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Abstract: Agricultural by-products are attractive precursors for low-cost heavy-metal sorbents, yet their native binding capacity is 

usually modest and comparative data for materials treated under one and the same modification protocol remain scarce. In the 

present study, eight by-products collected around Hanoi, Vietnam — sugarcane bagasse, banana peel, coir, sawdust, corn husk, rice 

husk, rice straw and peanut shell — were esterified with H3PO4 in the presence of urea and screened for cation-exchange capacity 

using methylene blue as a cationic probe. Phosphoric acid modification raised methylene blue removal by a factor of 1.6–5.0 relative 

to the corresponding unmodified material, and the two best performers, modified banana peel (79.44%) and modified rice straw 

(81.75%), were selected for batch adsorption of Pb2+ and Cu2+. Scanning electron micrographs showed that the outer layer of both 

materials was disrupted by the treatment, exposing the underlying fibre bundles. Metal uptake increased with pH up to the working 

value of pH 5, and equilibrium was reached within 60–180 min. The equilibrium data were described better by the Langmuir (R2 > 

0.91) than by the Freundlich model (R2 ≤ 0.88), giving maximum capacities (Qmax) of 121.95 mg Pb2+/g and 53.2 mg Cu2+/g for 

modified banana peel, and 55.56 mg Pb2+/g and 46.3 mg Cu2+/g for modified rice straw; except for Pb2+ on modified rice straw, 

these values lie beyond the highest measured uptake and are therefore upper estimates. These findings identify phosphorylated 

banana peel as the more promising of the two sorbents and warrant further work on sorbent characterisation, regeneration and real 

wastewater. 
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1. Introduction 
Over the past few decades, rapid economic development 

and population growth have placed increasing pressure on the 

environment, and heavy-metal contamination of water is among 

the most persistent of the resulting problems. Industrial and 

domestic activities release large quantities of toxic metals into 

soil and water; unlike organic pollutants, these metals are not 

degraded, accumulate along the food chain and ultimately affect 

human health [1]. Recent assessments of heavy-metal water 

pollution continue to rank it among the priority hazards, 

precisely because of this combination of toxicity, persistence 

and bioaccumulation [2], [3]. Lead and copper are typical of the 

metals discharged by electroplating, metallurgical, mining and 

battery-related activities, and were therefore chosen as the 

target ions of this work. The removal of heavy metals from 

water has consequently become an intensively studied topic. 

The technologies in common use include chemical 

precipitation, ion exchange, adsorption, membrane filtration, 

coagulation–flocculation and electrochemical treatment [4]. 

More recent critical reviews group the available options into 

adsorption-, membrane-, chemical-, electric- and 

photocatalytic-based treatments and reach a similar verdict: 

each has a characteristic weakness — sludge generation, 

membrane fouling, energy demand or reagent cost — and no 

single method is superior in both removal efficiency and cost 

[3], [5]. Among them, adsorption is generally regarded as the 

most accessible for decentralised or small-scale use because of 

its simple operation and the wide choice of sorbents, provided 

that the sorbent itself is inexpensive [3]. 

For this reason, the use of natural materials and 

agricultural by-products as sorbents for heavy metals has 

attracted sustained interest, both for economic reasons and for 

the removal efficiency that can be achieved. Studies worldwide 

and in Vietnam have examined orange peel [6], macroalgae [7], 

biochars [8]–[10], peanut shell [11], aquatic plants [12], coir 

[13], [14] and rice husk [13], with encouraging initial results. 

Over the last five years the field has moved strongly towards 

thermally converted products, in particular biochars and 

hydrochars and their composites [15], while raw or mildly 

treated residues have continued to be examined for the same 

two metals studied here — for example, native banana peel for 

Cu(II) and Pb(II) in single and binary systems [16] and straw-

derived biochar composites for Cu(II) and Pb(II) [17]. 

