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A B S T R A C T  

Though there may not be con sen sus re gard ing the tox i c ity of glyphosate, given the strong in ter est in its re - 
moval from wa ter sources nan otech nol ogy was used in this work to that end. Nanopar ti cles of zinc ox ide 
(ZnO - NPs) were syn the sized in a con trolled man ner by chem i cal route. The ZnO pow ders were then char ac ter - 
ized by in frared and UV – Vis ab sorp tion spec tro scopies, X - ray dif frac tion and scan ning elec tron mi croscopy. To 
eval u ate the ca pac ity for re moval, aque ous so lu tions of the Mon santo her bi cide Roundup 747 SG con tain ing 
679  g/ kg of glyphosate were ad justed to ob tain glyphosate - ZnO - NP sus pen sions of 250  ppm – 250  ppm, 
700  ppm – 700  ppm, 1000  ppm – 1000  ppm, 1000  ppm – 250  ppm and 1000  ppm – 700  ppm and these were used 
to carry out the tests. The % Re moval curves ob tained in di cate that the ZnO - NPs re moved be tween ~70% and 
90% of the her bi cide in the sys tem. While the UV – Vis ab sorp tion spec tra showed small dis place ments of the 
ab sorp tion max i mum and the ap pear ance of other small bands, in di cat ing her bi cide degra da tion, ad sorp tion 
proved to be the most im por tant re moval mech a nism. The ki net ics of the process was suit ably de scribed by a 
pseudo sec ond or der equa tion, al though it is not pos si ble to rule out, for some glyphosate - ZnO - NP con cen tra - 
tion ra tios, the im por tance of in tra parti cle dif fu sion. These re sults in di cate that the syn the sized ZnO nanopar - 
ti cles were ef fi cient in the re moval of glyphosate in aque ous so lu tions at the lab o ra tory level. 

1 . Introduction 

The need to ad dress the prob lem of food scarcity be gan to be come 
ev i dent in the mid - twentieth cen tury. The in crease in world pop u la - 
tion has en cour aged tech no log i cal de vel op ments to in crease food pro - 
duc tion - mainly agri cul tural pro duc tion with sus tain able agri cul ture 
in mind (P. Tittonell, 2014 ; Pretty et al., 2003 ). With the ad vances in 
the field of agri cul ture, crop man age ment tech niques have been de - 
vel oped and adopted by farm ers around the world. This has en cour - 
aged the use of large amounts of pes ti cides, in clud ing her bi cides, to 
pro tect plants against pests, fungi and weeds. When a hu man be ing 
in gests pes ti cides, by ac ci dent or through daily ex po sure, these can 
cause var i ous dis eases in the skin, eyes and ner vous sys tem; if ex po - 
sure is very pro longed, it can cause can cer ( Rawtani et al., 2018 ). 

The residue of these agro chem i cals can be come widely dis persed 
in drink ing wa ters, ground wa ters and soils ( Taghizade et al., 2018 ; 
Nasrabadi et al., 2011 ; Grillion et al., 1999 ). Promi nent among the 
routes that would lead to con t a m i na tion of the en vi ron ment with pes - 

ti cides are land runoff, di rect en try from prod uct spray ing, in dus trial 
ef flu ents and dust. Tak ing into ac count the usual process of spray ing 
pes ti cides on crops, more than 90% of the dis persed prod uct reaches 
des ti na tions other than those tar geted. This causes the agro chem i cals 
to per sist in the soil and reach wa ter bod ies ( Damalas and Elefthero 
Horinos, 2011 ). Pes ti cide residues sig nif i cantly af fect aquatic ecosys - 
tems and mam mals. Con sid er ing specif i cally the qual ity of wa ter for 
hu man con sump tion, the pres ence of pes ti cides sig nif i cantly low ers 
wa ter qual ity ( Khatri et al., 2016 ). The Drink ing Wa ter Di rec tive (98/ 
83/ EC) de fines a limit of 0.1  μg/ L for any sin gle pes ti cide and 0.5  μg/ 
L for the sum of all pes ti cides de tected and mea sured through nor mal 
mon i tor ing ( Plakas and Karabelas, 2012 ). Thus, there is an ur gent 
need to de tect pes ti cides and re move them from sources of drink ing 
wa ter. With this in mind, in no v a tive meth ods have been de vel oped 
with the aim of ef fi ciently treat ing wa ter. Those rooted in nan otech - 
nol ogy stand out, due to the fact that a num ber of nano ma te ri als 
boast physic o chem i cal prop er ties that po si tion them as good can di - 
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dates for re mov ing pes ti cides from wa ter beds ( Rawtani et al., 2018 ; 
Taghizade Firozjaee et al., 2018 ). 

In ad di tion, with the de vel op ment of new tech nolo gies, the lim its 
of these pes ti cides ex tend to health risks that reach right to the mol e c - 
u lar level, in other words that just a few mol e cules of these agro chem - 
i cals can cause ad verse ef fects on the health of the pop u la tion. That is 
why a tech nol ogy is re quired that works at atomic and mol e c u lar lev - 
els, both to de tect and to de grade pes ti cides ( Rawtani et al., 2018 ). As 
re gards pro posed method olo gies based in nan otech nol ogy, eval u a tions 
have been car ried out for ad sorp tion ( Moradi Dehaghi et al., 2014 ; 
Tovakkoli and Yazdanbakhsh. 2013 ), nanofil tra tion ( Plakas and 
Karabelas, 2012 ; Van der Bruggen et al., 1998 ) and degra da tion 
( Abdennouri et al., 2016 ; Navarro et al., 2009 ; Keum and Li, 2004 ). 

