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Abstract  23 

The knowledge of the adsorption-desorption behavior of doxycycline on pyrophosphoric acid modified bio- 24 

char derived from sesame is limited. In this study, we examined the doxycycline sorption on pyrophosphoric 25 

acid modified-sesame stalk biochar. The isotherm and kinetic sorption data showed pyrophosphoric acid 26 

treatment enhanced the sorption of doxycycline on both modified and un-modified biochar; chemisorption 27 

including EDA (π-π electron-donor-acceptor) interaction, pore filling and H-bonding might be the primary 28 

mechanism. The maximum adsorption capacities for unmodified biochar were 87.6 mg g−1, and 153.9mg g−1 
29 

for modified biochar. More than 90% of the adsorption capacity was retained after three successive adsorp- 30 

tion-desorption cycles. Besides, the strong electrostatic attraction between biochars and doxycycline might 31 

largely explain the improved sorption capacity of doxycycline along with increasing pH from 5 to 9. The main 32 

responsible mechanisms for the sorption of doxycycline included surface complexation, H-bonding, EDA 33 

interactions, pore-filling effects. The results of the current study display that pyrophosphoric acid-modified 34 

biochar has potential applications as an efficient, recyclable adsorbent for the removal of antibiotics from 35 

wastewater for low-cost remediation. 36 
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1. Introduction 38 

Doxycycline (CAS no. 564-25-0) is a broad-spectrum bacteriostatic agent (antibiotic) synthetically 39 

derived from a naturally occurring tetracycline produced by Streptomyces species bacteria known as 40 

oxytetracycline; it is a member of the tetracycline class of antibiotics [1]. Doxycycline is one of the 41 

widely used tetracycline antibiotics in the world. The occurrence of antibiotics in the natural envi- 42 

ronment can induce serious risk to human health and ecosystems by causing growth of antibi- 43 

otic-resistant bacteria, which can occur at low concentrations [2]. In recent times, the wide presence 44 

of doxycycline in groundwater has attracted extensive attention [2, 22]. Thus, it is of great importance 45 

to develop highly efficient and low-cost methods to eliminate antibiotics from contaminated-water.  46 

There are several ways to eliminate antibiotics -which are often persistent compounds- from 47 

waste-water, including bio-degradation, chemical oxidation, photo-degradation, and adsorption [3, 48 

23]. Among them, adsorption techniques have numerous advantages over other techniques, such as 49 

low energy consumption, high removal efficiency, environmental friendliness and easy operation [4]. 50 

Recently, biochars have been manufactured by carbonizing the feedstock and then utilized as ad- 51 

sorbents for antibiotics [5]. Nonetheless, the adsorption capacities of unmodified biochars are usually 52 

low, and their limitations include low density, low surface area and small particle size. To enhance the 53 

adsorption capacity of biochar, several modification approaches, including chemical and physical 54 

activation techniques have been suggested and used on biochars [6]. Most of the treatment methods 55 

could efficiently alter the physico-chemical properties of the biochar surface, i.e. increased density of 56 

functional groups, surface area, H/C, O/C ratios and altered porous structures [7, 8].  57 

Pyrophosphoric acid (aka diphosphoric acid, [(HO)2P(O)]2O) is a strong acid that can change phys- 58 

iochemical attributes of biochar. Therefore, pyrophosphoric acid was introduced in the current work 59 

to modify the biochar, with the purpose of increasing the doxycycline sorption capacity. In this work, 60 

sesame stalk biochar was manufactured via pyrolysis at 500°C. Then pyrophosphoric acid was ap- 61 

plied to modify the produced biochar. The adsorption-desorption properties of doxycycline on both 62 

pyrophosphoric acid-modified and pristine biochar were examined. The main objectives of this study 63 

were to (1) assess the adsorption-desorption capacity of doxycycline on pyrophosphoric ac- 64 

id-modified and pristine biochar (2) elucidate the physiochemical changes before and after modifi- 65 

cation.  66 
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2. Materials and Methods 68 

Materials and biochar production  69 

Doxycycline hyclate (CAS no. 24390-14-5) was obtained from Asiatic chemical Karachi, Pakistan. 70 

Sesame stalk was taken from an agricultural farm in Faisalabad, Pakistan. Sesame stalks were 71 

air-dried and then used to produce the biochar by pyrolysis with a temperature at 500 oC for 4 h.  72 