Chemical modification at low temperature remains attractive 
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because it avoids the energy cost of pyrolysis and preserves the 

fibrous form of the material. 

The main chemical constituents of natural fibres are 

cellulose (30–91%), hemicellulose (4–16%) and lignin (0.6–

26%) [18], [19]. These polymers carry abundant hydroxyl 

groups, which can be esterified with phosphoric acid (Scheme 

1) [20]. Gong et al. [20] showed that the phosphate groups 

introduced by esterification increase the cation-exchange 

capacity of the natural fibre, as demonstrated for the sorption of 

basic dyes on phosphoric acid-modified rice straw. Phosphate 

functionalisation has since been applied to other lignocellulosic 

residues for metal removal, for instance ramie stalk for Zn2+ 

[21], and phosphoric acid has also been used as a modifier in 

the hydrothermal carbonisation of banana peel for Pb(II) 

sorption [22]. Together, these reports point to the potential of 

phosphoric acid-modified natural fibres as sorbents for heavy 

metals. 

Nevertheless, comparative information remains limited. 

Most studies deal with a single feedstock, so that capacities 

obtained under different modification procedures, sorbent doses 

and concentration ranges cannot be compared directly, and data 

for by-products available in northern Vietnam are still scarce. 

Against this background, the aims of the present work were (i) 

to modify eight agricultural by-products collected around Hanoi 

with H3PO4 under a single protocol and to rank them by their 

uptake of methylene blue, used as a probe of cation-exchange 

capacity; (ii) to examine by scanning electron microscopy 

(SEM) the effect of the modification on the surface of the two 

best materials; and (iii) to determine the influence of pH, 

contact time and initial concentration on the adsorption of Pb2+ 

and Cu2+ on these two materials and to describe the equilibrium 

data with the Langmuir and Freundlich models. The 

modification procedure itself is that of Gong et al. [20]; the 

novelty here lies in its side-by-side application to eight local by-

products and in the Pb2+ and Cu2+ capacities of the 

phosphorylated banana peel and rice straw.

 

Scheme 1. Esterification of the hydroxyl groups of cellulose with phosphoric acid [20].

2. Materials and methods 

2.1. Materials and chemicals 
The agricultural by-products — sugarcane bagasse, 

banana peel, coir, sawdust, corn husk, rice husk, rice straw and 

peanut shell — were collected from areas around Hanoi, 

Vietnam. H3PO4 (85%), acetone, urea, NaOH, 70% ethanol, 

methylene blue, Pb(NO3)2 and CuSO4·5H2O were of analytical 

grade and were supplied by Merck (Germany). Stock solutions 

of Pb2+ and Cu2+ were prepared from Pb(NO3)2 and 

CuSO4·5H2O, respectively. Deionised distilled water was used 

throughout. 

2.2. Preparation of the unmodified material 
The samples were washed with distilled water and 

soaked in 0.02 M NaOH for 30 min to remove impurities, then 

dried at 60 °C and cut into fibres 0.5 cm in length to give the 

unmodified (raw) material. 

2.3. Phosphoric acid modification 
The modification followed the procedure of Gong et al. 

[20]. A 5.43 g portion of the sample was soaked in acetone 

overnight, washed with distilled water and soaked again in 

acetone for 6 h. The sample was filtered and dried at 50–60 °C 

for 4–5 h. It was then suspended in 200 mL of acetone, 5.04 g 

of urea was added with stirring, and H3PO4 (3.1 g) was added 

dropwise during stirring. After stirring for 1 h, the acetone was 

removed, the temperature was raised to 100 °C and stirring was 

continued for 2 h. The sample was cooled to room temperature 

and filtered, washed with 70% ethanol and distilled water, and 

stirred in 0.1 M NaOH. After 1 h it was washed again with 

distilled water and dried at 50 °C for 24 h to give the modified 

material. The raw and modified samples of the two selected 

materials were ground for SEM observation. 