More specíf i cally, Glyphosate, N - (Phosphonomethyl) glycine (GLY) 
is a her bi cide with a non - selective, broad - spectrum ac tiv ity. It was in - 
tro duced in 1974 for the con trol of agri cul tural pro duc tion ar eas 
( Benbrook, 2016 ) and is one of the most widely used her bi cides 
world wide ( Woodbruen, 2000 ; Castle et al., 2004 ), a sit u a tion fa vored 
by the in tro duc tion of ge net i cally mod i fied GLY - resistant crops at the 
end of the 20th cen tury. Glyphosate is not nor mally ap plied in its 
pure form, but in com mer cial for mu la tions such as Roundup 
( Monsanto, 2002 , 2013 ) and Touch down (Syn genta), which are called 
glyphosate - based her bi cides (GBHs). The sim i lar i ties with Phos pho - 
enolpyru vate (PEP) al low glyphosate to bind to the 5 - 
enolpyruvylshikimate 3 - phosphate (EPSP) syn thase sub strate to in - 
hibit its ac tiv ity and block its in te gra tion in the chloro plast. The in hi - 
bi tion of the func tion ing of the shiki mate path way gen er ates a de fi - 
ciency in aro matic amino acids, which even tu ally causes the death of 
the plant due to mal nu tri tion. In ad di tion to glyphosate, GBHs con tain 
sev eral ad ju vants ( Li et al., 2005 ), among them those that in crease the 
ad he sion of glyphosate to the sur face of plants (for ex am ple 
alkylpolyg ly co side), which fa cil i tate pen e tra tion into the cell walls of 
plants and their tis sues (e.g. ethoxy lated tal low amines) to ex ert their 
her bi ci dal ef fects. Un for tu nately the full com po si tion of GBHs is not 
known. This is treated as a trade se cret by man u fac tures, and avail - 
able data on the haz ards posed by dif fer ent mix tures re mains lim ited 
( LVanderberg et al., 2017 ). A small num ber of con trolled stud ies car - 
ried out in lab o ra to ries, us ing con tem po rary sci en tific ap proaches, 
have reg is tered ad verse ef fects, both of glyphosate and of GBHs, in 
doses much lower than those used to make risk as sess ment de ci sions. 
Specif i cally, Roundup con tains, in ad di tion to glyphosate, iso propy - 
lamine and poly oxyeth yl ene amine (POEA), to im prove the ab sorp tion 
and translo ca tion of the ac tive in gre di ent by the plants ( Tsui and Chu, 
2003 ). GBHs are used in many agri cul tural ac tiv i ties, such as con trol 
of weeds that af fect crops, due to its wide range of ac tion and the 
func tion al ity for which the prod uct was de signed. In ad di tion, other 
glyphosate uses have been de ter mined, be ing able to be used in the 
chem i cal mat u ra tion of seeds and in sug ar cane. 

Re search car ried out by Goldsborough and Beck (1989) con cluded 
that glyphosate is rapidly dis si pated from the sur face wa ters of lentic 
sys tems. It is fur ther sug gested that the main forms of glyphosate loss 
in the wa ter col umn are due to ad sorp tion by the sed i ment and 
biodegra da tion ( Rueppel et al., 1977 ; Monsanto, 2014 ). Mann and 
Bidwell (1999) de ter mined that glyphosate iso propy lamine is prac ti - 
cally non - toxic as there is no mor tal ity among the tad poles of any of 
the four species of Aus tralian frogs stud ied and they men tion the im - 
por tance of eval u at ing the per sis tence of the sur fac tant com po nents in 
com mer cial for mu la tions of glyphosate be cause this fac tor is the main 
con trib u tor of its acute tox i c ity; the poly oxyeth yl e neamine sur fac tant 
in the case of Roundup. The neg a tive ef fects on the en vi ron ment, for 
ex am ple on the am phib ian pop u la tion due to the con t a m i na tion of 
wa ter sources ( Bernal et al., 2009a ; Bernal et al., 2009b ) can not there - 
fore sim ply be ig nored. Mean while, be cause glyphosate can be de - 
graded by soil mi crobes ( Zhang et al., 2015 ) and can be linked to soil 
col loids ( González - Martínez et al., 2005 ), the World Health Or ga ni za - 

tion et al. (1994) con sid ered that GLY is “tox i co log i cally harm less” for 
hu mans, other mam mals, birds and the en vi ron ment ( Tsui and Chu, 
2003 ). Nev er the less, re cent re search sug gest that GLY may be con sid - 
ered tox i co log i cally harm ful and pre sents po ten tial as so ci a tion with 
hu man car cino gen e sis and other chronic dis eases ( Valle et al., 2019 ; 
Tarazona et al., 2017 ) in clud ing al ter ations in the men tal and re pro - 
duc tive be hav ior of hu mans ( Anifandis et al., 2018 ; Williams et al., 
2012 ). In a re cent re view ( Van Bruggen et al., 2018 ), ref er ence was 
made to the fact that, in spite of the fact that glyphosate has been 
used ex ten sively in the last 40 years, opin ion as to the po ten tial risk, 
di rect and in di rect, of the use of this her bi cide on hu man and en vi ron - 
men tal health has re cently seen an in crease ( Conrad et al., 2017 ). Ad - 
di tion ally, the sci en tific lit er a ture in di cates that chronic ex po sure to 
GLY can lead to such dis eases in hu mans as at ten tion deficit hy per ac - 
tiv ity dis or der (ADHD), di a betes, heart dis ease, col i tis, mul ti ple scle - 
ro sis, de pres sion, non - Hodgkin lym phoma and Alzheimer's dis ease 
( Samsel and Seneff, 2013 ), autism ( Beecham and Seneff, 2015 ), 
chronic kid ney dis ease ( Jayasumana et al., 2014 ), Parkin son's dis ease 
( Gui et al., 2012 ), prob lems in preg nancy ( Benachour and Séralini, 
2009 ), among oth ers (see Valle et al., 2019 ). Re cent work in di cates 
that ad di tional work is re quired in higher or gan isms us ing the pes ti - 
cide for mu la tions to learn more about the po ten tial risk of neu rode - 
gen er a tion in hu mans ( Burchfield et al., 2019 ). 

The study con ducted by Romano et al. (2010) , found that 
glyphosate sig nif i cantly changes the pu ber tal de vel op ment of male 
Wis tar rats in a dose - dependent man ner; re duc ing the pro duc tion of 
testos terone and sig nif i cantly de creas ing the ep ithe lial thick ness of 
the sem i nif er ous ducts, sug gest ing that the com mer cial glyphosate for - 
mu la tion is a po tent en docrine dis rup tor in vivo in the re pro duc tive 
de vel op ment in rats when ex po sure is dur ing the pe riod of pu berty 
( Dai et al., 2016 ); this agrees with the con clu sions of Dallegrave et al. 
(2007) that the com mer cial for mu la tion of glyphosate (Roundup) in - 
duces ad verse re pro duc tive ef fects in male Wis tar rats dur ing pre na tal 
and post na tal ex po sure; a de crease in the num ber of sperm dur ing the 
adult stage, an in crease in the per cent age of ab nor mal sperm and a 
de crease in the serum level of testos terone at pu berty, in bull frogs. 
Ac cord ing to Rissol et al. (2016) , all the her bi cides cause marked al - 
ter ations in the skin, mod i fi ca tion in the mor phol ogy of the cell wall, 
while the ep ithe lial tis sue can pre sent hy per pla sia or hy per tro phy. 

