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Abstract 14 

Algae production in nutrient rich sludge dewatering leachate after biogas production is a 15 

promising option for wastewater treatment plants. However, the ultra-violet (UV) 16 

absorbing characteristic of UV-quenching substances (UVQS) existing in these waters 17 

can notably reduce the light transmission within the liquid body. The present work 18 

demonstrates a comparative adsorptive removal of UVQS, and other organic substances 19 
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(expressed as COD and TOC) onto the “acid catalyst” functionalised adsorbent (PPhA) 20 

and commercial activated carbon (CAC) from leachate originating from leftover sludge 21 

dewatering after biogas production. Laboratory scale column studies were performed to 22 

investigate the adsorption performance of selected parameters. The PPhA increased the 23 

UV transmittance of leachate more than 4 times and outperformed CAC. Bed Depth 24 

Service Time and Yan models were used on the experimental data in order to estimate 25 

the maximum adsorption capacity and evaluate the characteristics of the fixed-bed. The 26 

PPhA equilibrium uptake of COD and TOC amounted to 5.7 mg/g and 0.9 mg/g, 27 

respectively. The postulated removal mechanism in environmentally relevant conditions 28 

(e.g., pH neutral) suggested a complex interaction between the biochar and organic 29 

macromolecules. Diluted phosphoric acid solution (0.01 mol/L) was successfully used 30 

for the column regeneration. Beside the UVQS, PPhA showed affinity towards toxic 31 

heavy metals (e.g., Pb, Ni, Co) pointing out the rich surface chemistry of the PPhA. Based 32 

on the obtained results and successfully implemented scale-up methodology, the low-cost 33 

PPhA adsorbent might effectively compete with the CAC as a highly efficient platform 34 

in wastewaters leachate processing. 35 

 36 

Keywords: biogas leachate; circular economy; column study; scale-up; adsorption; 37 

heavy metals 38 

 39 

1. Introduction 40 

Nowadays, wastewater treatment plants (WWTPs) are facing a multitude of challenges 41 

which are reflected not only through securing clean water, but also in the need to find in-42 
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situ resources for supporting new emerging technologies for diverse pollutants removal 43 

(Kwarciak-Kozłowska and Fijałkowski, 2021). On the other hand, wastewater treatment 44 

counts for around 1% of the total European energy consumption (Zarei, 2020), so 45 

transforming wastewater and other municipal waste from a cost to a valuable resource 46 

should significantly contribute to the EU's circular economy. Eco-friendly wastewater 47 

leachate (the liquid phase generated after dewatering the leftover sewage sludge 48 

following biogas production) recycling process design may offer one possible solution. 49 

At most WWTPs, this leachate stream, with its highly recalcitrant dissolved organic 50 

matter (DOM) and nutrient concentrations, is returned back into the beginning of the 51 

treatment process (mainly before biological treatment) (Boráň et al., 2010). Due to its 52 

elevated fulvic- and humic-like substances and nutrient content, this back-flow creates an 53 

additional load of up to 20-30% of N and P to the incoming wastewater, despite that its 54 

volume is only a few percentage of the raw wastewater (Ren et al., 2015). In recent years, 55 

many possible solutions have been investigated to utilise this leachate by extracting its 56 

organic and nutrient content (perhaps in the form of added value products) and 57 

simultaneously to reduce its pressure on the existing biological treatment (Cabanelas et 58 

al., 2013). Among the different approaches, production of algae biomass as a source of 59 

renewable energy has received considerable interest (Kong et al., 2021). Algae growth 60 

tends to decrease the large nutrient content in leachate. Additionally, in a circular 61 

economy approach, the generated algal biomass represents a by-product which could be 62 

sold on the market to produce biofuels, cosmetics, animal food, fertilisers and for other 63 

various purposes (Li et al., 2011; Pittman et al., 2011). In that manner, proposed 64 

sustainable technology could meet financial and environmental requirements. However, 65 

the leachate utilisation for algae production is limited due to its pathogenic properties, as 66 
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disinfection of the leachate is required (Bolyard et al., 2019). The future 67 

commercialisation of algal biomass mainly depends on diverse quality parameters where 68 

microbiological content is one of the most vital (Caporgno et al., 2015). Since an 69 

increasing number of WWTPs worldwide are substituting chlorine with other UV based 70 

disinfection techniques which have equivalent or even better inactivation effects with less 71 

disinfection by-products, there is an urgent need to remove UV-quenching substances 72 

(UVQS) (Iskander et al., 2018). UVQS include fulvic and humic acids, and hydrophilic 73 

compounds, in which the aromatic part can absorb or block ultraviolet light in the range 74 

of 200–380 nm (X. Liu et al., 2019).  75 

Several processes were implemented in UVQS removal such as: Fenton process and 76 

ozonisation (Chen and Li, 2020; Jung et al., 2017), two-stage anaerobic membrane 77 

bioreactor (Pathak et al., 2018), biological treatment combined with nanofiltration (Zhao 78 

et al., 2013), precipitation and electrooxidation (X. Liu et al., 2019), electrocoagulation 79 

