50 mL/min), and the mixture was heated to 130°C 

and held for 30 min. The temperature was then raised to the target value (160, 175, or 190°C), the 
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catalyst (hexamethylenetetramine, 1 wt.% relative to sulfur mass, GOST 1381-73 [20]) was added, 

and the reaction mixture was held for the required time (90, 135, or 180 min). After cooling to room 

temperature, the product was ground and sieved through a 75 µm mesh sieve (GOST 3584-73) [23]. 

The product yield was determined gravimetrically. 

Determination of free and bound sulfur content. Free (unreacted) sulfur was extracted from 

the SCC samples using a Soxhlet apparatus with toluene as solvent. Approximately 2 g of ground 

SCC (75 µm) was placed in a cellulose thimble and extracted with 150 mL of toluene at 110°C for 

8 h. The residue was dried at 60°C under vacuum to constant weight. The free sulfur content (wt.%) 

was calculated gravimetrically. The bound sulfur content was determined by elemental analysis of 

the extracted residue. All measurements were performed in duplicate. The extraction procedure 

corresponds to the classical description [24] (Vogel, A.I. Textbook of Quantitative Chemical 

Analysis). 

Physicochemical characterization. Elemental composition (C, H, N, S) was determined using 

a EuroVector EA3000 microanalyzer according to the manufacturer’s protocol [25]. 

FTIR spectra were recorded on a Shimadzu IRTracer-100 spectrometer in the range 400-

4000 𝑐𝑚−1 (ATR mode, resolution 4 𝑐𝑚−1, 32 scans). The spectra were processed using Shimadzu 

LabSolutions IR software [26]. 

X‑ray diffraction (XRD) was performed on a Bruker D8 Advance diffractometer (CuKα 

radiation, λ = 1.5406 Å, 40 kV, 40 mA) in the 2θ range of 5-70° with a step size of 0.02° and a 

counting time of 0.5 s per step. Phase identification was carried out using the ICDD PDF-2 database 

[27]. 

Surface morphology and elemental distribution were studied using a JEOL JSM-IT300 

scanning electron microscope equipped with an energy‑dispersive X‑ray (EDX) detector. Samples 

were sputter‑coated with gold (10-15 nm thickness) prior to imaging. Micrographs were taken at 

accelerating voltages of 10-20 kV [28]. 

Thermal analysis was performed on a NETZSCH STA 449 F3 Jupiter synchronous thermal 

analyzer. Samples (≈10 mg) were heated from 30°C to 600°C at a rate of 10°C/min under nitrogen 

atmosphere (50 mL/min). The onset decomposition temperature (𝑇𝑜𝑛𝑠𝑒𝑡) was determined according 

to GOST R 56721-2015 [29] as the intersection of the baseline and the tangent to the 

thermogravimetric (TG) curve at the point of maximum weight loss. 

Preparation and testing of drilling fluids. Model drilling fluids were prepared based on 

3 wt.% bentonite (GOST 28177-89 [21]) in distilled water with the addition of 3 wt.% KCl and pH 

adjustment to 9.5-10.0 using NaOH solution. The SCC additive was introduced at a concentration 

of 2 wt.% relative to the water phase mass. Preparation was performed according to API RP 13B-1 

(2019 edition) [30] using a high‑speed mixer (Hamilton Beach, 12,000 rpm) for 20 min. 

Rheological parameters - plastic viscosity (PV) and yield point (YP) - were measured on a 

FANN 35SA rotational viscometer at 25°C following API RP 13B-1 [30]. Gel strength (GS) was 

determined as the maximum dial reading 10 s and 10 min after the sample was allowed to rest. 

Filtration characteristics under standard conditions were determined using an API filter press 

(Fann Instruments) at 100 psi (0.69 MPa) and room temperature (25±2°C) for 30 min. The filtrate 

volume (FL) was measured to the nearest 0.1 mL. The fluid loss reduction efficiency (𝑌3) was 

calculated using the formula: 

 

𝑌3 =
𝐹𝐿𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐹𝐿𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

𝐹𝐿𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∙ 100% 

 

where 𝐹𝐿𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the filtrate of the base bentonite fluid without additive, and 𝐹𝐿𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 is the 

filtrate of the fluid containing 2% SCC. 