Ac cord ing to the lit er a ture pub lished in re cent years, it has been 
shown that the han dling of glyphosate, as well as of the great ma jor - 
ity of pes ti cides, by the rural pop u la tion is un safe ( Campuzano - 
Cortina et al., 2017 ). Stud ies have shown the pres ence of this her bi - 
cide in the body of peo ple who are ex posed through work or in vol un - 
tar ily ( Conrad et al., 2017 ), even in chil dren due to in ad e quate stor - 
age con di tions, and this is due to the fact that this toxic sub stance has 
not only gas troin testi nal, but also mu co cu ta neous and in hala tory ab - 
sorp tion. A par tic u lar sit u a tion oc curs in coun tries like Colom bia 
where glyphosate is used in the forced erad i ca tion of coca crops 
( Reyes, 2014 ), specif i cally by aer ial spray ing ( Camacho and Mejía, 
2017 ), which has caused health prob lems in the fields where spray ing 
was car ried out ( Solomon et al., 2009 ). 

For the degra da tion of glyphosate, mi cro bial trans for ma tion is per - 
haps the main route, pass ing through fleet ing in ter me di aries such as 
AMPA, sar co sine and formalde hyde, to car bon diox ide. In the case of 
abi otic degra da tion, the amounts of glyphosate de graded by non - 
microbial forms of de com po si tion are neg li gi ble; pho todegra da tion by 
sun light of glyphosate ap plied to the soil ap pears to be neg li gi ble, ac - 
cord ing to a study by PTRL, Inc., 1989 ( Ahrens, 1994 ). Mean while, if 
biodegra da tion with bac te r ial strains is con sid ered, var i ous types of 
bac te ria are used as in di cated by Mén dez - Villaquirán in his work 
( Méndez - Villaquirán, 2015 ), find ing a cer tain ca pac ity to de com pose 
and de grade glyphosate. In most lab o ra tory ex per i ments, the rate of 
degra da tion of glyphosate in soils ap pears to be rel a tively rapid 
( Wang T. et al., 2016b , Bott et al., 2011 ). 
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Other chem i cal and physic o chem i cal meth ods are used to de grade 
glyphosate ( Assalin et al., 2010 ), note wor thy among them ad vanced 
ox i da tion processes ( Kudzin et al., 2019 ), specif i cally the use of a 
TiO 2 pho to cat a lyst ( Shifu et al., 2007 ), hy dro gen per ox ide ir ra di ated 
with UV ( Manassero et al., 2010 ), TiO 2 par ti cles doped with Mn, Ce 
or La and ac ti vated with vis i ble light ( Umar et al., 2016 ), ti ta nia nan - 
otubes doped with pho to cat alyt i cally ac ti vated cerium ( Xue et al., 
2011 ), pho todegra da tion us ing goetite and mag netite ( Yang et al., 
2018 ), a nanocom pos ite of BiOBr/ Fe 3 O 4 ( Cao et al., 2019 ), MnO 2 
( Jaisi et al., 2016 ) and BiVO 4 ( Huo et al., 2017 ). In ad di tion, ad sorp - 
tion on a MnFe 2 O 4 - graphene hy brid com pound ( Yamaguchi et al., 
2016 ), ox ida tive degra da tion with man ganese ox ide ( Barret and 
McBride, 2005 ) and ox i da tion of elec tro chem i cally as sisted MnO2 
( Lan et al., 2013 ), have all been used, among other meth ods. More - 
over, nan otech nol ogy re cently be gan to be used in or der to de grade 
glyphosate. Al though the num ber of stud ies car ried out con sid er ing 
this func tion al ity of nanopar ti cles is in the early stages, there are stud - 
ies such as ( Wang M., 2016a ), who use nanopar ti cles of MnO 2 /C, with 
high spe cific sur face and high dis per sion, ob tain ing a very strong cat - 
alytic ad sorp tion and degra da tion of glyphosate. An ef fi cient 
glyphosate re moval was fur ther achieved us ing nano sized cop per hy - 
drox ide mod i fied resin (D201Cu) ( Zhou et al., 2017 ). 

In the pre sent work a syn the sis method was struc tured that made 
it pos si ble to ob tain, in a con trolled and re pro ducible way, ZnO 
nanopar ti cles (ZnO - NPs) which were char ac ter ized and then used to 
re move glyphosate from aque ous so lu tions pre vi ously de signed in the 
lab o ra tory. These nanopar ti cles showed a good ef fi ciency in the re - 
moval of the her bi cide. 

2 . Materials and methods 

2. 1 . Synthesis of ZnO nanoparticles 

The method used for the syn the sis of the ZnO - NPs was that of con - 
trolled pre cip i ta tion ( Rodríguez - Páez, 2001 ; Rodríguez - Páez et al., 
1997 ). The process was con ducted at room tem per a ture (22  °C) us ing 
dis tilled wa ter (400  mL) as sol vent, hy drated zinc ac etate 
(Zn (CH 3 COO) 2 - Merck) as Zn pre cur sor to acid ify the ni tric acid sys - 
tem (HNO 3 - Merck) and am mo nium hy drox ide (NH 4 OH - Merck) as 
pre cip i tant. With the sol vent un der con tin u ous stir ring, the pre cur sor 
was added and the sys tem was al lowed to ac quire a trans par ent con - 
di tion, the so lu tion reach ing a pH value of 6.4  ±  0.1. 

The am mo nium hy drox ide (pre cip i tat ing agent) was then added to 
the so lu tion, an ac tion that was car ried out slowly and pe ri od i cally, 
every 5  s, ad min is ter ing an amount of ap prox i mately 0.110  mg (two 
drops). The con trolled and pe ri odic ad di tion of NH 4 OH was car ried 
out so that the chem i cal re ac tions, mainly of hy drol y sis (fa vor ing the 
pres ence of OH groups in the Zn 2+ co or di na tion sphere), could de - 
velop fa vor ably. Each mol e cule of am mo nium hy drox ide was dis so ci - 
ated re leas ing hy droxyl, which in creased the pH of the sus pen sion, 
pro mot ing the de pro to na tion of the wa ter mol e cules that sur rounded 
the Zn 2+ and thus fa vor ing the pres ence of hy droxy OH groups in the 
co or di na tion sphere of the cation. The pre cip i tat ing agent con tin ued 
to be added to the sys tem un til reach ing the fi nal work ing pH (8.5). 
With the ad di tion of NH 4 OH to the sys tem, up to pH 8.5, the hy drol y - 
sis and con den sa tion re ac tions of the Zn species were fa vored and the 
de vel op ment of the most im por tant stages of the process was fa cil i - 
tated: em bri on a tion, nu cle ation and for ma tion of the solid pre cip i tate 
( Rodríguez - Páez, 2001 ). 