(Myllymäki et al., 2018) and adsorption (Deng et al., 2018; Ferraz and Yuan, 2020; 80 

Mohammad-pajooh et al., 2018). Adsorption processes can be highly effective and 81 

economical, and with the use of natural waste/by-product materials as eco-friendly and 82 

low-cost adsorbents, the price can be reduced even more (Pap et al., 2020; Yin et al., 83 

2019). Although there are many studies on carbonous adsorbents for leachate treatment 84 

(Halim et al., 2010a), the majority of these focused exclusively on chemical- (COD) and 85 

biochemical- oxygen demand (BOD) removal, so the information regarding UVQS 86 

adsorption remains highly limited (Deng et al., 2018). 87 

Consequently, a low-cost carbonous adsorbent (PPhA) was synthesised, and the removal 88 

of UVQS from sludge dewatering leachate was investigated. This study aimed to (i) 89 

quantify and compare the UVQS removal efficiency by PPhA and commercial activated 90 
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carbon (CAC) from leachates; (ii) simultaneously determine the adsorptive capacities for 91 

COD and TOC; (iii) systematically evaluate the nutrient, micro- and macroelement 92 

composition of treated leachate; (iv) describe the adsorption mechanisms of UVQS in 93 

complex leachates samples; and (v) scale-up the process with the Rapid small-scale 94 

column test (RSSCT) methodology. Removal of UVQS from liquid phase is expensive 95 

and challenging, but removal from a complex matrix such as the biogas leachate is even 96 

more difficult. The novelty of this research lies in the implementation and excellent 97 

performance of a P-functionalised biochar (from a lignocellulosic waste) to a heavily 98 

polluted, multicomponent waste stream such as biogas leachate. This study may provide 99 

a reference for the UVQS elimination from leachate in future fixed-bed practical 100 

applications. 101 

2. Materials and methods 102 

2.1 Biogas leachate composition 103 

The leachate samples were collected from the sludge line after anaerobic digestion 104 

(biogas production) at the North Budapest wastewater treatment plant (WWTP) operated 105 

by the Budapest Sewage Works Ltd. The daily treatment capacity of the plant is 200,000 106 

m3. Since 2008, electrical and heat energy has been produced from the sludge through 107 

biogas production. The schematic representation of the treatment process is shown in Fig. 108 

S1. The biogas plant receives mixed sludge from the North-Budapest WWTP and some 109 

foreign wastes, such as animal by-products, liquid wastes (like industrial fats and oils, 110 

acetic acid, alcohols, wastes from a juice manufacturer, wastes from dairy industry), raw 111 

sludge and dewatered sludge from foreign wastewater treatment plants. The digestion 112 

temperature is 36 °C with a retention time of 20-25 days. In 2020, the dewatered sludge 113 

produced at North-Budapest WWTP was 49200 m3, which is equivalent to 50130 tons. 114 
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More information about the biomass leachate, conditions and potential algae production 115 

at the North Budapest WWTP can be found in Nagy et al. (2018). Chemical analysis for 116 

all parameters was performed according to the Standard Method of Water and Wastewater 117 

(APHA, 2005). The chemical oxygen demand (COD) and total organic carbon (TOC) 118 

mean strength of the effluent were 359 and 116.3 mg/L, respectively, while the average 119 

UVT300 (UV transmittance measured at 300 nm) was identified to be only 6.41%. The 120 

detailed characteristics of the leachate sample is presented in Table 1. 121 

Table 1 122 

Basic characteristics of the leachate sample 123 

Parameter Unit Average value± STDV 

COD mg/L 359±34 

TOC mg/L 116.3±9.5 

pH - 8.1±0.3 

UVT300 % 6.41±1.38 

NH3-N mg/L 1182±120 

PO4-P mg/L 119.6±9.8 

K mg/L 171.0±6.6 

Mg mg/L 3.6±0.4 

Ca mg/L 69.9±24.0 

SO4-S mg/L 41.5±17.7 

Cu µg/L 29.1±3.5 

Ni µg/L 18.9±1.4 

Pb µg/L 20.0±3.3 

Co µg/L 8.9±1.5 

Mo µg/L 9.5±5.9 

Fe mg/L 0.68±0.11 
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Zn mg/L 0.15±0.03 

2.2. Adsorbent preparation 124 

The biochar was produced from milled and washed plum stones (obtained from a fruit 125 

plantation located near Novi Becej, Serbia) through thermochemical functionalisation at 126 

500 ºC for 60 min in a laboratory-scale bench furnace with 50 wt% H3PO4. A thorough 127 

description of the production method and surface characteristics has been published 128 

previously (Gratuito et al., 2008; Pap et al., 2017; Turk Sekulic et al., 2019b). Briefly, the 129 

plum stones were washed and milled, and later acid impregnated. Then, the suspension 130 

was functionalised and carbonised. Firstly, the sample was heated at a rate of 10 °C/min 131 

up to 180 °C, which was held for 45 min. Later the sample was carbonised at a higher 132 

temperature (heating rate of 10 °C/min up to 500 °C – held for 60 min). Additionally, a 133 

commercially available granulated activated carbon (Reanal Private Ltd., Prod. No. 134 