2.4. Screening of cation-exchange capacity with methylene 

blue 
A 0.5 g portion of the raw or modified material was 

placed in 200 mL of methylene blue solution (0.5 g/L) at pH 7 

and shaken for 2 h. The dye loading was therefore 100 mg per 

0.5 g of sorbent, at a solid-to-liquid ratio of 2.5 g/L, which 

corresponds to 0.625 mmol of dye per gram of sorbent if all of 

the dye were taken up. The test is used here as a relative screen 

for cationic-dye uptake and not as a measurement of cation-

exchange capacity, for the reason set out in Section 3.1. The two 

materials with the highest uptake were selected for the heavy-

metal adsorption experiments. 

2.5. Batch adsorption of Pb²⁺ and Cu²⁺ 
Batch experiments were carried out to examine the 

factors influencing the adsorption of Pb2+ and Cu2+ on the 

selected materials, namely contact time, pH and initial metal 

concentration. The effect of pH was studied over pH 1–5 at 

initial concentrations of 333 mg/L Pb2+ and 353 mg/L Cu2+; the 

effect of initial concentration was studied over 10.926–382.41 

mg/L for Pb2+ and 10–353.1 mg/L for Cu2+. To ensure optimal 

adsorption measurement across different systems, the sorbent 

dosages (m/V) were set at 2.9 g/L for Pb2+ on modified banana 
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peel, 3.3 g/L for Pb2+ on modified rice straw, 2.3 g/L for Cu2+ 

on modified banana peel, and 1.6 g/L for Cu2+ on modified rice 

straw. 

The removal efficiency H (%) and the amount adsorbed 

q (mg/g) were calculated as: 

𝐻 =
𝐶0−𝐶𝑒

𝐶0
× 100 (1) 

𝑞𝑒 =
(𝐶0−𝐶𝑒)×𝑉

𝑚
     (2) 

where C0 and Ce (mg/L) are the initial and equilibrium metal 

concentrations, V (L) is the solution volume and m (g) is the 

mass of sorbent. The equilibrium data were evaluated with the 

linearised forms of the Langmuir [23] and Freundlich [24] 

models, 
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑄max
+

𝐶𝑒

𝑄max
             (3) 

log 𝑞𝑒 = log𝐾𝐹 +
1

𝑛
log 𝐶𝑒   (4) 

where Qmax (mg/g) is the maximum monolayer capacity, KL 

(L/mg) is the Langmuir constant, and KF and 1/n are the 

Freundlich constants. 

2.6. Analytical methods 
The surface morphology of the materials was examined 

with an FEI Nova NanoLab 200 scanning electron microscope 

at the Faculty of Physics, VNU University of Science, Hanoi. 

Metal concentrations were determined by atomic absorption 

spectrometry (Pye Unicam SP9, UK) at the Geological Analysis 

Centre. Methylene blue was determined on an L-VIS-400 

spectrophotometer at the Faculty of Environmental Sciences, 

VNU University of Science. 

 