2. 2 . Characterization of the synthesized ZnO - NPs 

To de ter mine the physic o chem i cal char ac ter is tics of the syn the - 
sized ce ramic pow ders, a num ber of char ac ter i za tion tech niques were 
used. 

2. 2. 1 . X - ray diffraction - XRD 
The XRD tech nique al lows the de ter mi na tion of the crys talline 

struc ture of solid sam ples, which de fines their phys i cal prop er ties, in - 
clud ing elec tri cal, op ti cal and cat alytic prop er ties. In this work, the 
dif frac tograms of the sam ples of in ter est were taken us ing the PAN a - 
lyt i cal X'Pert Pro X - ray equip ment with a cop per an ode, Cu 

, in the range be tween 20° and 70°. The Scher rer for - 
mula ( ) was used to de ter mine the crys tal lite size. 

2. 2. 2 . Scanning electronic microscopy (SEM) 
To ob serve the solids of in ter est for this in ves ti ga tion, the Tes can 

Vega 3 SB mi cro scope was used. This equip ment op er ates with a tung - 
sten fil a ment at ac cel er at ing volt ages be tween 200V and 30  kV, with 
gaps from 0.009  Pa to 2000  Pa (pas cal) and has three de tec tors: sec - 
ondary elec trons (SE), backscat tered elec trons (BSE) for im age ob ser - 
va tion and dis per sive en ergy X - ray spec troscopy (EDX) for el e men tal 
analy sis. 

2. 2. 3 . Infrared spectroscopy 
The IR spec tra give in for ma tion about the func tional groups pre - 

sent in the sam ples. The equip ment used for this test was the Thermo 
Sci en tific Nico let iS10 FT - IR spec tropho tome ter. The sam ple was pre - 
pared us ing the solid of in ter est with KBr, to form a pel let, and the IR 
spec trum was recorded in the re gion be tween 4000 and 400  cm −1 

with a res o lu tion of 4 wave num bers. 

2. 2. 4 . UV – Vis absorption spectroscopy 
Ul tra vi o let – visible spec trom e try or UV – Vis spec tropho tom e try in - 

volves pho ton spec troscopy in the ul tra vi o let – visible ra di a tion re gion. 
This tech nique prin ci pally con sid ers the elec tronic tran si tions from 
the basal state to the ex cited state. For the pre sent study, the Thermo 
Sci en tific Evo lu tion 300 UV - VIS spec tropho tome ter was used. 

2. 3 . Evaluation of glyphosate removal by ZnO - NPs 

Hav ing ob tained the ZnO - NPs, us ing the method of con trolled pre - 
cip i ta tion de scribed above, we pro ceeded to quan ti ta tively study their 
use in the re moval of glyphosate. Ini tially the cal i bra tion curve of the 
wa ter - glyphosate sys tem was ob tained. For this, the UV – Vis spec tra of 
aliquots of glyphosate so lu tions con tain ing con cen tra tions from 250 to 
5000  ppm of the her bi cide were taken. The so lu tions were formed by 
dis solv ing an ad e quate amount of Mon santo Roundup 747 SG, which 
con tained a glyphosate a. i. con cen tra tion of 679  g/ kg, in a suit able 
vol ume of wa ter to form the so lu tions in the con cen tra tions in di cated 
pre vi ously. For each aliquot of in ter est, the UV – Vis spec trum was 
taken and the max i mum ab sorbance value of the glyphosate char ac - 
ter is tic band, lo cated at 193  nm, was recorded for the dif fer ent con - 
cen tra tions. These data were used to cor re late the val ues of ab - 
sorbance, cor re spond ing to the char ac ter is tic band of glyphosate, with 
those of the con cen tra tion of this com pound in so lu tion, ob tain ing the 
equa tion of the cal i bra tion curve of the sys tem. 

To de ter mine the cat alytic ac tiv ity of the syn the sized ZnO - NPs, 
eval u at ing the re moval of glyphosate, suit able amounts of Roundup 
747 SG prod uct were weighed and dis solved in an ad e quate vol ume of 
wa ter to ob tain con cen tra tions of 250, 700 and 1000  ppm. The spec - 
tra cor re spond ing to these sus pen sions had been pre vi ously recorded 
and showed ab sorbance val ues lower than 1.5, ab sorbance val ues ad e - 
quate for car ry ing out the study, in con trast to the val ues recorded for 
con cen tra tions greater than 1000  ppm that were greater than 1.7. In 
or der to eval u ate the glyphosate re moval ca pac ity of the syn the sized 
ZnO, quan ti ties of this ox ide were added to the glyphosate so lu tions 
to ob tain con cen tra tions of 250, 700 or 1000  ppm of ZnO. Sub se - 
quently, the be hav ior of the wa ter - glyphosate - ZnO sys tems was mon i - 
tored by tak ing aliquots of the sys tem every 10  min for 1  h and the 
cor re spond ing UV – Vis ab sorp tion spec trum was recorded, pay ing at - 
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ten tion to the ab sorbance value of the peak of max i mum ab sorbance 
(lo cated at 193  nm). Table 1 shows the glyphosate - ZnO con cen tra tion 
ra tios eval u ated through the method ol ogy in di cated above. 

The pre vi ously ob tained cal i bra tion curve was used to de ter mine, 
based on the val ues of max i mum ab sorbance (peak at 193  nm), the 
con cen tra tion of glyphosate pre sent in the so lu tion for each aliquot 
taken reg u larly over time (every 10  min). Us ing the val ues ob tained, 
the C/ C o and % Re moval ((C o – C)/C o ) curves were plot ted, as a func - 
tion of time, to de ter mine the ca pac ity of glyphosate re moval by the 
ZnO - NPs. 

Table 1 
Glyphosate - ZnO con cen tra tion ra tios used to study the glyphosate re moval 
ca pac ity of the syn the sized ZnO - NPs. 