Modification of biochar  73 

An aqueous solution of pyrophosphoric acid (H₄P₂O₇) was used for biochar modification for im- 74 

proving the sorption capability for the adsorption of doxycycline. Briefly, 15 g of biochar were 75 

soaked in 30 mL of 20% H₄P₂O₇ solution for 24 h at room temperature. Afterwards, the pyrophos- 76 

phoric acid-modified biochar samples were washed with deionized (DI) water until the supernatant’s 77 

pH was stable. Thereafter, the supernatant was discarded and biochar samples were dried in an oven.  78 

Characterization of unmodified and modified biochar 79 

The elemental composition was used to measure polarity indexes of biochar before and after modi- 80 

fication. The H/C atomic ratios were used as a sign of aromaticity. Moreover, O/C ratios and polarity 81 

indexes (O + N)/C ratios were calculated to assess polarities of manufactured biochar. Ash contents of 82 

biochar were measured according to the ASTM (American Society for Testing and Materials) method 83 

D1762-84. Additionally, Brunauer-Emmett-Teller (BET) was used to measure the surface area.  84 

Sorption experiments 85 

Kinetics sorption 86 

15mg modified and unmodified biochar was added to 40mL glass tubes comprising 30mL doxycy- 87 

cline solution with 80mg L−1 concentration. All glass tubes were placed in shakers and agitated at 88 

200rpm at room temperature from 10 minutes to 1440 minutes. Each sample was measured in trip- 89 

licate and also tubes comprising only 30mL doxycycline solution of the same concentration were 90 

used for noticing doxycycline loss during this experiment. At pre-determined times, glass tubes were 91 

extracted and centrifuged at 2800rpm for 25 minutes and then filtered via 0.45µm millipore mem- 92 

branes. Afterwards, the filtrate was measured via a spectrophotometer at 409 nm [9]. 93 

https://www.sigmaaldrich.com/AT/de/search/24390-14-5?focus=products&page=1&perpage=30&sort=relevance&term=24390-14-5&type=cas_number


 

 

 

 

Sorption isotherms 94 

Sorption isotherms for modified and unmodified biochars were measured at various initial concen- 95 

tration of doxycycline: 10, 20, 40, 60, 80, 100, 120, 150, 200, and 250mgL−1. To each 40mL glass 96 

tube, 5mg of modified and unmodified sesame adsorbent and 30mL of doxycycline solution with 97 

different concentration were added, followed by shaking at 250rpm at room temperature to reach 98 

apparent equilibrium based on kinetic sorption.  99 

pH effect on sorption isotherms 100 

The doxycycline solutions with different concentrations were adjusted to pH 5, 7, 9 via using 0.1M 101 

NaOH and HCl solution. Hereafter, isotherm sorption trials were performed at room temperature.  102 

Data exploration 103 

The adsorption capacity and removal efficiency (%) of doxycycline onto modified and un-modified 104 

biochar were calculated using Eq. 1 and 2: 105 

qe = (Ci-Ce)×V)/W                                                        (1) 106 

% removal doxycycline= (Ci-Ce))/Ci×100                                  (2) 107 

Where qe (mg/g) signifies the adsorbed volume of doxycycline through the adsorbent, and Ci and Ce 108 

are initial and equilibrium doxycycline concentrations (mg/L), respectively, while V represents the 109 

total amount (L) of the solution and W stands for the weight (g) of the adsorbent. The kinetics ad- 110 

sorption data was analyzed through pseudo-1st-order and pseudo-2nd-order reactions:  111 

Pseudo-first-order: 112 

qt = qe(1-exp(-K1t)                                                          (3) 113 

Pseudo-second-order: 114 

qt = qe2k2t / 1+q*exp(-K2t)                                                         (4)              115 

To examine the reaction behaviour between doxycycline and biochars, data of adsorption isotherms 116 

was fitted through two models applied [10]. 117 

Freundlich: 118 



 

 

 

 

qe = KfCen                                                            (5)              119 

Langmuir; 120 

qe = qmaxKLCe /1+KLCe                                                 (6)  121 

Desorption Study and Reusability of biochar 122 

The modified and unmodified biochar was regenerated via extraction with 25mL of Milli-Q water. 123 

After being washed and dried in an oven, the materials performed three adsorption-desorption cycles, 124 

separately. This was followed through continuously for 24h at room temperature. The desorption 125 

efficiency of modified and unmodified biochar was calculated using equation (7):  126 

% desorption, doxycycline =     Cdes/Cads×100                               (7) 127 