3. Results and discussion 

3.1. Cation-exchange capacity of the raw and modified 

materials 
Table 1 gives the methylene blue removal efficiency of 

the raw and modified materials. After modification with 

phosphoric acid, all eight materials removed markedly more 

methylene blue than the corresponding raw material, by a factor 

of 1.6 (coir, corn husk) to 5.0 (sawdust), which indicates that 

the phosphate groups introduced by the treatment increased the 

total number of anionic sites. This in turn suggests an enhanced 

capacity for heavy-metal cations. Expressed as uptake, these 

efficiencies correspond to 21.3–96.1 mg/g for the raw materials 

and 65.7–163.5 mg/g for the modified materials (Table 1). The 

two modified materials with the highest methylene blue 

removal, banana peel (79.44%) and rice straw (81.75%), were 

selected for the heavy-metal experiments. Two features of the 

screen limit what it can establish. First, the dye loading 

corresponds to 0.625 mmol/g, whereas the charge equivalents 

implied by the copper capacities reported in Section 3.3.3 are 

1.67 and 1.46 meq/g for the two selected materials; the test is 

therefore limited by the amount of dye supplied rather than by 

the sorbent, and the three leading materials (76.36, 79.44 and 

81.75%) lie within 5.4 percentage points of one another close 

to complete removal, where the measurement cannot 

discriminate between them. Second, the dye occupies only 0.50 

and 0.51 meq/g on the two selected materials, that is about a 

third of the equivalents occupied by copper, so the dye does not 

report the same population of sites as the metal ions. The screen 

is accordingly a relative ranking of cationic-dye uptake, and 

Section 3.4 shows that it does not predict the lead capacity.

Table 1. Methylene blue removal efficiency of the raw and phosphoric acid-modified materials (0.5 g sorbent, 200 mL of 0.5 g/L 

methylene blue, pH 7, 2 h). 

Material Raw (%) Modified (%) Modified / rawa q raw (mg/g) q modified 

(mg/g) 

Sugarcane bagasse 14.39 43.51 3.0 28.8 87.0 

Banana peel 30.35 79.44 2.6 60.7 158.9 

Coir 48.04 76.36 1.6 96.1 152.7 

Sawdust 10.65 52.85 5.0 21.3 105.7 

Corn husk 38.26 61.18 1.6 76.5 122.4 

Rice husk 9.65 42.92 4.4 19.3 85.8 

Rice straw 36.10 81.75 2.3 72.2 163.5 

Peanut shell 17.77 32.86 1.8 35.5 65.7 

aCalculated from the two preceding columns. Uptake q was calculated as (removal efficiency/100) × 100 mg / 0.5 g, from the dye 

loading and sorbent mass given in Section 2.4.

3.2. Effect of modification on surface morphology 

The SEM images of rice straw before and after modification (Fig. 

1) show that the raw straw had a grooved surface bearing nodular 

protrusions, whereas the modified straw had a fibre-bundle 

appearance: the outer layer had been broken down completely, 

exposing the inner fibres. Figure 2 shows that the surface of the 

modified banana peel had likewise changed relative to the raw 

material, the outer layer having been disrupted. The modification 

thus altered the surface structure of both materials in a way that 

is expected to increase the accessible surface area and, with it, 

the uptake of the dye. 



International Journal of Academic and Applied Research (IJAAR) 

ISSN: 2643-9603 

Vol. 10 Issue 9 September - 2026, Pages: 316-323 

319 

 
Figure 1. SEM images of raw (left) and phosphoric 

acid-modified (right) rice straw. 

 
Figure 2. SEM images of raw (left) and phosphoric 

acid-modified (right) banana peel. 

 

3.3. Factors influencing the adsorption of Pb²⁺ and Cu²⁺ 

3.3.1. Effect of pH 

  The effect of pH over the range 1–5 on adsorption at 

initial concentrations of 333 mg/L Pb2+ and 353 mg/L Cu2+ is 

shown in Fig. 3. The removal efficiency increased with pH. At 

low pH the efficiency was low and rose only slightly, which can 

be explained by competition between H+ and the metal ions for 

the binding sites. In most cases the efficiency no longer changed 

above pH 4, the exception being Cu2+ on modified banana peel. 

The experiments were not extended beyond pH 5 because the 

two metals begin to precipitate as hydroxides above this pH at 

the concentrations used. 

Taking [OH−] = (
𝐾sp

[M2+]
)
1/2

, with 𝐾sp = 1.4 × 10−20 

for Pb(OH)2 and 2.2 × 10−20 for Cu(OH)2, precipitation begins 

at approximately pH 5.5 for Pb2+ at 333 mg/L (1.61 mM) and at 

approximately pH 5.3 for Cu2+ at 353 mg/L (5.56 mM); at the 

highest lead concentration used, 382.41 mg/L, the threshold 

falls to approximately pH 5.4. The margin at pH 5 is thus about 

half a pH unit for lead and about 0.3 units for copper, and pH 5 

was adopted for the subsequent experiments. 