Roundup (ppm) ZnO (ppm) 

 250 700 1000 

250 ✓ ✓ ✓ 
700 ✓ ✓ 
1000 ✓ 

3 . Results and discussion 

3. 1 . Synthesis process 

The de scrip tion of the process of con trolled pre cip i ta tion was car - 
ried out us ing the po ten tio met ric titra tion curve of the Zn (CH 3 COO) 2 
– H 2 O – HNO 3 sys tem ( Fig. 1 (a)) and that can also be used as a means 
of con trol ling the process, to en sure its re pro ducibil ity and there fore 
the char ac ter is tics of the fi nal prod uct. In it, the stages of the process 
are clearly dif fer en ti ated be cause the hy drol y sis and con den sa tion re - 
ac tions, which in volve pro tons (H + ) and hy droxyl groups (OH − ), pre - 
dom i nate (see Rodríguez - Páez et al., 2001 ). 

3. 2 . Characterization of the synthesized ZnO - NPs 

3. 2. 1 . XRD 
The peaks of the dif frac togram in Fig. 1 (b) cor re spond to ZnO 

(PDF - 2 2004 ac cord ing to the In ter na tional Cen ter for Dif frac tion 
Data - PDF 2004), which has a wurtzite - like crys tal struc ture. The 
slen der ness of the peaks in di cates that the sam ple is well crys tal lized. 

A fur ther piece of in for ma tion that can be ob tained from the X - ray 
dif frac tion data is the crys tal lite size of the syn the sized ZnO and for 
this the De bye - Scherrer for mula was used: 

(3) 

Fig. 1 . (a) Po ten tio met ric titra tion curve of the Zn (CH 3 COO) 2 – H 2 O – HNO 3 sys tem and (b) X - ray dif frac togram, (c) IR spec trum and (d) UV – Vis ab sorp tion spec - 
tra cor re spond ing to the syn the sized ZnO pow ders. 



Biocatalysis and Agricultural Biotechnology 22 (2019) 101434

5

M.R. Páez et al. 

where K  =  0.9; λ is the wave length of the in ci dent X - rays (which for 
this case λ  =  1.5402  Å), β the width of each peak of the dif frac togram 
at a medium height (in ra di ans) and ϴ the an gle of re frac tion. The re - 
sults of the cal cu la tions, us ing Eq. (3) for the most promi nent peaks in 
Fig. 1 (b), are in di cated in Table 2 . 

Ob serv ing the val ues in di cated in Table 2 , it can be con cluded that 
the crys tal lite size value is dif fer ent de pend ing on the crys tal lo graphic 
di rec tion con sid ered, which in di cates that the crys tal lite was asym - 
met ric, that is, it pre sented dif fer ent de for ma tions in dif fer ent crys tal - 
lo graphic di rec tions. 

3. 2. 2 . IR and UV – Vis spectroscopy 
In Fig. 1 (c) the IR spec trum of the syn the sized ZnO is shown. In 

the spec trum, dif fer ent bands are ob served, cor re spond ing to dif fer ent 
func tional groups, fea tur ing in par tic u lar a small band lo cated be - 
tween 3200 and 3500  cm −1 that is as so ci ated with the OH groups pre - 
sent in the sam ple (O – H stretch ing vi bra tion mode). An other band lo - 
cated at ~2340  cm −1 would cor re spond to the CO 2 ad sorbed from the 
en vi ron ment and the one found at 1628  cm −1 is as so ci ated with a vi - 
bra tional mode of wa ter (flex ion of the H – O – H func tional group) 
( Socrates, 2001 ). Un doubt edly, the band most ev i dent in the dif frac - 
togram is lo cated at ~443  cm −1 - the band char ac ter is tic of ZnO 
( Rodríguez - Páez et al., 2001 ). 

Mean while, in Fig. 1 (d) the UV – Vis ab sorp tion spec tra cor re spond - 
ing to two con cen tra tions of sus pen sions of the syn the sized ZnO are 
shown. They show an ab sorp tion max i mum at λ ~385  nm (cor re - 
spond ing to an en ergy value of ~3.25  eV) and that would be re lated 
to elec tronic tran si tions from the va lence band to the con duc tion 
band. The cor re spond ing en ergy value, as so ci ated with this elec tronic 
tran si tion, is re lated to the value of the band gap width and that in 
the sci en tific lit er a ture is re ported with a value of ~3.4  eV. Since the 
ab sorp tion edge falls smoothly, above the max i mum, there is cause to 
an tic i pate elec tronic tran si tions in volv ing de fects ( West, 1984 ). The 
elec tronic tran si tions be low the ab sorp tion max i mum (λ  <  385  nm) 
would be as so ci ated with tran si tions that would in volve lo cal ized 
states cor re spond ing to the Zn 2+ and O 2− ions (charge trans fer spec - 
trum). 

3. 2. 3 . Scanning electron microscopy and EDS spectrum 
In Fig. 2 (a) two pho tographs (at two dif fer ent mag ni fi ca tions) 

taken from a pow der sam ple of ZnO are shown. In them, the pres ence 
of small spher oidal pri mary par ti cles (less than 100  nm) form ing the 
soft ag glom er ates ob served there is ev i dent. The EDS spec trum taken 
from a small re gion of these pho tographs ( Fig. 2 (b)) in di cates that the 
el e ments that pre dom i nate are Zn and O. Look ing care fully at the % 
of atoms re ported by the el e men tal analy sis, there would be more Zn 
than O atoms, in di cat ing that the pre dom i nant de fect in the sam ple 
would be the oxy gen va can cies that, ac cord ing to the UV – Vis ab - 
sorbance spec trum, would be ion ized and would pro pi ti ate the cor re - 
spond ing elec tronic tran si tions to val ues of λ  >  385  nm ( Fig. 1 (d)). 

Table 2 
Crys tal lite size of ZnO sam ples syn the sized by con trolled pre cip i ta tion us ing 
wa ter as sol vent. 

Sample ɵ (deg) d (Å) (hkl) 

ZnO 15.954 314.381 (100) 
 17.283 358.774 (002) 
 18.187 360.590 (101) 
 15.977 232.395 (100) 
 17.329 256.332 (002) 
 18.210 235.198 (101) 
 15.977 314.418 (100) 
 17.306 358.820 (002) 
 18.210 208.060 (101) 

3. 3 . Study of glyphosate removal by ZnO - NPs 

3. 3. 1 . Calibration curve 
Fig. 3 shows the UV – Vis ab sorp tion spec tra cor re spond ing to dif - 

fer ent con cen tra tions of glyphosate, be tween 250 and 5000  ppm ( Fig. 
3 (a)), and the cor re spond ing ab sorbance val ues of the max i mum char - 
ac ter is tic of the her bi cide (λ  =  193  nm), for the dif fer ent con cen tra - 
tions used (cal i bra tion curve - Fig. 3 (b)). 