Where, Cdes and Cads are desorbed volume (mg/L) of doxycycline in the solution and adsorbed volume 128 

of doxycycline through biochar, respectively.     129 

Results and discussion  130 

Biochars characterization  131 

Table 1 exhibits the ash content, elemental compositions, aromatic ratio, surface area, and pore 132 

volume of modified and unmodified biochar. The surface area significantly increased after modifi- 133 

cation (129.41 m2 g-1) .It was much higher than unmodified biochar (13.64 m2 g-1). Pyrophosphoric 134 

acid treatment could increase the biochar’s surface area [11,24]. Pyrophosphoric acid treatment 135 

generally increased the content of S, N and C but decreased O content as compared to pristine biochar. 136 

The H content showed no obvious alteration between before and after modification. Moreover, the 137 

ash content reduced after modification from 61.34 to 53.29%. Pyrophosphoric acid modification 138 

could partially eliminate ash of pristine biochar [12,25]. A substantially negative association was 139 

observed between ash and C contents in this work. Additionally, it was observed that the aromatic 140 

ratios O/C, H/C, (O + N)/C of modified biochar were reduced compared to pristine biochar. This 141 

decrease showed the biochar treated by pyrophosphoric acid turned into material with a less hydro- 142 

philic-nature with weak polar groups [12, 13,26].  143 

Table 1. Elemental composition (%), and surface area of unmodified and modified biochar 144 



 

 

 

 

Sample C H O N S O/C N/C H/C (O+N)/C Ash % SSA 

(m2 g-1) 

Unmodified 

Biochar 

32.16 0.64 11.61 1.04 0.11 0.19 0.04 0.01 0.24 61.34  13.64 

Modified 

Biochar 

34.15 0.66 6.32 1.45 0.14 0.33 0.03 0.02 0.22  53.29 129.41 

 145 

Reaction Time and Kinetic Modelling  146 

Figure, 1 and Table 2 represent the doxycycline removal percentage and sorption capacity by modified and 147 

unmodified biochar at different times. After 120 minutes, there was an ambiguous difference between 180 and 148 

1440 minutes, thus, 120 minutes was deemed to be a maximum equilibrium time for doxycycline sorbed onto 149 

modified and unmodified biochar. Besides, it was observed that the sorption efficiency of treated-biochar was 150 

higher than unmodified biochar. In this study, pseudo-1st-order and pseudo-2nd-order models were applied to 151 

arrange the sorption data for understanding possible mechanism related with the doxycycline sorption on 152 

modified and unmodified biochar. R2 values of the pseudo-second-order model (0.902-0.913) were greater 153 

than those of the pseudo-first-order model (0.804–0.842) (Table 2), comparable the most of antibiotics ad- 154 

sorption findings [14, 15, 16]. Furthermore, values of qe were closer to theoretical qe values considered 155 

through the pseudo-second-order model; additionally proposing that kinetics doxycycline’s sorption onto 156 

modified and unmodified biochar could be preferably reported by the pseudo-2nd-order model. The pseu- 157 

do-2nd-order model exhibits chemisorption mechanism occurred between doxycycline and modified biochar 158 

including valency forces through electrons exchange between biochar and doxycycline [17,27]. On the con- 159 

trary, the qe values of pyrophosphoric acid-treated biochar were greater than for unmodified-biochar. For 160 

instance, theoretical qe of doxycycline on modified biochar was 174.4mgg−1, significantly greater than the 161 

pristine biochar. It is evident that pore volume and SA of modified biochar significantly enhanced after py- 162 

rophosphoric acid modification (Table, 1), signifying pore-filling and surface adsorption might explicate the 163 

greater qe of modified biochar than un-modified biochar (Figure 1 and Table 2). Moreover, pyrophosphoric 164 

acid treatment could enhance functional groups number amount of adsorbent [12, 18, 28]., thus, chemical 165 

interactions between functional groups of modified biochar and doxycycline molecules might also partly lead 166 

to greater qe values of modified biochar compared to pristine biochar [18]. Therefore, possible cause for 167 

greater qe values of modified biochar than pristine biochar might be explicated via the increased interactions 168 



 

 

 

 

between modified biochar and doxycycline owing to the improved number of functional groups, i.e. –OH and 169 

–COOH [12]. 170 

Table. 2. Kinetic adsorption parameters of doxycycline onto unmodified and modified biochar 171 

 172 

Sample  Pseudo-1st-order Pseudo-2nd-order 

qe (mg g-1) K1 (h
-1) R2 qe (mg g-1) K2 (h

-1) R2 

Unmodified 

BC 

131.4 0.04 0.804 143.1 0.0003 0.902 

Modified BC 154.8 0.08 0.842 174.4 0.0006 0.913 
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 175 