 

 

 

Figure 3. Effect of pH on the removal efficiency of 

Pb2+ (top) and Cu2+ (bottom). MBP, modified 

banana peel; MRS, modified rice straw.  

3.3.2. Effect of contact time 

The effect of contact time is shown in Fig. 4. Equilibrium was 

reached after 180 min for Pb2+ and 120 min for Cu2+ on 

modified banana peel, and after 60 min for both metals on 

modified rice straw. 

 

Figure 4. Effect of contact time on the amount of 

Pb2+ and Cu2+ adsorbed (qt) by modified banana 

peel (top) and modified rice straw (bottom).  

3.3.3. Effect of initial concentration and adsorption isotherms 

The uptake of the two metal ions was examined at 

different initial concentrations (Pb2+: 10.926–382.41 mg/L; 

Cu2+: 10–353.1 mg/L) (Fig. 5), and the results were fitted to the 

Langmuir and Freundlich isotherms (Tables 2 and 3). In all four 

systems the data correlated well with the Langmuir model (R2 

> 0.91), whereas the correlation coefficients for the Freundlich 

model were low, the highest being 0.87 for Cu2+ on modified 

banana peel. According to the Langmuir equation, modified 
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banana peel had the highest maximum capacity, 121.95 mg/g 

for Pb2+, more than twice that of modified rice straw (55.56 

mg/g). Modified banana peel also had the higher capacity for 

Cu2+: 53.2 mg/g as against 46.3 mg/g for modified rice straw. 

 

Figure 5. Effect of initial metal concentration on 

the amount of Pb2+ (top) and Cu2+ (bottom) 

adsorbed (qe). MBP, modified banana peel; MRS, 

modified rice straw. 

 

Table 2. Langmuir isotherm parameters for the two modified materials. 

Material Pb2+ Cu2+ 

 R2 Qmax (mg/g) R2 Qmax (mg/g) 

Modified banana peel 0.9458 121.95 0.9638 53.2 

Modified rice straw 0.9975 55.56 0.9118 46.3 

Table 3. Freundlich isotherm parameters for the two modified materials. 

Material Pb2+ Cu2+ 

 KF R2 KF R2 

Modified banana peel 13.842 0.5728 3.54 0.8743 

Modified rice straw 27.289 0.5841 9.486 0.6901 

3.4. Comparison with previous studies 
Capacity relative to related sorbents. Table 4 places 

the present capacities alongside values reported for closely 

related materials. Native banana peel is a weak sorbent for lead: 

Anwar et al. reported a Langmuir capacity of only 2.18 mg Pb/g 

[25], so that the value obtained here for the phosphorylated peel 

is higher by well over an order of magnitude. It is also of the 

same order as the values reported recently for H3PO4-modified 

banana peel hydrothermal carbon, a material synthesised at a 

hydrothermal temperature of 240 °C: the Langmuir capacity of 

that sorbent was 76.54 mg/g at 293 K, 88.94 mg/g at 303 K and 

103.24 mg/g at 313 K, and the capacity quoted for its optimum 

operating point was 40.64 mg/g [22]. The present material was 

obtained at ≤ 100 °C without carbonisation. For rice straw, the 

capacities of the phosphorylated fibre (55.56 mg Pb/g; 46.3 mg 

Cu/g) are comparable with the 46.98 mg Pb/g and 60.86 mg 

Cu/g reported for a straw biochar–sludge composite pyrolysed 

at 500 °C [17]. Both materials remain well below the most 

heavily functionalised biosorbents, such as graft-copolymerised 

orange peel (476.1 mg Pb/g) [6], whose preparation is, 

however, considerably more elaborate. Such comparisons must 

be read with caution, since the studies differ in sorbent dose, 

concentration range, pH and fitting method; they nonetheless 

indicate that low-temperature phosphorylation can bring raw 

lignocellulosic residues into the capacity range of thermally 

converted sorbents, which is of practical interest where 

pyrolysis facilities are unavailable.
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Table 4. Langmuir maximum capacities (mg/g) of the modified materials compared with related sorbents from the literature. 