29903-1-99-33, pellet diameter 4 mm; further referred as CAC) produced from coconut 135 

shell was used to compare its adsorption performance with that of the PPhA adsorbent 136 

manufactured in the laboratory (sieved for 1–3 mm).  137 

2.3. Characterisation and analytical methods 138 

Particle size distribution of adsorbents was determined by the ASTM D2862-10 method 139 

(D2862-10, 2014). The bulk density was determined using the method of Gratuito et al. 140 

(2008). Brunauer-Emmett-Teller (BET) surface area and porosity were evaluated using 141 

Autosorb iQ instrument (Quantachrome, USA). The morphology of the PPhA was 142 

characterised by a scanning electron microscope (JEOL, USA). The physical 143 

characteristics of PPhA and CAC are presented in Table S1. Concentration of TOC in the 144 

samples before and after adsorption was monitored by Multi N/C 3100 TOC analyser 145 
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(Analytik Jena AG, Germany). The conventional dichromate method was also used to 146 

determine the value of COD. The UVT300 of the samples was measured with a UV-Visible 147 

double beam spectrometer (UV-1650 PC Shimadzu) at wavelength of 300 nm. To 148 

determine elemental concentrations in samples, inductively coupled plasma optical 149 

emission spectroscopy (ICP-OES; Thermo Scientific IRIS Intrepid II XDL, USA) was 150 

used. 151 

2.4. Fixed-bed column setup and experiments 152 

The fixed-bed was made out of a Plexiglas column (5 cm inner diameter and 30 cm 153 

length), filled with PPhA (>1.25 mm) to give a total 15 cm bed depth. The adsorbents 154 

were packed in between a layer of glass fibres to ensure adsorbent washing out. The 155 

column was fed with leachate using PLP 33 peristaltic pump (BEHR, Germany) in 156 

upward flow with a volumetric flowrate of 12 mL/min (Fig. S2). Samples were taken 157 

from the exit of the Plexiglas column every 45 min and analysed for different parameters 158 

(Foo et al., 2013a; Halim et al., 2010b). As a comparison, a column filled with CAC (4 159 

mm) was run in parallel fed from the same influent holder. After the adsorbent’s 160 

exhaustion, a necessary desorption and regeneration step were conducted. The column 161 

desorption was studied by using 0.01 mol/L H3PO4 (55 mL/min for 2 h) and the column 162 

was regenerated by washing the bed with distilled water (55 mL/min for 2 h). 163 

2.5. Column performance and modelling 164 

The total column capacity, qtotal (mg) was calculated from the area under the plot for the 165 

removed adsorbate concentration, Cad (mg/L), during time (t), from the equation: 166 

𝑞𝑡𝑜𝑡𝑎𝑙 =
𝑄 × 𝐴
1000

=
𝑄

1000
∫ 𝐶𝑎𝑑𝑑𝑡

𝑡=𝑡𝑡𝑜𝑡𝑎𝑙

𝑡=0
                                                                                      (1) 167 
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Where Cad = Ci-Ce (mg/L), Ci and Ce are the influent and effluent concentrations (mg/L), 168 

ttotal is the total flow time (min), Q is corresponding to the solution flow rate (mL/min) 169 

and A is the area under the breakthrough curve (cm2). 170 

At equilibrium, the total uptake (qe), was derived from the equation: 171 

𝑞eq =
𝑞total

𝑊
                                                                                                                                     (2) 172 

Where W is the total amount of adsorbent (g) in the fixed-bed. 173 

The total volume of treated effluent, Veff (mL), was quantified by: 174 

𝑉𝑒𝑓𝑓 = 𝑄 × 𝑡𝑡𝑜𝑡𝑎𝑙                                                                                                                           (3) 175 

The dynamic experimental data has been fitted using nonlinear regression to the Yan 176 

model (or modified dose-response model) (Yan et al., 2001) and Bed Depth Service Time 177 

(BDST) model (Hutchins, 1975) (Supplementary Materials). 178 

3. Results  179 

3.1. Physical and chemical characterisation of the adsorbents 180 

PPhA adsorbent has a bulk density of 514 kg/m3 (Table S1) compared to the one of CAC 181 

of 417 kg/m3. The shape and particle size distribution for each granulated adsorbent is 182 

shown in Fig. S3a-d. From the distribution column for PPhA (Fig S3c), it was determined 183 

that 86% of the particles were bigger than 1250 µm, with 13% falling between 300 µm 184 

and 1250 µm, and only the remaining 1% having a particle size smaller than 300 µm. The 185 

average particle size of the CAC was >1250 µm (pellets), suggesting more homogenic 186 

distribution. The acidic surface characteristics of PPhA is confirmed through the pHpzc 187 

(4.12) which shows the high affinity towards cationic species at real life conditions 188 