 176 

Figure 1. Sorption kinetics of doxycycline on modified and unmodified biochar 177 
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Influence of Initial doxycycline -Concentration and Isothermic sorption  181 

Since the pyrophosphoric acid-modified biochar exhibited greater sorption capacity compared to unmodified 182 

biochar (Table, 2). Sorption data of doxycycline onto modified and unmodified biochar are represented in 183 

Figure, 2. The sorption data exhibited significantly greater sorption capacity compared to unmodified biochar. 184 

The data of doxycycline sorbed to modified and unmodified biochar fitted thru Freundlich and Langmuir 185 

models (Table 3). Both the Freundlich and Langmuir models presented isothermic sorption well because R2 186 

value of Langmuir (0.961–0.983) was same as R2 of Freundlich model (0.982–0.989). Conforming to, qmax 187 

fitted via Langmuir model, the qmax of doxycycline via modified biochar (153.9mgg−1) was significantly 188 

higher than untreated biochar (87.6mgg−1). According to Freundlich, Kf of modified biochar (89.5mg-1-nLn 189 

g-1) were also higher compared to untreated biochar (63.2 mg-1-n Ln g-1). These findings suggested that 190 

modified biochar had hefty sorption capability and greater sorption ability as compared to untreated biochar, 191 

which might be mainly explicated by the higher O/C ratio and surface area of pyrophosphoric acid-modified 192 

biochar than pristine biochar. In this work, Langmuir and Freundlich both models could fit for adsorption data 193 

of doxycycline on modified and unmodified biochar well, signifying the doxycycline adsorption on biochar 194 

might be influenced via several processes. [13] Summarized primary sorption process of antibiotic on ad- 195 

sorbent surface, such as EDA interaction, surface complexation, cation exchange, electrostatic interaction, and 196 

Hydrogen bonding. Pyrophosphoric acid-treatment removed the cations, for example, Ca2+, Na+ and Mg2+, 197 

signifying the surface complexation and cation exchange should not be primary mechanisms for doxycycline 198 

adsorption on modified and unmodified biochars [18]. Simultaneously, Table 2 and Figure 1 exhibited that 199 

doxycycline was sorbed mainly via chemisorption mechanism including EDA-interaction and H bonding. In 200 

comparison, O/C contents of modified biochar with unmodified biochar (Table 1), greater O/C ratio of mod- 201 

ified biochar proposed that modified biochar might have additional oxygen-enrich functional groups which 202 

could aid as hydrogen-bond acceptors and therefore doxycycline adsorption on modified biochar was greater 203 

raw adsorbent [19]. Contrastingly, physical adsorption might also partly bestow to greater adsorption ability 204 

of modified biochar due to SA of modified biochar was greater than pristine adsorbent (Table 1), though 205 

chemical adsorption was most influenced in this work. Nonetheless, it is difficult to value the support of π-π 206 

EDA-interaction, H-bonding and physical adsorption for doxycycline sorption on modified and unmodified 207 

biochars ([12]. 208 
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Table. 3. Isothermic adsorption parameters of doxycycline onto unmodified and modified biochar 211 

Sample  Langmuir Freundlich 

qmax (mg g-1) KL(L mg-1) R2 Kf (mg-1-n 

g-1) 

n R2 

Unmodified 

BC 

87.6 0.12 0.961 63.2 0.11 0.982 

Modified BC 153.9 0.26 0.983 89.5 0.14 0.989 

 212 

 213 

 214 

Figure 2. Sorption isotherms of doxycycline on modified and unmodified biochar 215 

     Effect of pH 216 

Effect of different pH values on adsorption of doxycycline on pyrophosphoric acid treated biochar was 217 

examined because doxycycline form and adsorption mechanism of doxycycline on biochar was signif- 218 

icantly affected via pH. Figure 3 displays the impact of pH in sorption of doxycycline on modified and 219 

unmodified biochar at 25 °C. Increasement in adsorption capacity with increased pH was noticed on 220 

modified and unmodified biochar, and highest adsorption of doxycycline onto modified and unmodified 221 

biochar was observed at 9 pH. The adsorption data of doxycycline on modified and unmodified biochar 222 
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under several pH solutions were arranged by Freundlich and Langmuir models (Table 4). The R2 values 223 

showed the Freundlich and Langmuir could fit the adsorption data well, particularly Freundlich model. 224 