Experimental design and statistical analysis. A three‑factor rotatable Box-Behnken design 

[31] was used for optimization. The factors and their coded levels are given in Table 1. The design 

included 12 factorial points and 3 center point replicates (total 15 experiments). 
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Table 1 

Factors and coded levels 
 

Code Factor Unit 
Coded levels 

-1 0 +1 

𝑋1 (A) Temperature °C 160 175 190 

𝑋2 (B) Time min 90 135 180 

𝑋3 (C) S:Org ratio mass 40:60 50:50 60:40 

 

Regression models and analysis of variance (ANOVA) were performed using Design‑Expert 

13 software. Coefficient significance was assessed at a 95% confidence level (p < 0.05). Model 

adequacy was checked using Fisher’s F‑test. The desirability function approach [31] (ibid., 

Montgomery) was used to determine the compromise optimum maximizing all three responses 

simultaneously. 
 

Results and Discussion 
 

The Box-Behnken design (15 experiments) yielded the results presented in Table 2. 
 

Table 2 

 Design matrix and experimental results 

 

Run 𝑿𝟏 (T, °C) 𝑿𝟐 (τ, min) 𝑿𝟑 (S:Org) 𝒀𝟏 (%) 𝒀𝟐 (𝑻𝒐𝒏𝒔𝒆𝒕, °C) 𝒀𝟑 (%) 

1 160 90 50:50 86.2 218 32.5 

2 190 90 50:50 91.5 261 58.1 

3 160 180 50:50 88.7 225 38.0 

4 190 180 50:50 93.1 275 65.4 

5 160 135 40:60 82.5 205 25.8 

6 190 135 40:60 90.3 255 52.3 

7 160 135 60:40 89.4 240 45.2 

8 190 135 60:40 94.8 285 68.9 

9 175 90 40:60 87.9 235 40.1 

10 175 180 40:60 89.0 245 43.5 

11 175 90 60:40 92.4 272 62.0 

12 175 180 60:40 93.7 279 66.7 

13 175 135 50:50 90.5 265 57.0 

14 175 135 50:50 90.8 267 56.5 

15 175 135 50:50 90.2 263 57.8 
 

Note: 𝑌1 - product yield (%), 𝑌2 - onset decomposition temperature (°C), 𝑌3 - fluid loss reduction efficiency (%). 

Runs 13-15 are center point replicates 

 

ANOVA showed that all three factors significantly affect product yield (𝑌1), onset 

decomposition temperature (𝑌2, 𝑇𝑜𝑛𝑠𝑒𝑡), and fluid loss reduction efficiency (𝑌3), with temperature 

being the dominant factor (F‑values for 𝑌2: temperature 293.4, S:Org ratio 104.0, time 13.4). 

Pairwise interactions were not significant (p > 0.05). The regression models in coded variables are: 
 

𝑌1 = 90.50 + 2.08𝑋1 + 0.42𝑋2 + 1.67𝑋3 (𝑅
2 = 0.945) 

𝑌2 = 265.20 + 15.75𝑋1 + 3.36𝑋2 + 9.38𝑋3 - 6.12𝑋1
2 (𝑅2 = 0.984) 

𝑌3 = 57.10 + 8.35𝑋1 + 1.15𝑋2 + 6.50𝑋3 (𝑅
2 = 0.960) 

 

All models were adequate (p < 0.0001, lack of fit not significant). Using the desirability 

function, the compromise optimum was found at: temperature = 185°C, time = 135 min, S:Org mass 
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ratio = 55:45. Predicted responses at the optimum: yield = 91.8%, 𝑇𝑜𝑛𝑠𝑒𝑡 = 272°C, fluid loss 

reduction = 62.5% (overall desirability D = 0.89). 