The UV – Vis spec tra in Fig. 3 (a) in di cate that glyphosate ex hib ited 
sev eral ab sorp tion max ima for con cen tra tions greater than 2000  ppm 
(193, 200 and 205  nm) while for con cen tra tions less than or equal to 
1000  ppm, only 193  nm ap pears. The ab sorp tion value of the max i - 
mum lo cated at 193  nm, ob tained for each of the so lu tions eval u ated, 
was plot ted based on the glyphosate con cen tra tions, be tween 250 and 
5000  ppm, ob tain ing the cal i bra tion curve ( Fig. 3 (b)). As can be seen 
in Fig. 3 (b), there is a sub stan tially lin ear be hav ior (R 2  =  0.972) be - 
tween the ab sorbance value of this max i mum and the glyphosate con - 
cen tra tion, within this in ter val. 

3. 3. 2 . Effect of different concentrations of ZnO - NPs on aqueous 
glyphosate solutions 

Fig. 4 shows the UV – Vis ab sorp tion spec tra cor re spond ing to 
aliquots of glyphosate so lu tions with equal con cen tra tions of her bi - 
cide and ZnO - NPs, taken every 10  min for 1  h. The most no table be - 
hav ior of the spec tra in Fig. 4 , in de pen dently of the con cen tra tion ra - 
tio, is that the in ten sity of the max i mum is re duced ap pre cia bly and 
that the lo ca tion of this band moves slightly to wards higher λ val ues. 
This re sult in di cates, ac cord ing to the cal i bra tion curve ob tained ( Fig. 
3 (b)), that the con cen tra tion of glyphosate in the so lu tion was ap pre - 
cia bly re duced by the pres ence of the nanopar ti cles. 

To ob tain more in for ma tion about the ef fect of the pres ence of the 
ZnO - NPs on the aque ous so lu tions of the her bi cide, other glyphosate - 
ZnO - NP con cen tra tion ra tios were con sid ered: (a) 700  ppm – 250  ppm 
( Fig. 5 (a)), (b) 1000  ppm – 250  ppm ( Fig. 5 (b)) and (c) 1000  ppm – 
700  ppm ( Fig. 5 (c)), re spec tively, the ox ide con tent be ing lower. Sim i - 
larly, aliquots of the sus pen sion were taken pe ri od i cally, every 10  min 
for 1  h. It is note wor thy in Fig. 5 that, al though the ZnO - NP con tent 
was lower than the glyphosate con cen tra tion, there was al ways a very 
good ef fect of re moval of the her bi cide by the nanopar ti cles. Ad di - 
tion ally, in the spec tra in Fig. 5 the dis place ment of this band was 
also ev i dent to wards higher λ val ues, as well as the ap pear ance of 
other small ab sorp tion bands. These re sults would in di cate the ef fi - 
cient re moval of glyphosate from the so lu tion due to the pres ence of 
the ZnO - NPs, as well as the pos si ble gen er a tion of new com pounds, 
de rived from glyphosate, which would pre sent dif fer ent ab sorp tion 
max ima close to the char ac ter is tic band of the her bi cide (193  nm). 

3. 3. 3 . C/ C o and % removal curves obtained for glyphosate solutions 
subjected to the action of nanoparticles 

To ob tain quan ti ta tive in for ma tion on the process of re moval of 
glyphosate from the de signed aque ous so lu tions sub jected to the ac - 
tion of the ZnO - NPs syn the sized in this work, us ing the ex per i men tal 
data ob tained from Figs. 4 and 5 and us ing the cal i bra tion curve ( Fig. 
3 (b)), the C/ Co and % re moval ((C o – C)/C o ) x100%) curves were plot - 
ted as a func tion of time ( Fig. 6 ), where C o is the ini tial con cen tra tion 
of glyphosate and C the con cen tra tion of the her bi cide for a time t in 
the so lu tion. 

Look ing at the curves in Fig. 6 , the strong ef fect of glyphosate re - 
moval by the ZnO - NPs is re it er ated. To make this ef fect ev i dent, Table 
3 was con structed us ing the max i mum re moval val ues cor re spond ing 
to the dif fer ent glyphosate - ZnO - NP con cen tra tion ra tios eval u ated. 
This table in di cates that the per cent re moval of the her bi cide by the 
nanopar ti cles showed a low value, be tween 69 and 72%, for 
glyphosate - ZnO - NP ra tios of 700  ppm – 700  ppm and 1000  ppm – 
1000  ppm re spec tively, and a max i mum value for the 1000  ppm – 
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Fig. 2 . Pho tographs taken with SEM (a) and EDS spec trum (b) cor re spond ing to the syn the sized ZnO pow ders. 

Fig. 3 . (a) UV – Vis ab sorp tion spec tra of dif fer ent glyphosate con cen tra tions (rang ing be tween 1000 and 5000  ppm) and (b) ab sorbance val ues cor re spond ing to 
the char ac ter is tic band of max i mum ab sorp tion of glyphosate (193  nm) for the dif fer ent con cen tra tions used (cal i bra tion curve). 
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Fig. 4 . UV – Vis ab sorbance spec tra as a func tion of the re moval time cor re spond ing to aliquots of the fol low ing glyphosate - ZnO - NP con cen tra tions: (a) 250  ppm – 
250  ppm, (b) 700  ppm – 700  ppm and (c) 1000  ppm – 1000  ppm, taken every 10  min dur ing the test. 

250  ppm sys tem. It should be in di cated that, as can be seen in Table 
3 , the tests were per formed with a con cen tra tion of ZnO - NPs less than 
or sim i lar to that of glyphosate, con sid er ing the ef fi ciency of the 
process (lower ox ide yield syn the sized com pared to a high con cen tra - 
tion of her bi cide). 

3. 3. 4 . Evaluation of the kinetics of glyphosate removal by ZnO - NPs 
To ob tain more in for ma tion about the process of glyphosate re - 

moval by the ZnO - NPs, the data in Fig. 6 were used, specif i cally those 
in di cated in the C/ C o curves, i.e. the dif fer ent val ues of C in the dif fer - 
ent in stants of the test in which the spec tra were taken. Us ing these 
val ues and con sid er ing the dif fer ent pos si ble ki net ics of the process 
( Ramesh et al., 2014 ; Yagub et al., 2014 ): pseudo first or der (log (q e – 
q)  =  logq e – (K 1 t)/ 2.303), pseudo sec ond or der (t/ 
q  =  1/ (k 2 q e 2 )  +  t/ q e , when the chemisorp tion process pre dom i nates) 
and in tra parti cle dif fu sion (q  =  k p t 1/2  +  cte), with q e = (C o – C e ) V/ W 
and q = (C o – C) V/W and with C o be ing the ini tial con cen tra tion of 
glyphosate (ppm), C the con cen tra tion of the her bi cide at time t (in 
ppm) and C e the con cen tra tion at equi lib rium (ppm), V the vol ume of 
the so lu tion and W the weight of the ZnO - NPs used, the curves of Fig. 
7 were ob tained (we con sid ered the pro por tion al ity of q e with (C o – C e ) 
and q with (C o – C) to ac tu ally graph the curves in terms of con cen tra - 
tions rather than in those of the q pa ra me ters). The curves of - log (C/ 
Co) and t/ C vs time, as well as C vs time 1/2 , for aque ous so lu tions 
with dif fer ent glyphosate - ZnO - NP con cen tra tion ra tios, are in di cated 
in Fig. 7 . 