(pH~7). The SEM micrograph with 500× and 5000× magnification presented in Fig. S3e-189 

f shows irregular and porous surface, which is heterogeneously cracked and shaped. This 190 
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could be additionally confirmed from N2 isotherm. As stated by International Union of 191 

Pure and Applied Chemistry (IUPAC) classification, the N2 isotherm of PPhA is typical 192 

Type I isotherm (Fig. S4). This indicates that the PPhA has a narrow microporous 193 

structure with the dominant pore size less than 1 nm (micropore range). The main textural 194 

properties of PPhA are summarised in Table S1. The PPhA had a BET surface area of 195 

829 m2/g. The microporous volume of PPhA was 0.346 cm3/g, which accounts for 83% 196 

of the total volume (0.418 cm3/g). These results confirmed the microporous nature of 197 

PPhA. Further data about the PPhA characteristics (e.g., surface chemistry, material 198 

structure, elemental composition) can be found in other works (Pap et al., 2017; Turk 199 

Sekulic et al., 2019b). 200 

3.2. Removal of organics (COD, TOC and UVQS) 201 

The overall removal efficiency (Y) for COD and TOC in PPhA filled columns ranged 202 

from 35.4 to 19.9%, which is significantly higher compared to the 19.2% - 9.8% for CAC 203 

adsorbent at identical conditions (Table 2). The empty bed contact time (EBCT) and 204 

treated volume (Veff) were 25 min and 8,100 mL for both systems (Table 2). The 205 

saturation capacity of PPhA was found to be 5.7 mg/g for COD and 0.9 mg/g for TOC. 206 

These values were also higher compared to the tested CAC which ranged 3.1 mg/g for 207 

COD and 0.4 mg/g for TOC. Fig. 1a-c represents the column kinetic behaviour of the 208 

COD, TOC and UVQS removal on both adsorbent (rPPhA and rCAC denotes the 209 

adsorbents after regeneration). As column filtration time increased, the removal 210 

efficiencies for all three parameters gradually dropped. However, PPhA clearly exhibited 211 

a better removal pattern at the whole-time range. The results clearly demonstrated that 212 

the column efficiency was lower on the regenerated PPhA compared to the fresh material 213 

and slightly higher for the CAC, as shown in Fig. 1a-c. The diluted phosphoric acid as a 214 
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desorption eluent more efficiently reactivated the CAC active centres. Relationships of 215 

UVT300 with COD and TOC are shown in Fig. 1e-f. A linear correlation was discovered 216 

between residual UVT300 and COD - TOC for either PPhA (R2=0.92/R2=0.90) or rPPhA 217 

(R2=0.83/R2=0.93) during the column filtration. In contrast, the UVT300 exhibited a lower 218 

linearity with residual COD - TOC for CAC (R2=0.86/R2=0.87) and rCAC 219 

(R2=0.74/R2=0.82). Fig. 1f shows the CODvsTOC (ratio) values for PPhA/rPPhA and 220 

CAC/rCAC which were below 3.1 (initial ratio of COD/TOC) during the column 221 

filtration. 222 

Table 2 223 

COD and TOC results obtained for the fixed bed column experiments on PPhA and CAC 224 

Adsorbent Parameter H 

(cm) 

Q 

(mL/min) 

C0 

(mg/L) 

Veff 

(mL) 

mtotal 

(g) 

qtotal 

(g) 

qeq 

(mg/g) 

Y 

(%) 

EBCT 

(min) 

COD 

PPhA 

15 12 339.5 

8100 

2750 1073 5.7 39.0 

25 

CAC 2750 588 3.1 21.4 

TOC 

PPhA 

15 12 88.24 

715 167 0.9 23.4 

CAC 715 82 0.4 11.5 

 225 
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 226 

 227 

 228 
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Fig. 1. Removal efficiencies of COD (a), TOC (b) and UVQS (c) during the first cycle 229 

and second cycle (after regeneration) in fixed-bed column, correlations between residual 230 

UVT300 and COD (d) and TOC (e), COD/TOC ratio with threshold value (horizontal 231 

line) for oxidised leachate (Deng, 2007) (f) (concentration: COD=370 mg/L, TOC=118 232 

mg/L; no pH adjustment; flow rate: 12  mL/min; bed height: 15 cm) 233 

Different dynamic models were applied to analyse the curves of COD and TOC by the 234 

PPhA and CAC packed column. The parameters of these models were obtained using 235 

Eqs. S4 and S5 applying the non-linear regression Levenberg–Marquardt method (Fig. 236 