Sorbent Pb(II) Cu(II) Conditions Ref. 

Phosphoric acid-modified banana peel 121.95 53.2 pH 5 This work 

Phosphoric acid-modified rice straw 55.56 46.3 pH 5 This work 

Native banana peel 2.18 – batch [25] 

Graft-copolymerised orange peel 476.1 – batch [6] 

H3PO4-modified banana peel hydrothermal 

carbon (240 °C) 

103.24 – 1 g/L sorbent, 313 K [22] 

Straw biochar–sludge composite (500 °C) 46.98a 60.86a batch [17] 

aMaximum equilibrium uptake; the Freundlich model gave the better fit in that study. 

Mass versus molar basis. Expressed in mg/g, both materials 

appear to favour lead. On a molar basis the order is reversed: 

the Qmax values correspond to 0.59 mmol Pb/g and 0.84 mmol 

Cu/g for modified banana peel, and to 0.27 mmol Pb/g and 0.73 

mmol Cu/g for modified rice straw (atomic masses 207.2 and 

63.55). More binding sites are therefore occupied by copper 

than by lead, and the higher mass-based capacity for lead 

reflects mainly its higher atomic mass. A higher mass-based 

uptake of Cu(II) than of Pb(II) has in fact been reported for a 

straw biochar composite [17], which shows that the Pb > Cu 

order often quoted for biosorbents is not general. The difference 

between the two materials is also instructive: their molar 

capacities for copper are similar (0.84 and 0.73 mmol/g), in 

keeping with their nearly identical methylene blue removal 

(79.44 and 81.75%), whereas the capacity for lead is more than 

twice as high on banana peel. This suggests that the 

phosphorylated banana peel offers additional sites accessible to 

Pb2+ — a hypothesis that remains to be tested by surface 

analysis. The comparison with the dye is instructive in the same 

way. On a charge-equivalent basis the two materials take up 

0.50 and 0.51 meq/g of methylene blue but 1.67 and 1.46 meq/g 

of copper, so the metal occupies between 2.9 and 3.4 times the 

equivalents occupied by the dye. Steric exclusion of the bulky 

dye cation accounts for part of this difference, but the ratio also 

shows that the dye and the metal do not address a common set 

of exchange sites, which is the direct reason why the dye 

ranking does not reproduce the ranking by lead capacity. 

Effect of pH and mechanism. The steep rise in 

removal between pH 2 and 4 and the plateau at pH 4–5 agree 

with the behaviour reported for Pb(II) on H3PO4-modified 

banana peel hydrochar, where uptake rose from pH 2 and 

peaked at pH 6, with ion exchange, electrostatic attraction and 

surface complexation proposed as the operating mechanisms 

[22], and with the choice of pH 5.5 for Cu(II) and Pb(II) on 

native banana peel, whose point of zero charge was 4.83 [16]. 

For a phosphorylated fibre, progressive deprotonation of the 

grafted phosphate groups over this pH range offers a 

straightforward explanation of the trend, consistent with the 

cation-exchange role assigned to these groups by Gong et al. 

[20] and with the phosphate-mediated binding of Zn2+ on 

functionalised ramie stalk [21]. In the absence of spectroscopic 

evidence for the present materials, this interpretation should be 

regarded as a working hypothesis. 

Contact time. Modified rice straw reached equilibrium within 

60 min, whereas modified banana peel required 120–180 min. 

For comparison, Pb(II) uptake on H3PO4-modified banana peel 

hydrochar occurred mainly within the first 60 min but levelled 

off only after about 250 min [22]. The slower approach to 

equilibrium on banana peel is compatible with its higher 

capacity and with a contribution from less accessible sites, but 

no kinetic model was fitted to the present data. 