Ob serv ing the curves in Fig. 7 , the ki net ics of the physic o chem i cal 
processes that oc curred within the so lu tions with glyphosate - ZnO - NP 
con cen tra tions of 250  ppm – 250  ppm ( Fig. 7 (i)), 700  ppm – 700  ppm 
( Fig. 7 (ii)), 1000  ppm – 1000  ppm ( Fig. 7 (iii)) and 1000  ppm – 700  ppm 
( Fig. 7 (v)) were of pseudo sec ond or der, where chemisorp tion would 
pre dom i nate, while for the so lu tion with 1000  ppm – 250  ppm ra tio 
( Fig. 7 (iv)) the or der of its ki net ics could not be de ter mined. As a re - 
sult of the data ob tained, the in tra - particle dif fu sive con tri bu tion to 
the process could not be dis re garded, es pe cially for the so lu tions with 
1000  ppm – 250  ppm ( Fig. 7 (iv)) and 1000  ppm – 700  ppm ( Fig. 7 (v)) 
which con tained the high est con cen tra tion of glyphosate. 

Look ing at the two im por tant phe nom ena that can oc cur dur ing 
the re moval of glyphosate by the ac tion of ZnO - NPs - ad sorp tion and 
degra da tion of the her bi cide - it can be con cluded based on the re sults 
that ad sorp tion was pre dom i nant. This re sult can be ac counted for 
con sid er ing the small par ti cle size of the syn the sized ZnO ( Fig. 2 (a) 
and Table 2 ) that ought to fa vor a high spe cific sur face area. While in 
the UV – Vis ab sorp tion spec tra cor re spond ing to dif fer ent glyphosate - 
ZnO - NP con cen tra tions and in dif fer ent in stants of the trial ( Figs. 4 
and 5 ) slight de vi a tions of the ab sorp tion max i mum and the ap pear - 
ance of other ap par ent ab sorp tion bands are ob served, with the study 
tech niques used, the de vel op ment of chem i cal re ac tions lead ing to the 
degra da tion of glyphosate could not be demon strated. 

To con duct a fuller dis cus sion of the re sults ob tained in this study, 
it is worth re mem ber ing that there is a huge in ter est in clean ing up 
aque ous so lu tions con t a m i nated with glyphosate ( Pankajakshan et al., 
2018 ; Zhou et al., 2017 ; Balci et al., 2009 ). Pre vi ous work has led to 
de tails of the me tab o lism and degra da tion of glyphosate in soil and 
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Fig. 5 . UV – Vis ab sorp tion spec tra cor re spond ing to aliquots of aque ous so lu tions of the her bi cide sub jected to the ac tion of the syn the sized nanopar ti cles, con sid - 
er ing dif fer ent glyphosate - ZnO - NP con cen tra tions: (a) 700  ppm – 250  ppm, (b) 1000  ppm – 250  ppm and (c) 1000  ppm – 700  ppm, taken every 10  min dur ing the 
test. 

wa ter ( Dollinger et al., 2015 ; Rueppel et al., 1977 ), re sults that have 
made it pos si ble to de ter mine the ef fect of poly ca tions, which ex ist in 
these me dia, on the min er al iza tion of the her bi cide ( Dollinger et al., 
2015 ; Ololade et al., 2014 ; Kobylecka et al., 2000 ; Caetano et al., 
2012 ; Kim et al., 2011 ; Sundaram and Sundaram, 1997 ), specif i cally 
to de fine a glyphosate degra da tion path way ( Catao and López - 
Castillo, 2018 ) and the de pro to na tion re ac tions of the agro chem i cal 
( Li et al., 2018 ; Liu et al., 2016 ). The re sults ob tained in these stud ies 
in di cate that, since glyphosate has three po lar func tional groups 
(amine, car boxy late and phos pho nate), it may be linked to poly va lent 
metal cations show ing a spe cial chelat ing char ac ter is tic of the her bi - 
cide ( Mertens et al., 2018 ). Sev eral mech a nisms have been pro posed 
to ac count for the sorp tion of glyphosate by soil and sed i ments that 
would in volve the for ma tion of strong M – OH – P (glyphosate) bonds by 
lig and ex change be tween the glyphosate phos pho nate group and sin - 
gle co or di nated M - OH groups of the sur face of the min er als con tained 
in the soil ( Ololade et al., 2014 ; Borggaard and Gimsing, 2008 ; 
Dideriksen and Stipp, 2003 ). In ad di tion, com plexes that would form 
be tween the glyphosate phos pho nate groups and soil - exchanged poly - 
co va lent cations would be re spon si ble for the strong sorp tion of 
glyphosate by the soil. Bear ing this in mind, a se ries of stud ies were 
car ried out that eval u ate the for ma tion of cation - glyphosate com - 
plexes for dif fer ent cations, thereby de ter min ing which of them is 