Generally, Kf of doxycycline adsorption on biochars reduced but n enhanced with enhancing pH. Be- 225 

sides, the initial pH enhancing from 5-9, the fitted Kf of unmodified biochar reduced from 65.2 to 32.4 226 

mg-1-n Ln g-1 and modified biochar decreased from 79.1 to 26.4 mg-1-n Ln g-1. As well as, qmax of 227 

doxycycline on modified biochar enhanced from 139.8 mg g−1 to 562.1 mgg−1 with pH elevating from 228 

5-9 which was much higher than unmodified biochar (119.2 to 358.8 mgg−1). These findings evidently 229 

proposed that adsorption ability of doxycycline on modified biochar was improved thru raised pH 5 to 9. 230 

In general, the doxycycline properties and biochar were changed through solution pH, and subsequently 231 

inducing sorption volume of doxycycline on the biochar. pHPZC of biochar and pKa of doxycycline was 232 

suggested as key reason for alterations of adsorption capability of doxycycline onto biochar under var- 233 

ious pH values [20, 28, 29, 30]. Moreover, biochar surface charge was positive, when solution pH was 234 

lower compared to their pHPZC and vice versa. At lower pH, doxycycline was cationic and the biochar 235 

surface is generally positive, thus, the π-π electron (electron-donor- acceptor) interactions were weak. As 236 

well as pH elevating, doxycycline turned zwitterionic and electron-donor-acceptor interactions between 237 

biochar and doxycycline was strengthened. Therefore, increased adsorption of doxycycline was noticed. 238 

In brief, changed charges of biochar and doxycycline should reasonably elucidate the variations of ad- 239 

sorption volume of doxycycline on modified and unmodified biochar under different pH values. Thus, 240 

the increased sorption of doxycycline on modified biochar at increased pH could be mainly enlightened 241 

by the strengthened electrostatic attraction between negative charges of doxycycline and positive surface 242 

charges of biochar. 243 
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Table. 4. Sorption isotherm parameters of doxycycline onto unmodified and modified biochar at different 252 

initial pH of solution. 253 

Sample  Langmuir Freundlich 

qmax (mg g-1) KL(L mg-1) R2 Kf (mg-1-n 

g-1) 

n R2 

Initial pH=5 

Unmodified BC 119.2 0.22 0.929 65.2 0.1 0.949 

Modified BC 139.8 0.57 0.941 79.1 0.1 0.973 

Initial pH=7 

Unmodified BC 166.8 0.21 0.901 68.6 0.2 0.964 

Modified BC 258.7 0.07 0.984 50.4 0.3 0.996 

Initial pH=9 

Unmodified BC 358.8 0.03 0.967 32.4 0.4 0.982 

Modified BC 562.1 0.02 0.993 26.4 0.5 0.998 

 254 
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Figure 3. Effect of various pH solutions on doxycycline removal 259 

Desorption analysis 260 

After successful doxycycline adsorption, the modified and unmodified biochars were exposed to regeneration 261 

experiments in order to measure the stability and reusability of biochar. The experiments conducted based on 262 

three adsorption desorption cycles to scrutinize repetitive use of biochar under the optimum condition. 263 

Findings exhibited that sorption capabilities of modified biochar somewhat decreased after three adsorp- 264 

tion-desorption cycles (Figure 4). Very low desorption amount was noticed with Milli-Q water for modified 265 

biochar (12.36-1.25 %) (Figure 4).  Results proposed that pyrophosphoric acid-modified biochar was effi- 266 

ciently recycled and can be used in repeated doxycycline sorption batches at least three times with minimum 267 

loss in their sorption volumes, using Milli-Q water as ideal desorption material [21, 32, 33, 34, 35]. 268 
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 269 

Figure 4. Adsorption-desorption of modified and unmodified biochar 270 

5. Conclusions 271 

Pyrophosphoric acid-modification improved the doxycycline sorption on modified biochar, (about 30% en- 272 

hancement). The doxycycline sorption on pyrophosphoric acid-modified sesame adsorbent was greatly en- 273 

hanced along with increasing pH from 5 to 9. The π-π EDA interactions and H-bonding might be the primary 274 

adsorption mechanism for doxycycline adsorption onto treated and un-treated biochar. With respect to the 275 

pristine adsorbent, modified biochar revealed higher sorption capacities and volumes of doxycycline and 276 

might be a virtuous adsorption agent for doxycycline elimination from the water, though the doxycycline 277 

adsorption on unmodified biochar was low compared to modified biochar. The findings of the current study 278 

demonstrated that sorption was spontaneous and multi-layered as evidenced by Langmuir and Freundlich 279 

models, and endothermic as elimination efficacy can be enhanced by raising the temperature. 280 
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