Isotherm fitting. The preference for the Langmuir over 

the Freundlich model is in line with the H3PO4-modified banana 

peel hydrochar [22], whereas the straw biochar composite was 

better described by the Freundlich model [17]. Current 

guidelines, however, caution against model selection based on 

the R2 of linearised equations alone: linearisation alters the error 

structure of the data and can bias the fitted parameters, and non-

linear regression with appropriate error functions is 

recommended [26], [27].
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This caveat applies to the present results, which were obtained 

from the linearised equations. The experimental plateaux in Fig. 

5 lie at approximately 105 mg/g (Pb2+, banana peel) and 54 

mg/g (Pb2+, rice straw); the Langmuir Qmax of 55.56 mg/g is thus 

well supported for rice straw, whereas that of 121.95 mg/g for 

banana peel (R2 = 0.9458) is an extrapolation beyond the 

measured range and should be treated as an upper estimate. The 

Cu2+ isotherms had not reached a plateau at the highest 

concentration tested, so the corresponding Qmax values are 

similarly extrapolated. 

3.5. Limitations and outlook 
Several limitations temper these conclusions and frame the next 

steps. First, the modified materials were characterised only by 

SEM, which is qualitative; the increase in surface area inferred 

from the micrographs was not measured (BET), and the grafting 

of phosphate groups was not verified by FTIR, elemental 

phosphorus content or determination of the point of zero charge. 

Second, the raw materials used as controls were washed only 

with 0.02 M NaOH, whereas the modified materials were 

additionally extracted with acetone and treated with 0.1 M 

NaOH; part of the gain in methylene blue uptake may therefore 

stem from solvent and alkali treatment rather than from 

phosphorylation, and a control carried through the procedure 

without H3PO4 would resolve this. Third, methylene blue 

removal was measured at a single concentration and is a ranking 

tool rather than a capacity; as shown in Section 3.1, the dye 

loading of 0.625 mmol/g is below the equivalents that the two 

best materials were subsequently shown to occupy, so the 

screen was limited by the dye supplied and could not resolve 

the leading materials from one another. A screen designed so 

that removal falls between about 20 and 60%, or a full dye 

isotherm, would be required for a quantitative comparison. 

Fourth, the isotherm constants KL and 1/n and the standard 

deviations of the triplicate measurements were not reported, and 

the kinetic data were not modelled. Finally, desorption and 

reuse, competing ions and real wastewater were beyond the 

scope of this study; they are the natural objectives of follow-up 

work, together with fixed-bed experiments of the kind already 

reported for other phosphate-functionalised residues [21]. 

4. Conclusions 
Modified sorbents were prepared from banana peel and 

rice straw by treatment with H3PO4. SEM images showed that 

the modification changed the surface structure of the materials, 

which is expected to increase the accessible surface area and 

hence the adsorption capacity. All eight phosphoric acid-

modified by-products removed more methylene blue than the 

corresponding raw materials (by a factor of 1.6–5.0), modified 

banana peel and modified rice straw giving the highest removal. 

The adsorption of Pb2+ and Cu2+ at pH 5 followed the Langmuir 

isotherm, with maximum capacities (Qmax) of 121.95 mg Pb2+/g 

and 53.2 mg Cu2+/g for modified banana peel, and 55.56 mg 

Pb2+/g and 46.3 mg Cu2+/g for modified rice straw. Only the 

lead capacity of modified rice straw is supported by a measured 

plateau; the other three values are extrapolations beyond the 

concentration range studied and should be read as upper 

estimates. These capacities are of the same order as those of 

recently reported thermally converted sorbents from the same 

feedstocks, and identify low-temperature phosphorylation of 

banana peel in particular as a candidate worth further 

characterisation, regeneration studies and testing on real 

effluents. 
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