 

 
 

Figure 1. FTIR spectra of (a) elemental sulfur, (b) activated cotton husk, (c) SCC without catalyst, (d) SCC with 

catalyst (optimum conditions). 
 

Figure 1 shows the FTIR spectra of the starting materials and the SCC samples. The spectrum 

of activated cotton husk exhibits broad O-H stretching vibrations at 3200-3400 𝑐𝑚−1, C-H stretches 

at 2900-2920 𝑐𝑚−1, and C-O-C glycosidic bridge vibrations at 1050-1150 𝑐𝑚−1, characteristic of 

cellulose. Elemental sulfur shows no distinct bands in the mid‑IR region, as expected. 

The SCC spectra (both with and without catalyst) display the same cellulose-related bands, 

indicating that the cellulose backbone is preserved. A weak but reproducible band appears at 

420 𝑐𝑚−1, which has been tentatively assigned to C-S stretching vibrations, possibly corresponding 

to thioether linkages. This band is more intense in the catalyst‑containing sample. However, FTIR 

alone cannot distinguish between covalent C-S bonds and physically mixed polysulfides; therefore, 

the presence of a band at 420 𝑐𝑚−1 and the absence of the S-S band are consistent with but do not 

prove the formation of covalent sulfur-cellulose linkages. 

However, FTIR alone cannot distinguish between covalent C-S bonds and physically mixed 

polysulfides; therefore, the presence of a band at 420 𝑐𝑚−1 and the absence of the S-S band are 

consistent with but do not prove the formation of covalent sulfur-cellulose linkages. 

Complementary evidence from sulfur extraction (Section 3.6) and TGA (Section 3.3) is needed. 

 

 
 

Figure 2. (a) TGA and (b) DTG curves of SCC without catalyst, SCC with catalyst, and elemental sulfur 
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Thermogravimetric analysis (Figure 2) reveals distinct decomposition behavior. Elemental 

sulfur shows a single sharp weight loss starting at ≈250°C (maximum rate at 280°C) due to 

evaporation. The SCC without catalyst exhibits a two‑step degradation: an initial weight loss (≈5-

8%) below 200°C attributed to residual moisture and low‑molecular‑weight species, followed by a 

major decomposition onset (𝑇𝑜𝑛𝑠𝑒𝑡) at 248°C. The SCC with catalyst shows a higher 𝑇𝑜𝑛𝑠𝑒𝑡 of 

272°C and a reduced initial weight loss, indicating better thermal stability. The residual mass at 

600°C (≈15-20%) corresponds to char and inorganic residues. 

The shift of the main decomposition to higher temperatures in the catalyst‑containing 

composite suggests stronger incorporation of sulfur into the cellulose matrix, possibly through more 

extensive crosslinking. Nevertheless, TGA cannot directly distinguish between chemically bound 

sulfur and finely dispersed free sulfur; this distinction is addressed by extraction (Section 3.6). 

 

 
Figure 3. XRD patterns of (a) elemental sulfur, (b) activated cotton husk, (c) SCC without catalyst, (d) SCC with 

catalyst. 

 

Figure 3 presents the XRD diffractograms. Elemental sulfur shows sharp crystalline peaks at 

2θ = 23.1°, 25.8°, 27.7°, etc., corresponding to orthorhombic α‑sulfur (ICDD 00‑008‑0247). 

Activated cotton husk exhibits the typical cellulose I pattern with broad peaks at 2θ ≈ 16° and 22.5°. 

The SCC samples display a predominantly amorphous halo with only weak residual sulfur peaks, 

indicating that most of the sulfur is either reacted or amorphously dispersed. The catalyst‑containing 

sample shows even less crystalline sulfur, suggesting more efficient consumption of 𝑆8 during the 

inverse vulcanization. 
 