2a-b and Table 3). According to the results, it is anticipated that the Yan model (modified 237 

dose-response model) performed better than the BDST model (data for other models is 238 

not showed). R2 values ranged from 0.98 to 0.73, while the χ2 and RMSE were very low 239 

for Yan model. The COD and TOC adsorption capacity (qY) from the Yan model on PPhA 240 

was found to be 3.27 and 0.52 mg/g, which is less than the experimental adsorption 241 

capacity (5.7 and 0.9 mg/g). Lower R2 and higher χ2 and RMSE were noted between the 242 

experimental and model data for both parameters for CAC (Table 3). The BDST model 243 

can serve as a starting point for scaling-up, however, the poor match of the experimental 244 

results with this model (R2=0.91-0.55) points to the limitation of the BDST model in our 245 

case. 246 
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 247 

Fig. 2. Fixed-bed column adsorption experiments: COD removal on PPhA and CAC (a) 248 

and TOC removal on PPhA and CAC (b) (concentration: COD=340 mg/L, TOC=88 249 

mg/L; no pH adjustment; flow rate: 12  mL/min; bed height: 15 cm) 250 

Table 3 251 

Dynamic model parameters for COD and TOC adsorption onto PPhA and CAC in fixed-bed column 252 

Parameters 

COD TOC 

PPhA CAC PPhA CAC 

Yan model (modified dose-

response model) 

qY (mg/g) 3.27 0.97 0.52 0.12 

aY  0.74 0.75 1.23 0.85 

R2 0.98 0.97 0.98 0.73 

χ2 (×10-4) 4.53 3.14 7.78 22.12 

RMSE 0.02 0.02 0.03 0.05 

BDST model 

kBDST (L/mg min) (×10-3) 8.07 10.07 69.41 47.24 

N0 (mg/L) 2508.35 845.28 329.10 721.44 

R2 0.81 0.91 0.84 0.55 

χ2 (×10-3) 3.65 1.14 5.20 3.71 

RMSE 0.06 0.03 0.07 0.06 

3.3. Nutrient and metal retention and release 253 
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To determine the potential for nutrient and metal removal or leaching during the 254 

adsorption process, the elemental content, including macronutrients (NH3-N, PO4-P, K, 255 

Mg, and Ca) and metals (Cu, Ni, Pb, Co, Mo, Fe and Zn), were measured before and after 256 

the leachate treatment. These data are shown in Fig. 3a-d and Fig. S5a-b. For the 257 

macronutrients, it was revealed that all the compounds were released from the CAC and 258 

PPhA adsorbent, only Mg was removed from leachate in low percentage (~10%) for 259 

PPhA. Significantly high PO4-P leaching potential was observed from PPhA (~8.46 g/kg), 260 

given that the adsorbent was synthesised in the presence of phosphoric acid (Fig. S5a). 261 

CAC showed high K leaching properties with 35.33 g/kg (Fig. S5b). 262 

Given concerns over the accumulation and negative impacts of heavy metals in algae 263 

production, metal concentrations were also measured. Based on our measurements most 264 

of the heavy metals were removed from leachate onto PPhA at environmentally relevant 265 

conditions, only Mo showed negligible leaching potential (Fig. 3c). As shown in Fig. 3d, 266 

most noticeably, Zn leached from CAC, however this activated carbon demonstrated 267 

much lower heavy metal accumulation capability. Although this should be taken into 268 

consideration in scaled-up systems, overall metals were leached from the adsorbents at 269 

very low concentrations.  270 
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271 

 272 

Fig. 3. Nutrient and metal retention on PPhA (a-b) and CAC (c-d) in the fixed-bed 273 

column (no pH adjustment; flow rate: 12  mL/min; bed height: 15 cm) 274 

4. Discussion 275 

4.1. Adsorbent characteristics 276 

Material bulk density is a meaningful characteristic of granulated adsorbents and offers 277 

information on granule distribution in packed space. The average bulk density of 278 

carbonous adsorbents ranges from 300 to 650 kg/m3 (Chowdhury, 2013), which matches 279 

with the measured values for PPhA. Higher density for PPhA compared to CAC is 280 
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required, since the size of the processing equipment is related to the volume of the reactor. 281 

Therefore when the overall adsorbent density is too low, very large processing vessels 282 

will be needed, leading to high cost (Rackley, 2017). Generally smaller adsorbent particle 283 

size extends the breakthrough and exhaustion times in fixed bed, consequently the better 284 

performance of PPhA could be partly explained with this factor. Adsorption is a surface 285 

process and the magnitude of adsorption is expected to be proportional to the surface area 286 

(Patel, 2019). Consequently, the smaller particle size increases the effective surface area 287 

and the capacity per unit mass of adsorbent increases (Zou et al., 2013). Distribution of 288 

adsorbent charge (positive or negative) has a significant role on the interaction of various 289 

organic pollutants. The determined pH is known as pHpzc, where the adsorbent surface is 290 

neutral and the governing mechanism for adsorbate mass-transfer is the concentration 291 

gradient (diffusion) into the pores. At pH above this point, the surface becomes negative 292 

and electrostatic attraction become a co-governing force for cationic adsorbates (J. Liu et 293 

al., 2019), while at pH< pHpzc it is positively charged and could attract fulvic- and humic-294 

like substances as anionic species. The heterogenic structure and surface pores observed 295 

on SEM micrographs (Fig. S3e-f) are favourable to molecular diffusion which helps in 296 

potential adsorption of UVQS from aqueous solution via enhanced surface adsorption 297 

and mass transfer mechanism (Premarathna et al., 2019). PPhA have high surface area 298 