more fa vor able to the her bi cide form ing com plexes, while ad vanc ing 
un der stand ing of the process of in ac ti va tion of organophos pho rus her - 
bi cides ( Caetano et al., 2012 ; Sundaram et al., 1997 ; Cotinho and 
Mazo, 2005 ). Tak ing into ac count the spe cific in ter ac tions be tween 
the met als in the soil and glyphosate, the low ac tiv ity of the her bi cide 
when ap plied di rectly in side the ground and not pul ver ized can be un - 
der stood, as well as the pos si ble processes for its degra da tion. The 
glyphosate (polypro tic acid) can act as a chelat ing agent and form sta - 
ble com plexes with di va lent and triva lent metal cations ( Caetano et 
al., 2012 ; Cotinho et al., 2005 ; Subramaniam and Hoggard, 1988 ; 
Motekaitis and Martell, 1985 ). The cal cu la tions of free en ergy of com - 
plex a tion be tween glyphosate and some di va lent and triva lent cations, 
car ried out in the work of Caetano et al. (2012) in co or di nated oc ta - 
he dral and tetra he dral en vi ron ments, showed that the three most sta - 
ble com plexes would be formed by the her bi cide with Zn 2+ , Cu 2+ and 
Co 3+ . Specif i cally, glyphosate - Zn is 14.72  kcal/ mol more sta ble than 
glyphosate - Cu, which is 24.42  kcal/ mol more sta ble than glyphosate - 
Co. In con clu sion, the or der of sta bil ity of the com plexes the 
glyphosate would form with some cations, in aque ous medium, would 
be: Zn  >  Cu  >  Co  >  Fe  >  Cr  >  Al  >  Ca  >  Mg, ac cord ing to 
Caetano et al. (2012) . These re sults in di cate that a fa vor able route to 
in ac ti vate glyphosate would be to use solid sys tems rich in Zn 2+ and/ 
or Cu 2+ , as in the pre sent work, where ZnO was used. 
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Fig. 6 . C/ C o and glyphosate % re moval ((C o – C)/C o ) curves as a func tion of time for dif fer ent glyphosate - ZnO - NP con cen tra tions: (a) 250  ppm – 250  ppm, (b) 
700  ppm – 700  ppm, (c) 1000  ppm – 1000  ppm, (d) 1000  ppm – 250  ppm and (e) 1000  ppm - 700  ppm. 

Table 3 
Per cent ages of glyphosate re moval by the syn the sized ZnO - NPs. 

Roundup (ppm) ZnO (ppm) 

 250 700 1000 

250 80% – 90% 
700 – 69% 87% 
1000 – – 72% 

Con sid er ing the re sults ( Figs. 4 – 7 ) along side the above ob ser va - 
tions, an im por tant step in the ev i dent re moval of glyphosate by ZnO - 
NPs would be the ad sorp tion of the her bi cide on the sur face of NPs. 
As oc curs in other sys tems ( Borggaard and Gimsing, 2008 ; Dideriksen 
and Stipp, 2003 ), glyphosate is only sorbed on sur faces of vari able 
and poorly or dered charge, char ac ter is tic of the sur faces of the NPs, 
and among them those of ZnO ( Baer et al., 2010 , 2013 ; Kim et al., 
2014 ; Ton - That et al., 2008 ). As with other sys tems ( Borggaard and 
Gimsing, 2008 ; Dideriksen and Stipp, 2003 ; Sheals et al., 2002 ), sorp - 
tion of glyphosate on ZnO - NPs might oc cur by lig and ex change or 

spe cific sorp tion, fa vor ing the for ma tion of mon oden tate sur face com - 
plexes at singly - coordinated hy droxyl groups (mononu clear species), 
al though the for ma tion of biden tate (bridg ing) sur face com plexes and 
con tigu ous (neigh bor ing) singly co or di nated hy droxyl groups (sur face 
bin u clear species) can not be ruled out. The for ma tion of these com - 
plexes on the sur face of the ZnO - NPs is il lus trated in Fig. 8 . 

An other pos si bil ity is that the car boxyl group binds to the sur face 
of the NPs but, as in di cated by work in other sys tems ( Sheals et al., 
2002 ; Barja and Dos Santos, 2005 ), if the sur face - carboxyl bond was 
formed, it would be very weak. 

The model pro posed for the ad sorp tion of glyphosate ( Fig. 8 ) 
would ac count for the re moval of glyphosate by the ZnO - NPs and 
there fore the re sults shown in Figs. 4 – 6 . A more care ful study, us ing 
ATR - FTIR, X - ray pho to elec tron spec troscopy (XPS) and atomic force 
mi croscopy should be done in the fu ture to find out more about the 
re moval process and val i date the model. Fur ther more, in con sid er ing 
the pos si bil ity of degra da tion of glyphosate by ZnO - NPs, which can - 
not be ev i denced by the re sults ob tained in this work, we should con - 
sider the dis so ci a tion of ZnO, i.e. the gen er a tion of Zn 2+ ions with 
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Fig. 7 . Curves for (a) - log (C/ Co) vs time and t/ C vs time, and (b) C vs time 1/2 for aque ous so lu tions with dif fer ent glyphosate - ZnO - NP con cen tra tion ra tios: (i) 
250  ppm – 250  ppm, (ii) 700  ppm – 700  ppm, (iii) 1000  ppm – 1000  ppm ZnO, (iv) 1000  ppm – 250  ppm and (v) 1000  ppm – 700  ppm, re spec tively. 
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Fig. 8 . Pro posed model for ad sorp tion of glyphosate on the sur face of ZnO - 
NPs. 

which the glyphosate could form com plexes ( Kobylecka et al., 2000 ; 
Caetano et al., 2012 ; Kim et al., 2011 ), as well as the for ma tion of re - 
ac tive oxy gen species (ROS) me di ated by de fects ( Prasanna and 
Vijayaraghavan, 2015 ), that would lead to a process of degra da tion as 
in di cated by Kudzin ( Kudzin et al., 2019 ). There fore it is nec es sary, in 
fu ture work, to use tech niques such as liq uid and/ or gas chro matog ra - 
phy cou pled with mass spec troscopy to iden tify the byprod ucts gen er - 
ated through the in ter ac tion of ZnO nanopar ti cles with glyphosate, to 
ver ify if degra da tion of the her bi cide oc curs. 

4 . Conclusions 

A suit able syn the sis method was struc tured that al lowed us to ob - 
tain ZnO - NPs in a con trol lable way. These had a nano met ric par ti cle 
size (<100  nm), a spher oidal mor phol ogy and formed soft ag glom er - 
ates. The nanopar ti cles were well crys tal lized with a wurtzite struc - 
ture. From the re sults of UV – Vis ab sorp tion spec troscopy it was pos si - 
ble to de ter mine that their en ergy gap value was ~3.25  eV. It is ob - 
served that in each of the glyphosate - ZnO - NPs com bi na tions pre - 
pared, us ing dif fer ent NP con cen tra tions, there was a re duc tion in ab - 
sorbance, which in di rectly shows a de crease in the con cen tra tion of 
the her bi cide. The eval u a tion tri als for ac tions due to ZnO - NP pres - 
ence in the glyphosate so lu tions showed an ef fi cient re moval of the 
her bi cide, from ~70% to 90% de pend ing on the glyphosate - ZnO - NP 
ra tio. This would oc cur mainly through a chemisorp tion process (ki - 
net ics of a pseudo sec ond or der re moval). 
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