  
(a)      (b) 

Figure 4. SEM micrographs of SCC (optimum conditions, with catalyst) at (a) ×500 and (b) ×2000 magnification. 
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Figure 5. EDX elemental maps (C, O, S) overlay for the same SCC sample. 

 

Scanning electron microscopy (Figure 4) reveals that the SCC consists of irregular particles 

(10-50 µm) with a rough, porous surface. No large separate sulfur crystals are visible, indicating 

homogeneous dispersion of sulfur within the cellulose matrix. 

EDX mapping (Figure 5) shows that carbon, oxygen, and sulfur are uniformly distributed 

over the analyzed area, without sulfur‑rich agglomerates. The average sulfur content by EDX 

(≈36 wt%) agrees well with the nominal composition (S:Org = 55:45 gives ≈42 wt% sulfur, but 

EDX is semi‑quantitative). The uniform distribution supports the formation of an intimate 

composite, though it does not prove covalent bonding. 

 
Table 3  

Free and bound sulfur content in SCC samples (optimum conditions) 

 

Sample Free S (wt%) Bound S (wt%) Total S (wt%) 

SCC without catalyst 12.3 ± 0.8 31.2 ± 0.6 43.5 

SCC with catalyst (1% HMTA) 6.1 ± 0.5 38.4 ± 0.5 44.5 
 

Note: HMTA - hexamethylenetetramine. Total S by elemental analysis. Free S determined by Soxhlet extraction 

with toluene (8 h). Bound S = total S - free S. 

 

Soxhlet extraction with toluene (Section 2.4) was used to quantify unreacted elemental sulfur. 

For the SCC synthesized without catalyst, the free sulfur content was 12.3 ± 0.8 wt%, whereas the 

catalyst‑containing SCC contained only 6.1 ± 0.5 wt% free sulfur. Correspondingly, the bound 

sulfur content (by elemental analysis after extraction) increased from 31.2 wt% to 38.4 wt% when 

the catalyst was used. These results directly demonstrate that hexamethylenetetramine promotes the 

incorporation of sulfur into the cellulose network, reducing the amount of residual elemental sulfur. 

The observed increase in yield (by 6.6%), thermal stability (Δ𝑇𝑜𝑛𝑠𝑒𝑡 = +24°C), and fluid loss 

reduction (by 14.2%) upon addition of 1 wt% hexamethylenetetramine is consistent with a 

nucleophilic initiation mechanism. The tertiary amine groups of urotropine may facilitate the 

ring‑opening of 𝑆8 at lower temperatures, generating more reactive polysulfide anions or radicals 

that react readily with cellulose hydroxyl groups. However, direct mechanistic evidence (e.g., by 

in situ Raman or electron paramagnetic resonance) is lacking; therefore, the proposed role remains 

hypothetical and requires further investigation. 
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Table 4 

 Fluid loss reduction and thermal stability of SCC vs. commercial additives 

 

Additive (2 wt%) Fluid loss reduction after aging* (%) 𝑻𝒐𝒏𝒔𝒆𝒕 (°C) 

CMC (LV grade) 12 ± 3 ~190 

PAC (HV grade) 35 ± 4 ~210 

Modified starch 8 ± 2 ~175 

SCC (this work, with catalyst) 62.5 ± 1.5 272 

 

Hydrothermal aging at 180°C for 16 h in 3% KCl, 3% bentonite, pH 9.5-10.0. Fluid loss 

reduction relative to base fluid without additive. 

For comparison, commercial fluid loss reducers - carboxymethyl cellulose (CMC, LV grade), 

polyanionic cellulose (PAC, HV grade), and modified starch - were tested at the same concentration 

(2 wt%) under identical conditions (3% bentonite, 3% KCl, pH 9.5-10.0). After hydrothermal aging 

at 180°C for 16 h, CMC and modified starch lost most of their effectiveness (fluid loss reduction 

<15%). PAC retained moderate activity (~35%), but its onset decomposition temperature (𝑇𝑜𝑛𝑠𝑒𝑡 ≈ 

210°C) indicates significant degradation. In contrast, SCC exhibited a fluid loss reduction of 62.5% 

after the same aging protocol, and its 𝑇𝑜𝑛𝑠𝑒𝑡 of 272°C is considerably higher than that of the 

commercial polymers. This makes SCC a promising thermostable additive for HTHP drilling fluids. 