and porosity (Table S1) which is well aligned with the SEM results. The microporous 299 

nature of PPhA can have a positive affect on the adsorption process (high surface area), 300 

but there are also some micropores which are too small for humic substances (Fig. S6) to 301 

enter, causing pore blocking types and fouling in column. For example, molecular 302 

dimensions of humic acid are 7.3 × 7.3 × 7.3 nm, creating a spherical molecule with a 303 
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complicated structure (Xiao et al., 2011), while the PPhA average micropore radius is 1 304 

nm. 305 

4.2. Column performance 306 

Experimental data and adsorbent characteristics obtained from this study highlight the 307 

increased capacity for PPhA to treat high polluted leachate with COD concentrations 308 

above 300 mg/L compared to CAC. Additionally, the PPhA adsorbent had an overall 309 

higher TOC removal, since CAC (and similar adsorbents) are primarily used as a 310 

polishing media during wastewater tertiary treatment and they are designed for the 311 

adsorption of dilute and fully dissolved contaminants (Zietzschmann et al., 2016). Table 312 

4 shows a comparison of adsorption capacities for COD toward different materials with 313 

PPhA. Adsorbent with highest adsorption capacity in literature was reported by Foo et al. 314 

(2013a). They examined COD and color (dissolved organic matter) removal by granular 315 

activated carbon prepared through microwave heating with capacity of 64.93 mg/g, but 316 

in batch mode and on much higher initial COD level (2,336 mg/L). Nahrul Hayawin et 317 

al. (2020) maintained high COD removal in real effluent (palm oil mill discharge) by a 318 

fixed-bed adsorption system using activated carbon from oil palm stone shell. It should 319 

be noted that comparison between the adsorbent performance is extremely difficult, due 320 

to the different experimental conditions on which the studies were performed and the 321 

leachate sample complexity and content (diverse mixtures of organic and inorganic 322 

pollutants). The column regeneration capability is vital for industrial applications due to 323 

the reduction of the overall costs (Vieira et al., 2014). The noted breakthrough uptake 324 

capacity decrease to 3.1 mg/g (~46%) was due to deactivation of binding centres during 325 

the adsorption/desorption cycle. Deactivation may occur through a decrease of surface 326 

area because of the residual eluent and/or absorbates in the pores after the desorption, or 327 
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through an aggregation of active centres during the regeneration process. Similar results 328 

were reported by Rauthula and Srivastava, (2011) for humic acid desorption with mineral 329 

acids (HNO3 and HCl) onto commercial activated carbon. One possible solution to 330 

decrease the cost of the process would be to use biochar generated with the solids of 331 

biogas plant effluent, where the pyrolysed solid fraction would be used to treat the 332 

leachate and avoid the regeneration process since the amount of solids might be 333 

compatible with the leachate (Gopinath et al., 2021).  334 

Table 4 335 

Comparative evaluation of adsorption capacities of COD onto various adsorbents  336 

Adsorbent Adsorption system Adsorption 

capacity (mg/g) 

Refs. 

Cherry kernel biochar Batch 149.50 (Pap et al., 2021a) 

Tamarind fruit seed granular AC* Batch 64.93 (Foo et al., 2013b) 

Silvergrass biochar Batch 66.64  (Kwarciak-Kozłowska and 

Fijałkowski, 2021) 

Sugarcane bagasse AC* Batch 20.16 (Zhu et al., 2011) 

Composite Batch 22.99 (Halim et al., 2010a) 

Zeolite Batch 2.35 (Halim et al., 2010a) 

Periwinkle shell activated carbon Dynamic 0.03 (Badmus and Audu, 2009) 

Commercial activated carbon Dynamic 0.08 (Badmus and Audu, 2009) 

PPhA Dynamic 5.70 This study 

PPhA - regenerated Dynamic 3.11 This study 

*Activated Carbon 337 
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The high linear correlation between the COD - TOC in the remaining UVT300 338 

transmittance indicated that UVQS contain a huge amount of large humic substances 339 

(e.g., humic and fulvic acids expressed as COD or TOC) in which the aromatic moieties 340 

can absorb or quench UV light (X. Liu et al., 2019). The data suggest that through the 341 

adsorption of UVQS, the concentration of these refractory substances could be reduced, 342 

in this way improving UV-disinfection of the leachate, and further the biological 343 

treatment at later stages within WWTPs. Additionally, comparation of COD/TOC index 344 

could provide information about the biodegradability of the treated leachate (Mihajlovic 345 

et al., 2014). The low COD/TOC index in our case (less than 3 which is the threshold 346 

value for oxidised leachate), suggested a distinctive mature character of the leachate 347 

organic matter and its suitability for algae production (Deng, 2007). Generally, low 348 

COD/TOC (similar to COD/BOD5) contributes to a more oxidised organic carbon state, 349 

which is more suitable as a source of energy for algae growth. Deng et al. (2018) explored 350 

the adsorption of UVQS from landfill leachate with commercial powdered activated 351 

carbon. They reported that adsorption is a suitable process for UVQS removal from 352 

complex water matrixes. Comparing the methods which have been tested for treating 353 

UVQS from leachates, ultrafiltration is reported to work well for a portion of the humic 354 

fraction, but is unable to remove the fulvic and hydrophilic content; reverse osmosis and 355 

electrocoagulation have been shown to almost completely remove UVQS, but is 356 

expensive and has a large energy consumption. Chemical oxidation with ozone and 357 

Fenton’s reagent has been demonstrated to remove >95% of the UVQS in leachates but 358 

is limited by high cost of the oxidant, low pH, toxicity, as well as the large quantity of 359 

sludge generated. Using adsorption/biochar, two-stage anaerobic membrane bioreactor 360 
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and biological treatment combined with nanofiltration has been found to be effective with 361 

a much lower operational and maintenance cost (Pathak et al., 2018). 362 

The Yan model appropriately described the experimental data for both parameters. 363 

Similar results have been reported in previous studies (Cabrera-Lafaurie et al., 2014; 364 

Hadavifar et al., 2016) for the adsorption of organic contaminants using carbon-based 365 

adsorbents. Generally, the Yan model better describes the initial column data compared 366 

to the other models, but it describes the end points insufficiently (Oliveira et al., 2018). 367 

For this reason, the values of qY are dissimilar if we compared to the experimental values 368 

of qt (Table 3). As displayed on Fig. 2a-b, the breakthrough curves do not follow the 369 

typical/ideal S-shape, so any prediction derived from the models is highly limited. The 370 

breakthrough time (defined as Ct/C0 = 0.1 or in many cases as the maximum allowed 371 

concentration of the target pollutant in effluent) occurred quickly, due to the high organic 372 

load and complex leachate content. Despite the fact that the BDST model cannot simulate 373 

the experimental data, the very small values of the rate constant kBDST (8.07 - 69.4×10-3 374 

L/mg min) obtained from this model suggested that a longer bed length might be needed 375 

to overcome early breakthrough time (Rout et al., 2017). Also, the BDST model can be 376 

used for the system scale up when it satisfactorily describes the experimental data, 377 

however in our case the model showed limited applicability, therefore a different 378 

approach was applied for scale-up.  379 

The extraction of nutrients and heavy metals from the adsorbent needs to be considered 380 

from two different aspects. On one hand nutrient leaching is required in some level, 381 

because the treated leachate will be used for algae production. PPhA’s PO4-P leaching 382 

potential (due to the H3PO4 activation) could have a positive effect for algae growth, as 383 

nitrogen and phosphorous are the two major macronutrients controlling algal cellular 384 
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metabolism (Escudero et al., 2020). Still, the high macronutrient content in saturated 385 

adsorbents is highly desirable for land application as soil amendment (Pap et al., 2020), 386 

so extensive leaching could lead to poor adsorbent nutrient values. The land application 387 

of spent CAC materials is often not considered given their high replacement cost, while 388 

low-cost, biomass-based PPhA is a good candidate. In contrast, heavy metal 389 

accumulation on adsorbent surface can positively affect the algae production but can 390 

endanger future land usage. To securely use any secondary material on agricultural soil, 391 

they need to undergo extensive testing for additional contaminants together with plant 392 

growth trials (at pot and field scale) to observe macronutrient uptake (with the likely 393 

pollutant influence). Due to PPhA affinity to remove heavy metals (e.g., Cu, Pb, Ni, Co, 394 

Zn) during the filtration, further studies may need to be done to fully characterise the 395 

saturated adsorbent. The heavy metal leaching amount from PPhA is consistent with 396 

previous literature (Antunes et al., 2018; Li et al., 2020), leading to a low potential threat 397 

to the algae production. 398 

The mass transfer process must be an unneglectable factor in a time (t) and space (z) 399 

dependent fix-bed column systems since it limits the interaction rate between the 400 

adsorbent and adsorbate (Worch, 2012). A theoretical process mechanism could be 401 

described with four steps: (a) external diffusion such as pollutant being transferred from 402 

bulk solution to the boundary layer, (b) film diffusion with surface interaction on external 403 

active sites, (c) intraparticle diffusion such as pollutant being transferred within the 404 

adsorbents pores to the internal active centres – could be pore and surface diffusion, and 405 

(d) diverse interaction/reaction dominated by electrostatic and non-electrostatic forces. 406 

Further, given the PPhA physico-chemical characteristics and the humic/fulvic acid 407 

structure (Wang and Mulligan, 2006), the UVQS potential interaction could be 408 
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postulated. Results for PPhA surface chemistry indicated characteristic peaks that 409 

corresponded to functional groups typical of phosphor-functionalised carbonous material. 410 

Different carbon-, oxygen- and phosphorus containing functional groups existed on the 411 

PPhA surface, determined with FTIR, EDX and XPS analysis (Pap et al., 2021b, 2017; 412 