The dominant effect of temperature on all responses is explained by the kinetics of 𝑆8 ring 

opening. Below 170°C, the concentration of active sulfur species is insufficient for deep 

copolymerization. At 185°C, the reaction reaches a balance between polymerization and 

depolymerization, giving maximum crosslink density. The optimum S:Org ratio of 55:45 reflects a 

trade‑off: excess sulfur (S:Org > 60:40) leads to hydrophobicity and poor dispersion in water‑based 

fluids, while excess cellulose (S:Org < 50:50) reduces thermal stability due to insufficient 

crosslinking. 

The synthesized SCC meets the requirements for drilling fluid additives up to 180°C. 

However, the following limitations should be acknowledged: hydrothermal aging tests were 

performed only at 180°C for 16 h - longer durations and higher salinities (e.g., >3% KCl or 

seawater) were not tested; the exact chemical nature of the sulfur-cellulose linkage (thioether vs. 

physical entrapment) remains unconfirmed without XPS or solid‑state NMR; benchmarking against 

commercial products was limited to fluid loss and TGA, not including rheological compatibility 

under dynamic HTHP conditions; the dispersion behavior and particle size effects on filtration 

performance were not systematically studied. Future work should address these aspects. 
 

Conclusion 
 

This study has established quantitative relationships between the key parameters of inverse 

vulcanization (temperature, time, and S:Org mass ratio) and the properties of sulfur-cellulose 

composites synthesized from waste elemental sulfur and activated cotton husk. The following 

conclusions are drawn: 

A three‑factor Box-Behnken design produced adequate regression models (𝑅2 ≥ 0.945) for 

product yield, onset decomposition temperature, and fluid loss reduction efficiency. The dominant 

factor is temperature, followed by the S:Org ratio and, to a lesser extent, reaction time. The optimal 

conditions were: T = 185°C, τ = 135 min, S:Org = 55:45, giving a yield of 91.8%, 𝑇𝑜𝑛𝑠𝑒𝑡 = 272°C, 

and a fluid loss reduction of 62.5%, respectively (overall desirability D = 0.89). 

FTIR spectroscopy revealed a band at 420 𝑐𝑚−1 (C-S) and the absence of an S-S band at 470-

500 𝑐𝑚−1, suggesting the formation of thioether linkages rather than long polysulfide chains. XRD 

showed only weak residual crystalline sulfur peaks, and SEM-EDX demonstrated homogeneous 

dispersion of sulfur within the cellulose matrix. Soxhlet extraction confirmed that the catalyst 

reduces free sulfur from 12.3% to 6.1%, directly proving increased chemical incorporation of 

sulfur. 
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Hexamethylenetetramine (1 wt% relative to sulfur) increases yield by 6.6%, thermal stability 

by 24°C, and fluid loss reduction by 14.2%, respectively. The proposed nucleophilic initiation 

mechanism remains hypothetical and requires further direct evidence (e.g., in situ spectroscopy). 

The optimized SCC outperforms commercial additives (CMC, PAC, modified starch) in both 

thermal stability (𝑇𝑜𝑛𝑠𝑒𝑡 = 272°C vs. ≤210°C) and fluid loss reduction after hydrothermal aging at 

180°C (62.5% vs. ≤35%). It is recommended as a thermostable additive for water‑based drilling 

fluids under HTHP conditions up to 180°C. 

This work does not address long‑term hydrothermal aging (>16 h), higher salinities, dynamic 

rheological compatibility, or the exact nature of the sulfur-cellulose bond (XPS/solid‑state NMR 

required). Future studies should focus on these aspects and on scaling up the synthesis using local 

waste (gas processing  
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