Turk Sekulic et al., 2019b). Based on the previously reported results, the adsorption 413 

mechanisms of UVQS (humic substances) onto carbonous adsorbents in environmentally 414 

relevant conditions (e.g., pH neutral) mainly involved electrostatic attraction, 415 

hydrophobic interactions, π-π and n-π electron-donor-acceptor (EDA) interactions, H-416 

bond and pore-filling (Deng et al., 2018; Yazdani et al., 2019). In slightly alkaline 417 

conditions (pH=8.1±0.3), as in sludge dewatering leachate, PPhA particles and UVQS 418 

are negatively charged (pHpzc=4.1; dissociated carboxyl and hydroxyl groups), so 419 

electrostatic repulsion may occur. From non- electrostatic forces, a week interaction could 420 

form through hydrophobic effects. As shown in Fig. 4, humic and fulvic acids have 421 

hydrophobic parts in their structures, and as such can be promptly adsorbed on the 422 

hydrophobic parts of PPhA. Following on, the UVQS bonding is related to π-π EDA 423 

interactions between UVQS with an effective electron-accepting capability (due to the 424 

electron withdrawing ability of aromatic rings) and the benzene planar ring π electrons 425 

and electron-rich functional groups on PPhA surface (electron donors). Additionally, the 426 

electron-deficient sites of UVQS as π-acceptors will strongly link with the unshared pair 427 

of oxygen electrons (i.e., hydroxyl group, O heteroatoms) as n-electron donors on PPhA 428 

surface, forming n-π EDA interactions. Finally, hydroxyl groups on the PPhA surface 429 

could support formation of H-bonding interactions between the OH group (H-donor) and 430 

the deprotonated oxygen on the UVQS (H-acceptor). The high affinity toward heavy 431 

metals can be explained through the significantly different bonding mechanisms of 432 
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UVQS and metal ions. For heavy metals, the postulated bonding mechanisms mostly 433 

involve electrostatic attraction/repulsion, physical adsorption (week London van der 434 

Waals forces), inner and outer sphere surface complexation and precipitation (Turk 435 

Sekulic et al., 2019a). However, it should be emphasised that UVQS include a wide range 436 

of macromolecules in addition to humic and fulvic acid (the proposed generalisation is 437 

for ease of understanding only), and it is difficult to distinguish the overall contributions 438 

of the defined mechanisms involved in the UVQS adsorption due to the leachate 439 

complexity. 440 

 441 

Fig. 4. Proposed adsorption mechanisms for UVQS adsorption on PPhA 442 

4.3. Scale-up modelling (Rapid small-scale column test (RSSCT)) 443 

From the ‘proof-of-concept’ study in previous sections, the data gained with bench-scale 444 

columns study packed with PPhA can be used further to design pilot- or full-scale 445 

adsorber. The basic parameters of the small column were summarised in Table 2. 446 
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Similarity in hydrodynamic characteristics and mass transfer is mainly very comparable 447 

in small and large columns (Crittenden and Weber, 1978a, 1978b; Yan et al., 2015). The 448 

proportional diffusion (PD) modelling approach will be used to design a full-scale column 449 

due to its successful performance predication of such systems (Worch, 2012; Yan et al., 450 

2015). Other scale-up methods, such as the Mass transfer zone (MTZ) model and Length 451 

of unused bed (LUB) model will be not considered, since the MTZ model was originally 452 

developed for ion exchange processes and it is particularly suitable for single-solute 453 

systems, while LUB model is subject to the same restrictions as the MTZ model (Worch, 454 

2012) (See Supplementary Material for further information). 455 

According to the parameters of the full-scale column, at least three columns can be used 456 

alternately such that when adsorption progresses in two parallel columns, the adsorbent 457 

in the third column is being regenerated. Due to the uncertainties introduced previously, 458 

RSSCTs can only be useful to gain initial data about the adsorber unit characteristics. For 459 

more detailed information, pilot-scale experiments are needed to optimise the RSSCT. 460 

After these steps, the RSSCT can be utilised for further calculations and experiments. 461 

Table 5 462 

Parameters of large-scale column 463 

Parameter Column 

Mass of granular PPhA per column (tonnes) 4.25 

TiO2 particle size (mm) 3.36 

Column diameter (m) 2.1 

Bed depth (m) 2.38 

EBCT (min) 59.5 

Flow rate (L/min) 138.9 

Hydraulic loading rate (cm/min) 4 
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5. Conclusion 464 

Based on the obtained results this work provides a clear demonstration that PPhA is an 465 

effective material for the reduction of UV absorbance in sludge dewatering leachate. 466 

Plum stone is an abundant waste material in certain countries (i.e., Serbia, Hungary) and 467 

can create a ‘green’ adsorbent material that has a high adsorption capacity with 468 

applicability toward UVQS removal from leachate. Thus, a designed and implemented 469 

technological unit can make a significant contribution to the sustainable technology 470 

concept, with the main challenge to build such algae ponds directly on an industrial site 471 

with the aim of having a more circular economy, transforming wastewater and waste from 472 

a cost to a valuable resource. In future, this novel biochar will be tested in larger scale to 473 

evaluate applicability in scenarios involving higher flow rate and more divers leachate 474 

content. 475 
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